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ABSTRACT

Writing interactive graphical user interfaces has traditionally been a very time con-
suming and difficult process. To speed up the development process, many modern user
interface development environments are using constraints to specify the graphical layout
and behavior of objects. Constraints are relationships between objects that are defined
once and then automatically maintained by the system.

Most graphical user interface toolkits support single-output, one-way constraints. We
have investigated how multi-output constraints, structural constraints, and multi-way con-
straints can be used to enhance the power and flexibility of the spreadsheet programming
paradigm. These new constraints increase efficiency, allow more powerful relationships to
be expressed, and facilitate maintaining consistency between data structures.

Multi-output constraints can result in greater efficiency by allowing the reuse of compu-
tations and reducing the number of formula objects maintained by the system. Structural
constraints allow the user to define relationships between the structure of objects. These
constraints make it possible for a constraint to add, delete, or modify a structure. The
ability to define structural relationships and have a constraint solver automatically modify
objects to maintain these relationships can lead to a further reduction in the effort required
to construct a graphical interface. Multi-way constraints allow any of the objects in the con-
straint to be changed in order for it to be satisfied. These constraints can greatly simplify
maintaining consistency between application data and its display, and maintaining consis-
tency between multiple views, because they allow information to flow both ways through a
constraint.

Finally, as a test of our extensions to the spreadsheet programming model, we have
developed and implemented an object-oriented toolkit for creating highly interactive, di-
rect manipulation, 3-dimensional user interfaces. This toolkit is an important contribution
in itself for it incorporates many new features. The toolkit is divided into two layers: a

programming layer and a direct manipulation layer. The programming layer supports struc-




tured graphics, constraints, a high-level event handling model, and a hierarchical facility

for building objects from subparts. The direct manipulation layer allows the user to in-
teractively create and directly apply transformations to 3D objects, construct polyhedron
objects, change the Qiewing parameters for drawing 3D objects, and build structured graph-
ics. The toolkit has experimentally been used in a graphics course and has substantially
reduced the amount of time required to create applications involving the direct manipulation

of 3D objects.
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Chapter 1

Introduction

1.1 Overview

Writing interactive graphical user interfaces has traditionally been a very time consum-
ing and difficult process. To speed up the development process, many modern user interface
development environments are using constraints to specify the graphical layout and behav-
ior of objects. Constraints are relationships between objects that are defined once and then
automatically maintained by the system. Examples of systems that use constraints include:
Grow [Barth 86], Animus [Duisberg 86], ThingLab II [Maloney 91], Rendezvous [Hill 92],
Kaleidoscope [Freeman 92}, CONDOR [Kass 92], and Garnet [Myers 90a). In addition to
defining the graphical layout and behavior of objects, constraints can be used to display
feedback for input operations, maintain consistency between application data and its dis-
play, and maintain consistency between multiple views. In graphical user interfaces that
support constraints, the user is freed from the tedious and error-prone task of maintaining
these relationships. Thus constraints can reduce substantially the time required to create
a graphical user interface.

Most graphical user interface toolkits support single-output, one-way, domain-
independent constraints. Domain-independent means that a constraint can express a rela-
tionship among variables of arbitrary types. This dissertation investigates how multi-output

constraints, structural constraints, and multi-way constraints can be used to enhance the




power and flexibility of the spreadsheet programming paradigm. The spreadsheet model

allows a programmer to declaratively describe relationships between a program’s entities us-
ing constraints. These new constraints increase efficiency, allow more powerful relationships
to be expressed, and facilitate maintaining consistency between data structures.

Our first extension is to support multi-output constraints, which allow a constraint to
return more than one value. Multi-output constraints can result in greater efficiency by
allowing the reuse of computations and reducing the number of formula objects maintained
by the system. They also allow a programmer to control the granularity of the constraints
by determining the amount of information that is computed.

The second extension is support for structural constraints. Current constraint sys-
tems only allow the non-structural properties of an object to be constrained. Structural
constraints allow the user to define relationships between the structure of objects. For ex-
ample, structural constraints make it possible for a constraint to add, delete, or modify a
structure. The ability to declaratively define relationships among the structure of objects
and have a constraint solver automatically modify objects to maintain these relationships
should further reduce the effort required to construct a graphical interface by decreasing
the amount of code that must be written by a programmer.

The third extension is multi-way constraints. With increasingly complex user interfaces,
it is becoming clear that one-way constraints are too restrictive. One-way constraints allow
only one of the objects in the constraint to be changed in order to satisfy the constraint.
However, multi-way constraints allow any of the objects in the constraint to be changed
in order for it to be satisfied. Multi-way constraints can greatly simplify maintaining con-
sistency between application data and its display, and maintaining consistency between
multiple views, because they allow information to flow both ways through a constraint.

The extensions to the spreadsheet model were made in Garnet, a user interface develop-
ment environment that currently supports single-output, one-way constraints. As a test of

the new model, Garnet has been extended to handle 3D graphics and a multiple-view direct




manipulation tool has been developed to assist users in creating 3D interfaces. The exten-
sion of Garnet to support 3D graphics is an important contribution in itself. Traditionally,
creating 3D user interfaces has been a very time consuming and difficult process. The soft-
ware that is available is usually very low-level with little or no support for 3D interaction.
Furthermore, this software has usually been developed using an imperative programming
environment. Our 3D extension takes a declarative object-oriented approach. It supports
high-level features that have typically been ignored in 3D toolkits, such as direct manipu-
lation, aggregates of objects, and constraints. Our extension includes a comprehensive set
of 3D tools that makes it significantly easier to create graphical, highly-interactive, direct

manipulation 3D user interfaces.
1.2 The Motivation for Constraints

Constraints make it easier to construct graphical user interfaces in a number of ways.
First, they can naturally express many relationships that arise in graphical interfaces. Such

relationships include:

Maintaining consistency between graphics and data. Constraints allow graphical prop-
erties of objects to derive their values from application variables. For example, in
Figure 1.1 (a), the graphics variable bar.height is constrained to the application vari-
able stereo.volume. If the value of stereo.volume changes, then the height of the bar

automatically changes as well.

Maintaining consistency between multiple views of data. Graphical interfaces often
provide multiple views of the same data. When the user modifies the data by manip-
ulating the graphical objects in one of the views, the other views must be updated to
reflect the changed data. Constraints can be used to reflect the relationship between
the graphical objects in each view and the data. Thus when the data changes, the con-

straints associated with the graphical objects in each view cause the graphical objects
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Figure 1.1: Examples of uses of constraints. A graphical property, the height of a rectangle,
is constrained to an application variable (a). Consistency between multiple views of the
same data is maintained using constraints (b). A text string is centered within a labeled
box using constraints (c).




to be automatically updated. For example in Figure 1.1 (b), constraints are used to
maintain consistency between the three views of ice cream flavors. If the value of the

labeled box chocolate is changed, then the bar chart and pie chart are also changed.

Specify graphical layout. Constraints can be used to specify the alignment, placement,
and size of graphical objects. For example, in Figure 1.1 (c) constraints are used to

center the text strings within the labeled boxes.

Object behavior. Constraints can specify how an object’s behavior is related to vari-
ables (or stimuli) in a system. For example, in a physical system, the fluid flow may

be constrained by the viscosity of the fluid and the valves that are open.

The second advantage of constraints is that they are declarative. Constraints allow
relationships to be stated without specifying how they are satisfied. Once the constraints
have been created, a constraint solver automatically propagates changed values to keep the
constraints satisfied.

A third advantage of constraints is that they promote modularity. Constraints allow
portions of the program to be self-contained so that if the constraint is removed from the
system, only the relationship specified by the constraint is disabled. In conventional object
systems, information about an object’s behavior must be explicitly stored with objects that
influence the object’s behavior. This dispersal of information violates the principle of modu-
larity, because information about an object’s behavior cannot be obtained by looking solely
at the object’s implementation. One ramification of this violation is that the programmer
must explicitly maintain information about which other objects can influence this object’s
behavior. In contrast, constraints allow all the information about an object’s behavior to be
stored in its implementation, thus conforming to the principle of modularity. Conforming to
this principle makes it much easier to unplug the object from the system, since information

about the object’s behavior is not distributed among the other application objects.




For example, suppose we wish to constrain object A to be to the right of object B. In

a conventional system, the programmer incorporates a method into B that automatically
calls A’s move method whenever B is moved. Later, if A is destroyed this incorporated
method must be be removed from B. However, using constraints all the information is kept
in A. Hence, if A is destroyed then the methods in B do not have to be modified.

Finally, the fourth advantage of constraints is that they provide automatic sequencing.
A constraint solver ensures that the constraints are satisfied in the correct topological order,
so that a constraint is never executed until all of its inputs are known. Thus, the user does
not need to worry about specifying the proper sequence. Chapter 4 goes into more detail

on how constraints provide automatic sequencing.
1.3 Advantages of the Extended Spreadsheet Model

The extended spreadsheet model not only makes it easier and more efficient to implement
relationships, but it also allows more powerful relationships to be expressed. Multi-output
constraints can result in greater efficiency by allowing the reuse of computations and reduc-
ing the number of formulas that must be maintained by the system. The additional formulas
required by the single-output constraints of the conventional model not only consume more
memory but also force the constraint solver to perform extra bookkeeping operations, such
as keeping track of dependencies between the constraints. As an example, multi-output
constraints could have been used in Figure 1.2. In this example, three variables (i.e., z, y,
and z) are used in each view to represent the location of the house. Multi-output constraints
could be used to help transmit and unpack these 3-tuples of information among the three
views.

Structural constraints allow programmers to declaratively express structural relation-
ships among objects, and to rely on a constraint solver to automatically satisfy them in
the appropriate order. Structural modifications often have ramifications that need to be

propagated, just as modifications to attributes have ramifications As an example, struc-



Figure 1.2: Multi-output and multi-way constraints can be used to maintain consistency
between the front (a), side (b), and top (c) views of the house. If the user applies a
transformation to the house in one view, then the other two views are redrawn automatically.
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Figure 1.3: The type of selection handle should depend on the size of the object. Smaller
objects that cannot accommodate the feedback boxes should be pointed at by a selection
arrow (a), larger objects should be surrounded by feedback boxes (b).

tural constraints could be used to specify the type of selection handle that should surround
a selected object as shown in Figure 1.3. If the width and height of the selected object
are greater than some user specified value, then selection boxes should appear around the
perimeter of the object, otherwise a selection arrow should be used.

Multi-way constraints allow the programmer to express many relationships that conven-
tional one-way constraints are not capable of representing. These constraints are especially
advantageous in constraint based interactive applications that are naturally symmetric. For
instance, it is very difficult to implement a two-way flow of information between the inter-

face and the application using one-way constraints. However, multi-way constraints make



this very easy to implement.

For example, some of the relationships discussed in the previous section could not have
been implemented using only the conventional constraints. Figure 1.1 (b) illustrates one
such relationship. In this example, multi-way constraints are required to allow the user to
change any view, and have the other views updated automatically. The views could even be
constrained to application variables, and the application variables could be constrained to
the views. One-way constraints allow the user to only change one view, and have the other
views updated automatically. In this case, the views could be constrained to application
variables, but not vice versa. Thus the data must be procedurally modified, regardless of
which view is altered.

Figure 1.2 illustrates another relationship that requires multi-way constraints. Like the
previous example, multi-way constraints could be used to maintain consistency between
these three views. If the user applies a transformation to the house in one view, then the

other two views are redrawn automatically.

1.4 3D Toolkit

Our 3D toolkit facilitates creating highly interactive, direct manipulation, 3-dimensional
user interfaces. The toolkit supports an extensive set of 3D objects including cubes, planes,
3D-lines, cones, cylinders, spheres, ellipsoids, and polyhedrons. It also supports constraints
and includes a high-level event handling model. This event handling model encapsulates
all the common interactive behaviors in a user interface into a few basic object types. This
model allows the user to directly apply transformations to 3D objects, while providing a
clean separation between input handling and the graphical representation for an object.
The toolkit also includes functions for projecting objects, clipping, shading, and applying
transformations. Finally, the toolkit also allows the user to interactively create 3D objects,
change the viewing parameters for drawing 3D objects, and build structured graphics.

The extension to the conventional spreadsheet model and the 3D toolkit were imple-




mented in the Garnet user interface development environment [Myers 90a). Garnet is an
on-going research project that has developed an extensive set of tools that makes it sig-
nificantly easier to create highly-interactive, graphical, direct manipulation user interfaces.
Garnet stands for Generating an Amalgam of Real-time, Novel Editors and Toolkits. It
is implemented in the Common Lisp programming language and resides on top of the X
window system. The Garnet research project originated at Carnegie Mellon University and
is now being developed at both CMU and the University of Tennessee. As of 1994, Garnet

is being used regularly in over 60 projects around the world.

1.5 Dissertation Overview

The work presented in this dissertation facilitates the development of both 2D and
3D graphical user interfaces. It investigates how constraints can be used to simplify and
speed up this development process. The related research on constraints and constructing
interactive 3D graphics is reviewed in Chapter 2. This chapter also explains the constraint
terminology that is used throughout this dissertation.

Chapter 3 describes how we have extended the spreadsheet model by incorporating
multi-output, structural, and multi-way constraints. Chapter 4 explains the constraint
solving process and presents the data structures and algorithms that are used for satisfying
these constraints. This chapter also provides the time complexity, proof of correctness, and
the performance of the extended constraints.

Chapters 5, 6, and 7 describe the object-oriented toolkit that has been developed for
creating highly interactive, direct manipulation, 3-dimensional user interfaces. Chapter 5
presents an introduction to viewing in 3 dimensions. It discusses the 3D viewing process
including a brief description of transformations and clipping. This chapter also discusses
the types of projections and 3D objects that our toolkit supports. Chapter 6 describes the
programming layer of the toolkit. This layer supports structured graphics, constraints, and

a high-level event handling model. It also includes functions for projecting objects, clipping,
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shading, and applying transformations. Chapter 7 discusses the direct manipulation layer
of the toolkit. This layer allows the user to interactively create and directly apply trans-
formations to 3D objects, construct polyhedron objects, change the viewing parameters for
drawing 3D objects, and build structured graphics.

Chapter 8 reviews the major contributions of this work and points out ideas for future

research.
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Chapter 2

Terminology and Related Work

2.1 Introduction

This chapter introduces the terms that are used throughout this dissertation and then
examines the related work in this area. Our review of the related work begins by examining
several generic one-way constraint systems, with an emphasis on the desirable features of
one-way constraint systems that we have adopted in our spreadsheet programming model.
Next, we look at related work on multi-output, structural, and multi-way constraints. Fi-

nally, we examine the related work on interactive 3D user interfaces.

2.2 Definitions

The following terms are used throughout this dissertation:

constraint - a relationship between objects that is defined once and then automati-

cally maintained by the system.

formula - a constraint. The terms formula and constraint are used interchangeably

in this dissertation.
single-output constraint - a constraint that returns only one value.

multi-output constraint - a constraint that can return multiple values. The two
types of multi-output constraints are: fized output - where the outputs are fixed

in advance; and variable output - where the outputs can dynamically change.
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one-way constraint - a constraint that allows only one of the objects in the con-

straint to be changed in order for it to be satisfied.

multi-way constraint - a constraint that allows any of the objects in the constraint

to be changed in order for it to be satisfied.

method - a block of code that enforces a constraint. A method takes zero or more
inputs and produces one or more outputs. A one-way constraint has exactly
one method whereas a multi-way constraint has one or more methods. Methods
for single-output constraints may have only one output, whereas methods for

multi-output constraints may have one or more outputs.

name space - the collection of named and unnamed objects that are used by the
program. Named objects are associated with variable identifiers and are explicitly
declared in a program. Unnamed objects are dynamically created at run-time

via memory allocation.
value space - the set of values that can be assigned to an object.
type space - the set of value spaces that can be associated with a name.

Examples that illustrate name, type, and value spaces.

Name space Type space Value space
index integer 43
sum real 54.94
my-str string “Sunday”
my-rect rectangle { left : 10, width : 20
top : 40, height : 35
color : red }

value attribute - a variable that conveys information about the value space. A
value attribute represents a non-structural property of an object (e.g., an object’s

position, size, or color).

value constraint - a constraint that expresses a relationship on value attributes.
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structural attribute - a variable whose value conveys information about the name
or type space (e.g., an object’s type, its components, whether it is being created,

destroyed, or retained).
structural constraint - a constraint that expresses a relationship on structural at-
tributes.

activation condition - a boolean predicate that determines whether a constraint is

active or inactive.

conditional constraint - a constraint that can change back and forth between active
and inactive depending on some condition. By placing an activation condition

on a constraint, the constraint becomes a conditional constraint.
conventional constraints - single-output, one-way, value constraints.
extended constraints - multi-output, structural, and multi-way constraints.

aggregate - a collection of other graphical objects. Aggregates can be used as build-
ing blocks to create more complex objects, which in turn can be used to create

even higher-level objects. They allow a structure hierarchy to be created.

spreadsheet programming - a paradigm that allows a programmer to declara-
tively describe relationships between a program’s entities using constraints. The
paradigm acquires its name from its similarity to spreadsheets, in which the value

of cells may be defined by formulas that use the value of other cells as inputs.

2.3 One-way Constraints

One-way constraints are increasingly being used in graphical user interface toolkits and
languages. Examples of generic one-way constraint systems include: Grow [Barth 86,
Apogee [Hudson 89], Garnet [Myers 90a], Rendezvous [Hill 92], Eval/Vite [Hudson 93], and
CONC++ [Levi 93]). Garnet was the first toolkit to completely integrate constraints with

the object system and make them general purpose [Myers 90a}. There are two prominent
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child-1
left = begin
left = most positive machine integer
child-2 left for each child in aggregate.components do
; left = min(left, child.left)

return (left)
end

child-n

Figure 2.1: This constraint uses a variable sized input list. As children are added or deleted
from the aggregate, the constraint is automatically recomputed.

features of Garnet’s constraint system that we have included in our spreadsheet program-
ming model. The first feature is variable sized input lists which allow the constraint to
express relationships among dynamic sets of objects. This feature is essential for handling
aggregates that may have dynamically changing children and for handling pointer-based
structures, such as graphs, that have changing sets of neighbors. Figure 2.1 illustrates an
example of a constraint that uses a variable sized input list. This constraint allows the
aggregate to determine its left position by examining all of its children.

The second feature of Garnet that we have included is pointer variables. Pointer
variables increase the expressive power of a constraint system by allowing constraints
to express relationships among the elements of pointer-based data structures, such as
lists, trees, and graphs. Programming languages have included pointer variables for
many years. However, only recently have they been incorporated into constraint systems
[Vander Zanden 91, Vander Zanden 94], Rendezvous [Hill 92], Multi-Garnet [Sannella 92a),
and Eval/Vite [Hudson 93]. Several systems, including Coral [Szekely 88] and ThingLab
II [Maloney 91], have also provided limited forms of pointer variables in their constraint
models. Constraints that use pointer variables are also known as indirect reference con-
straints. Figure 2.2 provides an example application that incorporates pointer variables

into constraints.
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feedback.left = obj—over.left = 5

m feedback.width = obj—over.width + 10
Yellow feedback.top = obj-over.top - 5
feedback.height = obj—over.height + 10
obj—over = red

Green

Figure 2.2: The feedback object in this menu uses constraints with pointer variables to 1)
position itself over the selected object, and 2) resize itself to match the dimension of the
selected object. By changing the value of the variable obj-over, the feedback object can
appear over any object in the menu. obj-over currently points to the red menu item.

2.4 Multi-output Constraints

Multi-Garnet [Sannella 92a] and Rendezvous [Hill 92] are the only two existing systems
that support multi-output domain-independent constraints. Multi-Garnet is an extension
of Garnet that supports multi-way constraints and Rendezvous is a system that helps build
multi-user, cooperative computing environments. Multi-Garnet was the first graphical user
interface toolkit to provide multi-output constraints. The current implementation restricts
constraints to having a fixed number of inputs and outputs. Our implementation of multi-
output constraints relaxes this restriction, allowing a dynamic number of inputs and outputs.
Relaxing this restriction allows multi-output constraints to express relationships among el-
ements of variable-sized data structures, such as graphs and trees. Multi-Garnet’s con-
straint satisfaction algorithm for multi-output constraints is exponential in the number of
multi-output constraints, whereas the constraint satisfaction algorithm we have developed
is linear. This linearity is achieved by requiring the programmer to provide additional
information about which constraints are active during each satisfaction cycle.

Like our algorithm, Rendezvous’s constraint satisfaction algorithm is linear in the num-
ber of multi-output constraints. Their algorithm can also support a dynamic number of in-
puts as well as outputs. The principle differences between our multi-output constraint solver
and Rendezvous’s are: 1) Rendezvous uses an eager evaluation algorithm, whereas ours uses
a lazy evaluation algorithm; and 2) Rendezvous statically identifies outputs, whereas in our

system, the constraint solver can dynamically determine outputs by evaluating arbitrary
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pieces of code.

2.5 Structural Constraints

Freeman-Benson [Freeman 92] described a way of supporting structural constraints us-
ing the constraint imperative programming (CIP) language Kaleidoscope. A constraint
imperative language combines constraint and imperative programming. The basic model
is that the user makes a series of procedural changes to the system (the imperative part).
These changes may add or delete constraints from the system, and cause existing constraints
to become unsatisfied. Consequently, when the programmer has completed making proce-
dural changes, a constraint solver is invoked to resatisfy the constraints (the constraint
part). This cycle is then repeated. The effects of structural constraints can be obtained in
Kaleidoscope by using its constraint constructor mechanism. A constraint constructor is a
procedure that generates a set of constraints. The constructor may contain conditions and
iterative constructs. Thus it may conditionally or iteratively generate constraints.

Kaleidoscope conceptually recreates the application’s state at each time increment, so
only objects that have satisfied the constraints are created at each step. For example, if
a planet in a 3D solar system is deleted during a given time increment, then the planet’s
moons will not be recreated during the next update. In actual implementations, the con-
straint solver does not recreate the entire state at each step, rather it incrementally modifies
it. The advantage of the CIP model is its declarativeness. This results in a high-level pro-
gramming environment that should reduce the implementation time of user interfaces. The
disadvantage of the CIP model is reduced efficiency. This reduced efficiency is a result of
the constraint solver having to figure out how to efficiently modify the structure, without
any input from the programmer. In our model the constraint solver is more explicitly told
how to modify structures using action-procedures. These procedures increase the efficiency
of the language, but decrease its declarativeness. However, if the programmer is less wor-

ried about efficiency, our model can use default action-procedures to achieve a degree of
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declarativeness that is comparable to Kaleidoscope.

Rendezvous [Hill 92] also supports a limited form of structural constraints. It has a link
mechanism that allows two objects to be automatically connected. If one object in the link
is deleted the other is automatically deleted as well. If one object in the link is moved to
another part of a data structure, the other object in the link is moved to a similar location
in its data structure. If one object in a link is created, the other is automatically created
as well. This mechanism is not as general as the mechanism we have developed because 1)
our constraints may involve more than two objects; and 2) our constraints allow arbitrary
relationships among objects to be described and maintained.

The latest version of Rendezvous also allows a constraint to commit side-effects by
calling functions within a constraint method. Rendezvous defers executing these functions
until after all constraints have been evaluated. There are three principle differences between
how structural constraints are expressed and solved using our constraint solver versus Ren-
dezvous’s constraint solver. First, in Rendezvous the mechanism that performs the desired
structural changes must be explicitly declared within the constraint methods. This ap-
proach intertwines the procedural and declarative mechanisms of a constraint. In contrast,
our approach uses an active value model that separates the procedural and declarative
mechanisms. The active value model allows action-procedures to be attached to variables.
When a constraint recomputes the value of a variable, the action-procedure associated with
the variable is automatically executed. Second, Rendezvous only allows one iteration of
constraint solving, whereas, our approach allows multiple iterations. Once all constraints
have been evaluated and all functions have been executed, the Rendezvous constraint solver
terminates. However, our constraint solver can enter a second iteration of constraint solving
to bring the constraint network into a more satisfied state. Third, we explicitly differentiate
between structural and non-structural variables. Thus we explicitly differentiate between
constraints that may manipulate the structure of an object, and constraints that merely

alter attributes of an object.
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2.6 Multi-way Constraints

One-way constraints allow only one variable in a constraint to be changed. For example,
suppose a programmer creates the constraint [rectangle-1.left = rectangle-2.right]. This
constraint expresses the relationship that rectangle-1 is always to the right of rectangle-
2. However, a one-way constraint can express this relationship in only one direction. For
example, it can cause rectangle-1 to move when rectangle-2 moves, but not vice versa. In
contrast, a multi-way constraint allows either rectangle-1 or rectangle-2 to be moved, and
the other rectangle is adjusted appropriately to satisfy the constraint.

The CONSTRAINT user interface management system [Vander Zanden 88] uses an in-
cremental constraint solving algorithm called “propagation of degrees of freedom” to solve
multi-way constraints. This algorithm was improved upon in [Vander Zanden 92b]. CON-
STRAINT is incremental and uses two phases for constraint solving — a planning phase that
selects a method to satisfy each constraint and an evaluation phase that executes the meth-
ods. Our algorithm avoids the expensive planning phase associated with CONSTRAINT
by involving the programmer in the planning process. It also is capable of handling pointer
variables and variable sized sets of inputs.

Rendezvous [Hill 92) supports a limited version of multi-way constraints that allows two
variables to participate in a multi-way constraint (i.e., there may be an arbitrary number
of variables in the constraint, but only two of the variables may be altered to satisfy the
constraint). Like the system that we have designed, Rendezvous provides multi-way con-
straints by allowing multiple one-way constraints to be attached to objects. It also permits
indirect references, both in the inputs and in the outputs. For example, it allows both
[A.color = object-over.color] and [object-over.color = A.color]. Our scheme is more general
than Rendezvous’s in that it supports arbitrary multi-way constraints. Our scheme also
supports conditional constraints and user control over the resolution of conflicts between
constraints (i.e., what to do when two constraints determine the same variable).

The DeltaBlue constraint solver [Freeman 90] also supports multi-way constraints and is
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used in both ThingLab II [Maloney 91] and Kaleidoscope [Freeman 92]. It uses a constraint

solving algorithm called “propagation of known states”. Unlike the model that we have
designed, DeltaBlue supports constraint hierarchies which allow programmers to prioritize
constraints. The constraint solver resolves conflicts between constraints by giving greater
consideration to constraints with a higher priority level. Constraint hierarchies provide
the user with greater control over the constraint solving process. The disadvantage of a
constraint hierarchy is that some constraints always have precedence over other constraints
regardless of the situation. Our scheme replaces constraint hierarchies with the notion of
conditional constraints. Conditional constraints have activation conditions that are boolean
predicates. The constraint is active only if the activation condition evaluates to true. Ac-
tivation conditions provide increased user control over constraints, since, depending on the
situation, different sets of constraints can be given precedence by activating the desired sets
of constraints and deactivating the remaining sets of constraints.

The Skyblue algorithm which is used in Multi-Garnet [Sannella 92a] supports multi-way
constraints and can call other, more powerful constraint solvers if it is unable to completely
satisfy a system of constraints. Multi-Garnet also supports pointers by using direct reference
constraints, and removing and then reinserting a constraint each time a pointer variable
changes. However, the constraints must have a fixed number of inputs, which makes the
use of pointer variables more limited than in the one-way Garnet model. Our algorithm
permits a dynamic number of inputs, thus maintaining compatibility with Garnet’s one-
way constraints. Our algorithm also differs from Multi-Garnet in that it directly supports
pointer variables.

Siri [Horn 92] is a constraint imperative language based on term rewriting that sup-
ports slightly nonlinear, simultaneous equations. It is somewhat similar to the Kaleidoscope
language in that it supports a refinement model in which constraints can be gradually in-
troduced into the system by constraint templates during the process of rewriting a term

and then eventually reduced to a solved form. Our approach is somewhat more conven-
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tional than Siri’s in that the spreadsheet and object mechanisms are separate entities that

interact with one another. In Siri, these two mechanisms are unified using one abstrac-
tion, a constraint template. In addition, Siri’s constraint satisfaction algorithm is based on

term-rewriting whereas our algorithm is based on dependency graphs.
2.7 Constructing Interactive 3D Graphics

Most of the 3D application programming interfaces (APIs) available today are based on
an imperative style of programming. This includes vendor specific APIs such as SGI's GL
[SGI 91], IRIS GL [IRIS 92], RenderMan [Upstill 90], Sun’s XGL [Foley 92], and HP’s Star-
base [HP 91]. This is also true for the more portable APIs developed by international stan-
dards bodies including Core [Foley 90], GKS-3D [GKS 88], PHIGS [PHIGS 84], PHIGS+
[PHIGS+ 88], PEX [Foley 92], and OpenGL [Foley 92]. Differences between these APlIs
(e.g., between PEX and OpenGL) have dealt with portability, openness, and the graphics
rendering required to produce pseudorealistic images [Foley 92]. In general these APIs have
ignored features like object-oriented programming, constraints, and direct manipulation.
These APIs force the programmers themselves to maintain the relationship between their
application data and the graphical appearance of this data. As a result, creating interactive
3D graphics using these APIs has traditionally been a very time consuming and difficult
process. Most development toolkits created using these conventional APIs provide gross-
object picking but little or no support for direct manipulation of 3D objects. On the other
hand, object-oriented APIs provide a better correlation between the modeled objects and
the commands used to apply transformations to them. Consequently, object-oriented ap-
proaches typically provide more high-level features like direct-manipulation of objects and
require significantly less time and effort to develop applications.

Our extension to Garnet takes an object-oriented approach to programming 3D graphical
interfaces and is oriented toward interactive interfaces. Our model makes programming 3D

graphics easier by supporting features like direct manipulation, constraints, aggregates of

21



objects, and structural inheritance (structural inheritance means that when an instance of
an aggregate object is created, instances of all its component parts are created as well).

Increasingly, other toolkits are also being developing using an object-oriented approach.
IRIS Inventor [Strauss 93] is an object-oriented 3D graphics toolkit that supports direct
manipulation and inheritance. Their toolkit provides direct manipulation through the use of
“manipulator” nodes. The manipulator nodes are “smart” nodes that respond to interaction
events causing modification to other nodes in a database. Unlike our toolkit, Inventor
supports cache rendering. This means that it stores a faster representation for those portions
of a scene that do not change from one screen update to the next screen update. Our toolkit
instead uses an incremental update algorithm that only redraws those objects that have
intersected the modified portion of the screen. While Inventor does allow transformations
to be interactively entered, it does not support constraints.

The Brown Animation System {Zeleznik 91] provides 3D object representation and dy-
namics. The system was primarily designed for modeling and animation. Although the
system does support inheritance and a limited version of constraints, it does not include
support for direct manipulation.

GROOP [Koved 93] and GRAMS [Egbert 92] are two more examples of object-oriented
toolkits used for creating 3D applications. Both systems were designed to be portable across
different application programming interfaces. They provide this portability by separating
the geometry and lighting/material specifications from the rendering process. The main
difference between GROOP and GRAMS is in their class hierarchy. GRAMS allows objects
to be rendered differently within the same window. Our approach, like GROOP, does
not allow different rendering modes to be mixed within a single window. Although, both
GRAMS and GROOP support a better lighting model than ours, neither one supports

constraints or direct manipulation.
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Chapter 3

Extensions to the Spreadsheet
Model

3.1 Introduction

The spreadsheet model that we have built upon is a domain-independent model.
Domain-independent means that the constraints can compute a value of any arbitrary type
using an arbitrary piece of code. The conventional spreadsheet model assumes that con-
straints are single-output, one-way, and apply only to the value attributes of an object. In
this chapter we describe our design for extending the conventional model to handle multi-
output, structural, and multi-way constraints. In the next chapter we describe incremental

algorithms that satisfy these new types of constraints.
3.2 Multi-output Constraints

Multi-output constraints allow a constraint to return more than one value. For example,
suppose we wish to use constraints to determine the minimum and maximum x, y, and z
values for an arbitrary 3D polyhedron object. Assume the points are stored in the slot
points as shown below.

points = ((59 62 71) (12 22 23) (58 76 54) (5 56 78) ... )
Using single-output constraints, the programmer can compute the desired values by creating

the following constraints which are illustrated in Figure 3.1 (a).
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max-x formula
min-y | formula
points

max-y | formula
max-2z |

(a)
min-x
max-X
min-y

formula points

max-y
min-z
max-2z

(b)

Figure 3.1: Six single-output constraints are required to calculate the minimum and max-
imum x, y, and z values for an arbitrary 3D polyhedron object (a). One multi-output
constraint can calculate all six values in one pass over the points (b).
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min-x = find-smallest-x-value (points)
max-x = find-largest-x-value (points)
min-y = find-smallest-y-value (points)
max-y = find-largest-y-value (points)
min-z = find-smallest-z-value (points)
max-z = find-largest-z-value (points)

Each of these six formulas is a function that takes points as input and returns an appropriate
value. For example, min-z can be represented as follows.

min-x = begin
min-x = most positive machine integer
for each pt € points do
min-x = min(min-x, pt.x)
return(min-x)
end

A comparable multi-output constraint can be written as follows. This constraint is illus-

trated in Figure 3.1 (b).

(min-x, max-x, min-y, max-y, min-z, max-z) =

/* initialize min-x, max-x, min-y, max-y, min-z, and max-z */
min-x, min-y, min-z = most positive machine integer
max-x, max-y, max-z = most negative machine integer
for each pt € points do

min-x = min(min-x, pt.x)

max-x = max(max-x, pt.X)

min-y = min(min-y, pt.y)

max-y = max(max-y, pt.y)

min-z = min(min-z, pt.z)

max-z = max(max-z, pt.z)
return(min-x, max-x, min-y, max-y, min-z, max-z)

Comparing the single-output and multi-output formulas illustrates the advantages of
multi-output formulas. First, the single-output constraints require six passes over the val-
ues in the points slot, whereas the multi-output constraint requires only one pass. Thus the
multi-output constraint reuses the “computation” of iterating over the points list. Second,

the single-output constraints require six formula objects to be created, whereas the multi-

26




output constraint requires only one formula object. The additional formulas required by

the single-output constraints not only consume more memory but also force the constraint
solver to perform extra bookkeeping operations such as keeping track of dependencies be-
tween the points slot and the constraints. Finally, it is probable that the programmer thinks
of the min-max example as a single unit of computation rather than six individual units of
computations. Thus the multi-output constraint conforms more closely with the program-
mer’s notion of how the computation should be performed. The multi-output constraint in
effect allows the programmer to control the granularity of the constraints by determining
how much information a constraint is allowed to compute.

One disadvantage of multi-output constraints is that it is possible for unnecessary cal-
culations to be performed. For example, whenever one of the input values to a constraint
changes, all output values are automatically re-calculated, even if some outputs do not de-
pend on the input. Single-output constraints are finer-grained, and thus only re-calculate
those values that actually depend on the input. Using the above example, the value of maz-z
would be needlessly recomputed if the x-value of one of the points is changed. However, the
programmer can avoid this disadvantage by using multi-output constraints only when it is
expected that all outputs in the constraint will actually be recomputed. For example, it
would be unusual for the x-value of a point to change unless all values in the point change.

Our design allows a constraint to have either a fixed or a variable number of outputs. The
fixed case was illustrated earlier in this section. To specify variable outputs, the programmer
attaches an expression to a constraint that determines the set of output objects. We call
this expression an “output determinant constraint”. The expression is itself a constraint
that can depend on other variables in the system. The programmer also assigns a list of
output variables to the multi-output constraint. The multi-output constraint defines the
values of these variables in each output object. The number of outputs from the multi-
output constraint should equal the number of output objects times the number of variables

specified. For example, if five objects are computed by the output determinant constraint
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output determinant
constraint

outputs

inputs

Figure 3.2: A pictorial description of a multi-output constraint that uses an output de-
terminant constraint. The output determinant constraint labeled (1) specifies the output
objects. The multi-output constraint labeled (2) solves the formula and stores the values
in the output objects.

and two variables are specified, then the formula should return ten values. Figure 3.2
illustrates a multi-output constraint that uses an output determinant constraint.

The parameters for our multi-output constraint include: 1) an output determinant con-
straint that specifies the set of output objects, 2) a list of the variables associated with each
object that are assigned values, and 3) a formula that determines the values of the output
variables.

To illustrate our multi-output design, consider the following example. Suppose a pro-
grammer wishes to construct a constraint that allows an aggregate to determine the position
of its children. Moving an aggregate should cause its children to move by an equivalent
amount. The position of the children should be set equal to the position of the aggregate
that they are attached to, plus an optional offset within the aggregate. The variables z-
offset and y-offset specify an object’s optional offset. This constraint can be constructed as
follows.

output-objects = aggregate.components
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output-variables = (left, top)
formula = begin
list = null

for each object € aggregate.components do
list = list U {(aggregate.left + object.x-offset)}
list = list U {(aggregate.top + object.y-offset)}
return (list)
end

In this example the multi-output constraint outputs to both the left and top slots of all
“output-objects”. If an object is added to or deleted from the list, the output expression
is re-evaluated and the constraint is applied to the resulting set of objects. The advantage
of this constraint is that new relationships (i.e., constraints) do not have to be created as
objects are added to the aggregate.

Multi-output constraints can also be used to implement the following example. Suppose
the programmer wishes to constrain the objects in a list to be 10 pixels apart horizontally
and centered vertically. New objects can be added to the end of the list, and deleting
an object from the list should automatically cause the remaining objects to reposition
themselves to maintain the 10 pixels of separation. This relationship is illustrated in Figure
3.3 and can be implemented using the following multi-output constraint.

output-objects = list.components
output-variables = (left, top)
formula = begin
next-right = list.left
list = null
for each object € list.components do
list = list U {next-right}
list = list U {list.center}
next-right = object.left + object.width + 10
return (list)
end

This multi-output constraint sequentially calculates the left slots of all objects in the
list. When an object is added to or deleted from the list, the multi-output constraint is

invalidated. When the constraint solver is invoked, the entire multi-output formula is re-
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Figure 3.3: An example list that contains four objects which are separated by 10 pixels (a).
If object 5 is added to the list, its left value is calculated to be 10 pixels to the right of the
last object added (b). If object 2 is deleted, the left values of all objects are automatically
recalculated (c).
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evaluated determining the left and top values for all objects in the list. The advantage of
this constraint is that this relationship is specified once. If single-output constraints are
used instead, two new relationships must be declared every time an object is added to the

list.
3.3 Structural Constraints

Conventional constraints only allow the value attributes of an object to be constrained.
The value attributes of a graphical object might include position, orientation, size, filling-
style, and line-style. However, there are many cases where it is desirable to constrain the
structure of objects. Structural attributes might include 1) the type of an object (e.g.,
rectangle, circle); 2) the parts of an object (e.g., a labeled text box might include a text
object and a rectangle object); and 3) the existence of an object (e.g., an arrow should
exist only if the two boxes that it connects exist). By expressing relationships among these
attributes, constraints can add, delete, or modify parts of a structure.

As an example, structural constraints allow the creation of one object to result in the
creation of one or more other objects. For instance, creating an object in an “interactive”
window could automatically create selection handles for the object. Creating the same
object in a “non-interactive” window would not create selection handles for the ob ject. The
same idea applies to deleting objects. For example, deleting a planet in a solar system could
result in the automatic deletion of its moons, if the existence of the moons is tied to the
existence of the planet via constraints. Finally, changing the type of a road from a secondary
to a primary road might cause yield signs to change to stop signs along intersecting roads.

In our design, the values of structural attributes are ordinary values like strings for types
(e.g., rectangle) or pointers to components. Simply changing these values will not have the
desired structural effects. Consequently, some mechanism must be devised that performs
the desired structural changes when the value of a structural attribute changes.

Our approach uses an active-value model to enforce the structural constraints. An
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active value model allows action-procedures to be attached to variables [Vander Zanden 92a,

Stefik 86]. When the value of a variable changes, the action-procedure associated with it is
automatically executed. Action-procedures can be associated with any structural attribute.
Changing the value of a structural variable triggers the action-procedures, which enforces
the structural changes that the new value requires. By allowing constraints to be attached
to these structural variables, we obtain structural constraints. It should be mentioned that
the programmer must declare which variables are structural attributes. Hence, it is also
possible to attach action-procedures to value attributes. However, these action-procedures
should not alter the structure of an application. An action-procedure takes as parameters

the object and variable that it is associated with.

Example To illustrate our design, consider how structural constraints might help in im-
plementing a graphical road layout system. The system allows the programmer to create
roads and simulate their traffic. Some of the possible uses for structural constraints might

include:

e Addition: When a road is added and it intersects another road, structural con-
straints could be used to automatically create turning lanes, warning signs, stop signs,
and signal lights. If the road takes a sharp curve, then warning signs could be auto-
matically added to the side of the road. Similarly, a dead-end sign could be added
shortly before a road ends. A simplified structural constraint for adding warning signs

before a signal-light could be defined as follows.
exist-p = roadi.exist-p and road2.exist-p

roadl and road?2 are pointers to the roads that the signal light is associated with. The
constraint itself is associated with the signal light. Hence, when the signal light exists,
the warning signs should also exist. The ezist-p slot is initially false and changes to

true when the signal light is created. The action procedure could then be defined as
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follows.

action-procedure! SIGNAL-LIGHT-EXISTENCE (signal-light exist-p)
if signal-light.exist-p = true then
if roadi.speedlimit <= 30 then
create warning signs 200 feet before and after the
signal light on roadi
else
create warning signs 500 feet before and after the
signal light on roadi
if road2.speedlimit <= 30 then
create warning signs 200 feet before and after the
signal light on road2
else
create warning signs 500 feet before and after the

signal light on road2

e Modification: Changing a road from a secondary to a primary road could possibly
change yield signs to stop signs along intersecting or merging roads. A simplified

action-procedure for modifying the type of a road might be defined as follows.

action-procedure CHANGE-TYPE (road type)
case type
secondary:
enforce yield signs at merging roads
primary:
enforce stop signs at merging roads
interstate:
enforce entrance ramps at merging roads

e Deletion: Structural constraints can be used for deleting objects from the road layout
system. When an object’s existence becomes false, then the appropriate deletion
procedure is called. For example, deleting a road that intersects another road, should

automatically remove signal lights, stop signs, etc. We will now modify the action-

procedure used in the “Addition” example, so that it automatically deletes signal-

!The syntax of an action-procedures is: action-procedure procedure-name (object variable) code
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lights when their ezist-p slot evaluates to false.

action-procedure SIGNAL-LIGHT-EXISTENCE (signal-light exist-p)
if signal-light.exist-p = true then
if roadl.speedlimit <= 30 then
create warning signs 200 feet before and after the
signal light on roadi

else
create warning signs 500 feet before and after the
signal light on roadl
if road2.speedlimit <= 30 then
create warning signs 200 feet before and after the
signal light on road2
else
create warning signs 500 feet before and after the
signal light on road2
* else
* - destroy signal-light

The % denote changes. We now expand this example to show that structural con-
straints can have ripple effects by adding a structural constraint to the warning signs.
Now when the signal light is destroyed, the warning signs are also automatically de-
stroyed. The structural constraint for the warning sign might be [warning-sign.exist-p

= signal-light.exist-p] and the action-procedure might be written as follows.

action-procedure WARNING-SIGN-EXISTENCE (warning-sign exist-p)
if warning-sign.exist-p = false then
destroy warning-sign

All structural constraints are evaluated before any action procedures are executed
(the action procedures are deferred). Thus the ezist-p attributes in the example
above are brought up-to-date and then the action procedures are executed to enforce
the structural constraints (thus deleting road, any associated signal lights, and any

warning signs associated with the signal lights).

Structural constraints can also be used to specify the type of selection handle that should

surround a selected object. If the width and height of the selected object are greater than
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Figure 3.4: The type of selection handle should depend on the size of the object. Smaller
objects that cannot accommodate the feedback boxes should be pointed at by a selection
arrow (a), larger objects should be surrounded by feedback boxes (b).

some user specified value, then selection boxes appear around the perimeter of the object,
otherwise a selection arrow is used (Figure 3.4).

To implement this relationship, an action-procedure can be attached to an object’s type.
The constraint for type could reference those variables that determine the size of the object
(i.e., the width and height). When the values of either one of these variables changes, this
action-procedure is automatically called. Depending on the object’s new size, the action-
procedure could create new selection handles, and destroy the old ones. The structural
constraint on type and its action-procedure can be defined as follows.

type = if (obj-over.width > min-width) AND
(obj-over.height > min-height) then
selection-handles
else
arrow

action-procedure FEEDBACK (feedback-object type)
delete old feedback parts
allocate parts for new feedback type
register parts with display manager
Finally, structural constraints can be used implement the following relationship. Sup-
pose the programmer wishes to constrain an arrow’s existence to the existence of the two

| boxes it connects as shown in Figure 3.5. This relationship can be implemented as follows.

An action-procedure is attached to the arrow’s existence slot ezist-p. When the value of this
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Figure 3.5: A structural constraint can be placed on the arrow. If either box1 or box2 is
destroyed, then the arrow should also be automatically destroyed.

variable changes, this action-procedure is automatically called. If the value of this variable
ever becomes false, then the arrow is deleted. The constraint for the structural attribute
exist-p and the action-procedure can be defined as follows.

arrow.exist-p = boxl.exist-p and box2.exist-p

action-procedure DESTROY-ARROW (arrow exist-p)
if arrow.exist-p = false
destroy arrow

3.4 Multi-way Constraints

Our multi-way constraint design includes five important features:

e Multiple formulas can be attached to a single variable. These formulas may include
one-way constraints, multi-output constraints, and structural constraints.

e Dynamic number of inputs and outputs

Pointer variables for the inputs and outputs

Priorities

Activation conditions

While other constraint solvers may incorporate some of these features, ours is the first
to support all features at once. The first feature allows the programmer to formulate multi-
way constraints as a series of one-way constraints. Experience in teaching constraints to
students suggests that for many applications, such as multiple views, people actually think

in terms of one-way rather than multi-way constraints. In general, students are first taught
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Figure 3.6: Multi-way constraints are used to maintain consistency among three clocks.
The time is represented using: (a) a 12 hour digital clock with AM/PM notation, (b) an
analog 12 hour clock face, and (c) a 24 hour digital clock.

one-way constraints, because they are the most commonly used. One-way constraints are
attached to variables, and thus students think of variables as “owning” constraints. Multi-
way constraints are typically presented as an independent object, with a set of methods
for satisfying the constraint. The methods belong to the object, rather than individual
variables, which seems to confuse most students. Multi-way constraints would be easier to
design and conform more closely to the student’s model if the methods were allocated to the
individual variables. Since each method represents a one-way constraint, we decided to build
multi-way constraints by allowing a variable to be assigned multiple one-way constraints.
As an example, a graphical user interface can be constructed using multi-way constraints
to help young children learn different ways of expressing time (Figure 3.6). If a child changes
any one of the views, the other two views are automatically redrawn. The constraints that

implement this interface are shown below.

clock1.time = clock 2.time

clock_1.time

lock 2.t1 =
croc vme {clack_3.time

clock 3.time = clock 2.time

Notice that two, one-way constraints are attached to clock_2’s time slot. If clock_1’s time
changes, then clock_2 gets its new time from clock_1. On the other hand, if clock_3’s time

changes, then clock_2 gets its time from clock_3.
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The second and third features allow constraints to have a dynamic number of inputs
and outputs and pointer variables for the inputs and outputs. These two features are
automatically provided by allowing any of the types of formulas discussed thus far (one-
way, multi-output, and structural) to be attached to a variable. As noted in Chapter 2,
these two features have yet to be incorporated in multi-way schemes, except in limited
contexts.

The fourth feature allows the programmer to optionally attach priorities to formulas.
The priority indicates how strongly the programmer wants a given formula to determine a
slot’s value. The formula with the highest priority in a slot determines the slot’s value. If
two or more formulas with the same priority are invalid and must be re-evaluated, then the
formula that occurs first in the slot’s formula list determines the slot’s value. Programmers
have control over the placement of formulas in the list?2. Only formulas with the highest
priority in a slot are active and can be evaluated. Formulas with lower priorities can be
invalidated but are not evaluated. This priority scheme allows default formulas with low
priorities to be placed in a slot. These formulas are masked when higher priority formulas
are placed in the slot. The default formulas automatically activate themselves if these higher
priority formulas are later removed. An example use of a default formula is a formula that
returns the minimum left side of any of the aggregate’s children. This formula can be used
to compute the aggregate’s left value unless another formula is installed that computes it
in some other fashion (e.g., a formula that constrains the aggregate’s left side to another
object).

The last feature allows programmers to add activation conditions to constraints. An
activation condition is a boolean predicate that determines whether a constraint is active

or inactive. The boolean predicate may consist of both value attributes and structural

2The syntax for adding a formula to a slot is: add-formula (object, slot, formula, position, priority,
activation-condition). position specifies the location of formula in the list. priority indicates how strongly
the programmer wants this formula to determine the value of the slot. activation-condition is a boolean
predicate that determines if a constraint is active.
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right = 100 right = left + width

Solution 1: grow
Activation condition: grow-p =true
width = right - left

right = 150

Solution 2: move
Activation condition: grow-p = false

left = right - width

Figure 3.7: The constraint “right = left + width” has been placed on the rectangle. If the
value of right is changed from 100 to 150, then the constraint can be satisfied by either
changing the left or the width of the rectangle. When the grow-p activation condition is
true, then the width of the rectangle is changed, otherwise, the left side of the rectangle is
changed to satisfy the constraint.

attributes. The activation conditions in our scheme replace constraint hierarchies found in
other constraint solvers. The weakness of constraint hierarchies is that the strengths of their
constraints are fixed. Thus certain constraints are always preferred over other constraints.
For example, constraints that cause an object to move may be favored over constraints that
cause an object to resize. Activation conditions remedy this shortcoming by giving the user
control over which constraints are favored at any given time. When constraints that cause
an object to resize are favored, the constraints that cause an object to move are deactivated.
Similarly, when the programmer wants an object to move, the constraints that cause an
object to resize are deactivated. Figure 3.7 illustrates the move/resize activation condition.
By placing an activation condition on a constraint, the constraint becomes a conditional
constraint. Conditional constraints include the programmer into the planning process in
a natural, comfortable way by allowing the programmer to specify which constraints are
active. As a result, the planning burden on the constraint satisfier is reduced.

An example application that can be implemented using this multi-way constraint scheme

is illustrated in the visual color editor shown in Figure 3.8. Multi-way constraints can be
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Figure 3.8: A visual color editor implemented using multi-way constraints. Colors can be
selected either by choosing one of the colors in the menu on the left or by manipulating the
three sliders on the right. The color box at the top provides feedback showing the selected

object.
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used in this application to establish relationships among the following values:

o The indicators located on the sliders.
o The value boxes located above the sliders.

e The feedback box possibly surrounding one of the pre-defined colors.

Below is one possible way in which the multi-way constraints can be constructed:

red_slider.indicator.value
centralized_red = { red_value_boz.value
selected_menu_object.red

green_slider.indicator.value
centralized_green = { green_value_bozx.value
selected_menu.object.green

blue_slider.indicator.value
centralized blue = { bluevalueboz.value
selected_menu_object.blue

red_slider.indicator.value = centralized_red
green_slider.indicator.value = centralized_green
blue_slider.indicator.value = centralized_blue

red_value boz.value = centralized_red
green_value boz.value = centralized_green
blue_value bozx.value = centralized_blue

selected_menu_object =
find_color(centralized_red, centralized_green, centralized blue)
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The following one-way constraint ensures that the feedback rectangle next to the color-
selection label has the correct color:
feedback_color rectangle.color =
create_color(centralized red, centralized green, centralized blue)

For example, if the user selects the pre-defined color blue, thus setting the “centralized”
variables, the multi-way constraints perform the following actions. A feedback box sur-
rounds the pre-defined color blue. The indicators and value boxes on the sliders are set to
(0, 0, 100), and the color of the feedback color rectangle is set to blue. Now if the user drags
the indicator of the first slider to the 100 hashmark, then the following actions are taken.
The pre-defined color purple is highlighted with a feedback box since purple is defined as
(red 100) (green 0) and (blue 100). The value box above the first indicator is set to 100
and the filling style of the feedback color rectangle is set to purple.

Another practical application of multi-way constraints is for computing the position and
size of an aggregate and its children (this example also involves multi-output constraints).
A multi-way constraint can be constructed between an aggregate and its children as shown
in Figure 3.9. In one direction, the children determine their position from the aggregate.
Hence, if the left value of the aggregate is incremented by 10, then all children are moved to
the right 10 pixels. In the other direction, the aggregate determines its bounding box from
the children. For example, if a new object is added to the aggregate, then the bounding

box of the aggregate is recalculated.

3.5 Expressiveness of the Extended Spreadsheet Model

The extended spreadsheet model not only makes it easier and more efficient to specify
and implement relationships among variables, but it also allows more powerful relation-
ships to be expressed. In this section we compare the expressiveness of the conventional
constraints with our extended constraints. Recall that the conventional constraints refer to

single-output, one-way relationships that can be expressed only on the value attributes of
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Figure 3.9: A multi-way constraint can be expressed between an aggregate and its children.
In one direction, the children determine their position from the aggregate. In the other
direction, the aggregate determines its bounding box from the children.

objects.

e Multi-output constraints have the same expressiveness as single-output constraints.
One multi-output constraint that has n output variables can be separated into n
single-output constraints by appropriately splitting and duplicating the computation.
Similarly, n single-output constraints can be represented by combining their code

bodies into one multi-output constraint that has n output variables.

e Structural constraints are more expressive than conventional constraints, because
structural constraints allow relationships to be specified over the value space, type
space, and name space, whereas the value constraints used in the conventional con-

straint model only allow relationships to be defined over the value space.

e Multi-way constraints are more expressive than the one-way constraints found in the
conventional spreadsheet model. To compare the expressiveness of one-way and multi-

way constraints, we need to define the following two sets:

C = the set of constraints to be solved.
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S = the set of partial orders that satisfy the constraints in C.

The one-way constraints of the conventional model only allow one of the possible
partial orders in S to be represented. However, multi-way constraints allow all of the
partial orders in S to be represented. For example, if a constraint contains n variables,
a one-way constraint system could have only one solution to the constraint, whereas

a multi-way constraint system could have multiple solutions.
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Chapter 4

Constraint Solving

4.1 Introduction

This chapter presents the constraint satisfaction algorithms for multi-output, structural,
and multi-way constraints, and then presents an algorithm for satisfying systems that sup-
port all three types of constraints. For each constraint algorithm, the data structures, the
time complexity, and a proof of correctness is provided. The last section of this chapter
examines the performance of these constraints. Before looking at the specific constraint
algorithms, an introduction to the two major types of constraint solving is provided.

In general constraints can be solved using either a lazy or an eager evaluation algorithm.
A lazy evaluation algorithm does not evaluate constraints until they are needed, whereas
an eager evaluation algorithm re-evaluates constraints as soon as a constraint or variable
is modified. The advantage of lazy evaluation is that it is easier to implement and avoids
potentially unnecessary re-evaluations. However, lazy evaluation may result in longer delays
when a variable is accessed as the values of invalid variables are demanded. Eager evaluation
is usually preferred if a high percentage of constraints need to be re-evaluated and the
changes are occurring to a localized section of the constraint system. Conceptually, eager
evaluation is cleaner than lazy evaluation since everything is always kept up-to-date.

Our constraint solving algorithm uses a mark/sweep approach (also called nullifica-

tion/ reevaluation)-‘ that can be adapted to work with both lazy and eager evaluation. The
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Figure 4.1: The constraints ¢ = a + b, e = ¢, and f = ¢ + d are represented using a
directed graph (a). The rectangles represent variables and the circles represent constraints.
The gray rectangles represent variables that are marked invalid when b is changed (b).

constraint solver builds a directed, bipartite dataflow graph similar to the one shown in
Figure 4.1. The two types of nodes are formula nodes and variable nodes. There is a di-
rected edge from a variable node to a formula node if the variable is an input to the formula.
There is a directed edge from a formula node to a variable node if the formula outputs the
variable.

When the value of a variable changes, all formulas that directly or indirectly depend
on this variable are marked invalid (mark pass). When the value of an invalid formula
is requested, the constraint solver demands the values of other variables that the invalid
formula depends on (sweep pass). If these variables contain formulas that are also out of
date, the constraint solver recursively demands values until valid variables are reached, at
which point the constraint equation can be solved and the process proceeds forward. This
algorithm can be used as described for lazy evaluation. If in addition, a list of out-of-date

variables is kept, the eager evaluator can demand the value of each variable in this list. This
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will bring the whole system up-to-date.

We will now illustrate the mark/sweep approach using Figure 4.1. The gray rectangles
in Figure 4.1 (b) represent variables that are marked invalid when the value of variable b
is changed. If a lazy evaluation algorithm is used, only those variables that are demanded
are computed. For example, if the value of e is requested, e will demand the value of ¢, and
¢ will recursively demand the values of both a and b. Since a and b are both valid, ¢ will
compute its value, mark itself valid, and return its value to e. e then computes its value,
marks itself valid, and returns. The variable f remains invalid since its value was never
demanded. If an eager evaluation algorithm is used, then the values for ¢, e, and fwill all
be computed immediately following the change to b. The initial list of invalid variables will

consist of variables c, e, and f.
4.2 Solving Multi-output Constraints

Multi-output constraints introduce two new factors into the constraint satisfaction pro-
cess: 1) constraints can have multiple outputs, and 2) variable output constraints have
output determinant constraints that must be evaluated to determine a constraint’s outputs.
Multi-output constraints that have a fixed set of outputs can be handled with a straightfor-
ward modification to the standard nullification/reevaluation algorithm: when a constraint
is invalidated, it marks all of its outputs invalid. This modification is a logical extension
of the single-output case, in which each invalidated constraint invalidates its single output
variable.

The variable output case requires more extensive modifications to the standard nul-
lification/reevaluation algorithm. The principle modification is that output determinant
constraints must be evaluated before all other constraints. These evaluations must be done
first so that 1) variables are not erroneously assigned values by a multi-output constraint;
and 2) constraints that depend on variables that should be assigned values by multi-output

constraints are not evaluated prematurely. The first case can occur if a multi-output con-
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straint is evaluated before its associated output determinant constraint (assuming that the
output determinant constraint is invalid). Since the output determinant constraint is in-
valid, the multi-output constraint will assign to its old set of outputs, rather than its new
set. Obviously this problem can be avoided if output determinant constraints are evaluated
before the multi-output constraint they are associated with.

The second case can occur if a constraint (single-output or multi-output) is evaluated
before an invalid output determinant constraint. If the constraint accesses a variable which
will be included in the new set of outputs determined by the output determinant constraint,
but which was not in the old set of outputs, then the constraint will prematurely access the
variable.

Thus far we have argued that output determinant constraints must be evaluated before
other constraints. However, a number of timing issues still must be resolved. First there is
the question of whether the output determinant constraints are automatically evaluated at a
time determined by the constraint satisfaction algorithm, or whether the programmer must
manually instruct the constraint satisfier to evaluate them. Since we wanted to automate
the constraint satisfaction process as much as possible, we decided to automatically evaluate
the queued output determinant constraints. Second there is the question of when should
these constraints be executed. There are two logical times to do it, immediately after a
variable has been modified and constraints have been invalidated, or when the value of a
variable is requested. Our implementation evaluates the output determinant constraints
immediately. However, it is conceivable that the output determinant constraints could be
lazily evaluated when the value of a variable is actually demanded, but this strategy would
increase the amount of bookkeeping the constraint solver performs, because any access to a
variable must first check whether there are any invalid output determinant constraints. The
constraint solver would have to evaluate all such invalid constraints to determine whether
the demanded variable has become the target of a multi-output constraint.

Another complication that arises from variable output constraints is nondeterminism.
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Initial values of variables: Constraints:

a= f=0 10 = if(b+c)<Otheneelsef
b= g=3 1 =4d

= =20 h= -10 2 = 6+a 3+a

= =10 i=-40 30 = if(f+g)<10ielsec

= =10 3 = 4+h

) ) — —» =anoutput of a multi-output constraint
D = multi-output constraint

O = output determinant constraint D = variable

Figure 4.2: An example of a constraint graph that can be nondeterministic because of
variable output constraints.

In the fixed output case (i.e., a constraint’s outputs are fixed in advance), if constraints are
always evaluated in topological order and the constraint graph is acyclic, then the same
final constraint graph will always be reached, regardless of the order in which unrelated
constraints are evaluated. In the multi-output, variable case, different constraint graphs can
result, even if constraints are evaluated in topological order. The reason is that seemingly
unrelated output determinant constraints can become related as a result of their evaluation.
For example, consider the constraint graph shown in Figure 4.2. Suppose that the variable a
is changed from 1 to 5. The first equation in topological order is the multi-output equation

labeled 2, and it changes b to 30 and g to 15. The output determinant constraints o and
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90 are next in topological order. Since neither depends on the other, the two constraints
can be evaluated in either order. If o is evaluated first, 1o changes the output of equation
1 to f Now the output determinant constraint 3o depends on constraint 1, so constraint f
is evaluated next. Constraint I sets f to -10, which results in Jo retaining i as the output
for constraint 8. The resulting constraint graph is shown in Figure 4.3 (a).

Suppose that instead of evaluating Io first, 30 is evaluated first. Jo changes the output
of equation 8 to c. Now the output determinant constraint fo depends on constraint 3,
so constraint & is evaluated next. Constraint 3 sets c to -40, which results in Io retaining
e as the output for constraint 8. The resulting constraint graph is shown in Figure 4.3
(b). Notice that the two graphs are different, even though both graphs were produced by
evaluating constraints in topological order.

Instead of arbitrarily breaking ties by evaluating one output determinant constraint
before another, one could try evaluating all unrelated constraints “simultaneously” (i.e.,
evaluate all unrelated output determinant constraints before updating the constraint graph).
This approach is used by Rendezvous [Hill 92]. This approach leads to yet a third graph
shown in Figure 4.3 (c). Evaluating o sets constraint I’s output to fand evaluating Jo
sets constraint $s output to c. In some sense this graph is the least desirable of the three,
since it is cyclic.

Which graph is “correct” depends on what the user expects. Clearly different outcomes
can be achieved by employing different evaluation strategies. This problem of nondeter-
minism can be eliminated by not permitting output determinant constraints to depend on
variables that are determined directly or indirectly by variable output constraints (output
determinant constraints may still depend on multi-output constraints with fixed outputs
and multi-output constraints may still depend on any type of multi-output constraint).
If output determinant constraints are not permitted to depend directly or indirectly on
variable output constraints, then output determinant constraints can only depend on con-

straints whose outputs cannot change. As long as these fixed output constraints are acyclic,
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(b)

(c)

Figure 4.3: Three possible constraint graphs that can be obtained from evaluating the
constraints in Figure 4.2. (a) results when constraint Io is evaluated before constraint Jo.
(b) results when constraint Jo is evaluated before constraint fo. (c) is created when all
unrelated output determinant constraints are evaluated simultaneously.
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the same constraint graph will be reached, regardless of which order the output determinant

constraints are evaluated in.

The algorithm that we present for satisfying multi-output constraints assumes that
output-determinant constraints can depend on variables that are determined by multi-
output constraints. Hence, our algorithm imposes no restrictions on the ordering of these
two types of constraints. As a drawback, a constraint graph in our system can be non-
deterministic. However, a counterbalancing concern to nondeterminism is that placing re-
strictions on certain types of constraints and not on others violates programming language
design precepts of consistency and minimizing exceptions. In addition, it seemed that these
nondeterminism problems are unlikely to arise in practice, so we decided to allow output
determinant constraints to depend on variable output constraints. This decision has been
validated both by our own experience and, independently, by users’ experience with the

Rendezvous system [Hill 93].
4.2.1 Data Structures

The data structures used for multi-output constraints, output determinant constraints,
and output variables are as follows. Figure 4.4 pictorially illustrates the relationship between

these three components.

Multi-output Constraint:

output-objects either a pointer to the object the constraint outputs to
(fixed output constraint) or an output determinant con-
straint that determines the set of output objects (variable
output constraint)

output-slots a list containing the output variables
formula determines the values for the output variables
valid indicates if the formula needs to be recomputed
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output variables

output determinant
constraint input variables

Figure 4.4: A pictorial description of a multi-output constraint that uses an output de-
terminant constraint. The output determinant constraint labeled (1) specifies the output
object(s). The multi-output constraint labeled (2) solves the formula and stores the values
in the output variables. The output variables contain a pointer to the multi-output formula
along with a cache value.

Output Determinant Constraint:

formula determines the set of output objects

parent pointer to its associated multi-output constraint
value the last value that was computed

valid indicates if formula needs to be recomputed

Output Variable:

formula pointer to a multi-output formula
value last value calculated for this variable by the formula
dependents a list of formulas that reference this variable

4.2.2 The Constraint Solving Algorithm

The constraint satisfaction algorithm for multi-output constraints is a straightforward
extension to the standard nullification/reevaluation algorithm. Informally, the algorithm

may be described as follows:
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. When a variable is changed, any constraint that depends on that variable is invali-
dated. Invalidated output-determinant constraints are set aside on a queue. Formulas
downstream from this constraint are not invalidated until after the output-determinant

constraint has been evaluated.
. Evaluate the queued output determinant constraints.

. If the evaluation of one of the output determinant constraints in the previous step
results in a different set of output objects (i.e., either objects have been added or
removed) then all formulas downstream from the constraint are invalidated. As con-
straints are invalidated, they may cause other output determinant constraints to be-
come invalidated. These newly invalidated output determinant constraints are added

to a new list.

. If no output determinant constraints are invalidated in the previous step, or a user
specified limit has been reached on the number of constraint solving iterations then
stop; otherwise, repeat step 2 using the new list of output determinant constraints.
The user specified limit allows the output determinant constraints to iterate through
several constraint solving cycles, so that the constraint network can reach a more

satisfied state.

Figure 4.5 provides a pictorial description of the invalidate routine used to handle multi-

output constraints. The decision to defer the invalidation of formulas downstream of output

determinant constraints until all queued output determinant constraints are evaluated allows

us to separate the invalidation and evaluation phases. This separation in turn, prevents

infinite loops from arising if there are cycles in the constraint graph. If evaluation can

be uncontrollably interweaved with invalidation, then two output determinant constraints

that are part of the same cycle can give rise to an infinite loop in the following manner.

When the first output determinant constraint is evaluated, it will cause the invalidation

of the second output determinant constraint. The second output determinant constraint
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Invalidate (stop at and queue
output determinant constraints)
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invalid
output determinant
constraints
AND
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True
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Figure 4.5: A diagram illustrating the invalidate routine used for multi-output constraints.

55



ODCS = /* Qutput Determinant ConstraintS */

E-ODCS =@ /* Evaluated Qutput Determinant ConstraintS whose set of
output objects have changed. */

MAX-IT = specified by the user /* MAXimum [Terations of constraint solving */

invalidate-cn (constraint)
counter = 1
recursively-invalidate-cn (constraint)
while (ODCS # 0) AND (counter <= MAX-IT) do
counter = counter + 1
old-odcs = ODCS
ODCS =10
while old-odcs # @ do
e = dequeue (old-odcs)
old-output-objects = e.value
e.valid = true
evaluate (e)
if old-output-objects # e.value then
adjust-pointers (e, old-output-objects)
enqueue (e, E-ODCS)
while E-ODCS # 0 do
e = dequeue (E-ODCS)
if e.parent.valid = true then
recursively-invalidate-cn (e.parent)

Figure 4.6: The regular invalidate routine has been modified to handle multi-output con-
straints that can have a dynamic number of inputs and outputs. adjust-pointers removes
the pointers from output variables that no longer obtain their value from constraint e, and
adds pointers to the new set of output variables that will obtain their value from constraint
e.

will then be evaluated, which will invalidate the first output determinant constraint. Then
the first output determinant constraint will be reevaluated, and so on. If a fixed point
is reached, then the loop will terminate. However, if a fixed point is not reached, the
loop will never terminate. Since we wanted to be able to guarantee the termination of the
constraint solver, we settled on the deferral strategy. A beneficial side-effect of this strategy
is that the algorithms are simpler and more elegant than the algorithms that interweave

evaluation and invalidation. Figures 4.6 - 4.9 formalize the invalidate and evaluate routines

for multi-output constraints.
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recursively-invalidate-cn (constraint)
constraint.valid = false

if constraint = “output determinant” then
enqueue (constraint, ODCS)

else /* multi-output constraint */
output-slots = constraint.output-slots
output-objects = get-output-objects (constraint)
for each object € output-objects do
for each slot € output-slots do
variable = object.slot
for each formula € variable.dependents do
if formula.valid = true then
recursively-invalidate-cn (formula)
variable.dependents = §

Figure 4.7: This routine recursively performs invalidation on multi-output constraints. get-
output-objects returns a list containing the one output object for fixed output constraints,
or the list of output objects for variable output constraints.

evaluate-multi-output-formula (formula)
formula.valid = true
list-of-values = evaluate (formula)

/* Assign values to output variables. */
output-slots = formula.output-slots
output-objects = get-output-objects (formula)
for each object € output-objects do
for each slot € output-slots do
object.slot.value = pop (list-of-values)

Figure 4.8: This routine evaluates a multi-output formula and assigns the results to the
output variables. get-output-objects returns a list containing the one output object for fixed
output constraints, or the list of output objects for variable output constraints.
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get-value (variable)

demanding-formula = top (formula-stack)

if demanding-formula then
variable.dependents = variable.dependents U {demanding-formula}

if variable.formula.valid = false then
push (variable.formula, formula-stack)
evaluate-multi-output-formula (variable.formula)

return (variable.value)

Figure 4.9: This routine gets the value of a variable that is the output of a multi-output
constraint. This routine also performs dependency maintenance.

4.2.3 An Example

To illustrate how the invalidate routine for multi-output constraints operates, we will
trace through this routine using the constraints shown in Figure 4.10. Assume that all
constraints in this figure are initially marked valid and that the user changes the value of
variable varl.

Step 1 of the invalidate routine invalidates constraint I and then queues the output
determinant constraint 2a. The recursive invalidation process stops with constraint Za
since it is an output determinant constraint. The algorithm now advances to step 2. Step
2 evaluates the output determinant constraint 2a and advances to step 3. Assume that
the evaluation of constraint 2a results in rect2 being its new value. Since the set of output
objects for constraint 2a has changed, step 3 invalidates all formulas downstream. This
results in the invalidation of formulas 2b, 3a, and 5. Constraint 3a is invalidated because
it depends on the left slot of rect2. Constraint 5 is invalidated because it depends on the
top slot of rect?. The invalidation process again stops with constraint Ja since it is an
output determinant constraint. Constraint 3a is added to a new list of output determinant
constraints. The algorithm now advances to step 4. Figure 4.11 shows the new constraint
graph.

Step 4 calls step 2 using the new list of output determinant constraints (i.e., 3a). We
are assuming that the user specified limit has not been reached. Step 2 evaluates the out-

put determinant constraint Sa (thus demanding and evaluating constraint 2b as well) and
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Figure 4.10: A constraint graph that incorporates: regular one-way constraints, output
determinant constraints, and multi-output constraints.
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advances to step 3. Assume that the evaluation of constraint 3a results in rectd being its
new value. Since the set of output objects for constraint Ja has changed, step 3 invalidates
all formulas downstream. This results in the invalidation of formulas 3b and 4a. The recur-
sive invalidation process again stops with constraint 4a since it is an output determinant
constraint. The constraint 4a is added to a new list of output determinant constraints. The
algorithm now advances to step 4. Figure 4.12 shows the new constraint graph.

Step 4 again calls step 2 if the user specified limit has not been reached. We are assuming
that it has not been reached. Step 2 evaluates the output determinant constraint 4a. This
time assume that the set of output objects does not change. Therefore, since there has
been no change in the set of output objects we do not invalidate any formulas downstream.
Hence, neither formula 6 nor formula 7 will be invalidated. The invalidate routine now
terminates since there are no more invalidated output determinant constraints. Since no

changes were made, the final constraint graph is also shown in Figure 4.12.
4.2.4 Time Complexity

The following terms will be used in evaluating the time complexity for the algorithms
presented in this chapter. This terminology has been adopted from [Vander Zanden 94] and
[Hudson 91].

directly_affected ; - the set of variables that have been directly modified during

iteration ¢ of the invalidate routine.

affected ; - the set of formulas that directly or indirectly depend on the variables in

directly_affected;.

needed_by_affected ; - the set of input edges to the formulas in affected;.

The terms above are illustrated in Figure 4.13. An iteration represents one pass through
the invalidate routine and one pass through the evaluate routine. When using lazy eval-

uation, not all of the affected constraints will necessarily be evaluated during iteration
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Figure 4.12: The constraint graph that is produced when the evaluation of the output
determinant constraint Ja results in rect3 being its new value.
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a \ .

Figure 4.13: The constraints ¢ = @ + b and e = ¢ + d are represented using a di-
rected graph. If a is modified then directly_affected; = {a}, affected; = {cntl, cnt2}, and
needed_by_affected; = {1, 2, 4, 5}.

i. However, we will use an amortized analysis that charges the cost of evaluating all the
constraints in affected; to iteration 1.

The total time complexity for the multi-output constraint solving algorithm is deter-
mined by 1) the number of constraints that must be invalidated, 2) the number of constraints
that must be evaluated, and 3) the number of variables in the constraints. We are assum-
ing that the user specified constraint formulas terminate and have a time complexity of
O(1). Hence, the time complexity reported here is the cost of constraint scheduling and
the overhead of constraint execution (i.e., establishment of dependencies and invoking the
evaluation functions for each formula).

The invalidate routine for multi-output constraints queues output determinant con-
straints. The evaluate routine then evaluates these constraints. When the set of output
objects for an evaluated output determinant constraint changes, all formulas downstream
are invalidated when the evaluation phase has completed. If the user specified limit is n,
then n iterations might be required to evaluate the output determinant constraints.

The terminology used in reporting the time complexity for multi-output constraints will
be subscripted as follows: affected .y_; represents the regular constraints (single and multi-
output constraints) that are affected, affected,q_; represents the output determinant con-
straints that are affected, needed_by_affected e, _; represents the set of dependencies needed

to compute the constraints in affectedy_;, and needed_by_affected ,q4_; represents the set of
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dependencies needed to compute the constraints in affected q_;.

We first compute the time complexity for a single iteration and later compute the time
complexity for the entire algorithm. The time complexity for one iteration is a summa-
tion of the invalidate and evaluate routines. The invalidation algorithm follows edges and
thus it may attempt to visit a constraint more than once (although if the constraint has
been visited, it will not proceed past that constraint). Thus the cost of invalidation is the
number of edges that are traversed. The set of edges traversed is a subset of the edges in
needed_by_affected,.q_; + needed_by_affected q_;. Hence, the time complexity of invalidation
is bounded by O(|needed.by.affected e, ;| + |needed_by_affected,q_;|). The evaluate rou-
tine requires that |affected e, i| + |affected ,q_i| constraints be evaluated. Since the cost of
evaluating these constraints is O(1), the cost of evaluating constraints is O(|affected, g
+ |affected,q_;|). Finally, each input variable in a constraint may be accessed in O(1)
time. Thus the cost of accessing all of the input variables in affected,., ; and affected,q_;
is O( |needed_by_affected ey i| + |needed_by_affected,q_;|). Summing up, the worst case run-
ning time for one iteration is:

O(|affected ey ;| +
|affected oa_i| +
|needed_by_affected,eq i| +
|needed_by_affected ,q_i| )

In actual implementations, the number of variables per constraint is usually bounded by
some small constant k, in which case needed_by_affected,., ; is bounded by k|affected,.q_;|
and needed_by_affected ,q_; is bounded by k|affected,a_;|. Thus, the time complexity for a
single iteration reduces to O(|affected,cy_i| + |affectedoq_i| ).

We now compute the time complexity for the entire algorithm. Recall that the algorithm
continues until a user specified limit has been reached or no output determinant constraints
are invalidated in the previous iteration. In the worst case, the algorithm must continue

until the user specified limit n has been reached, and hence n iterations of constraint solving

64



are required. Therefore, the worst case running time for the entire algorithm is:

n

> affected eoi+ af fected o

=1
4.2.5 Proof of Correctness

This section proves that the integration of multi-output constraints with the conven-
tional constraints is correct. Unless otherwise indicated, throughout this section the words
“constraints” and “algorithm” refer to conventional, output determinant, and multi-output
constraints, and those portions of the constraint solver that handle them. We first prove
that any combination of these constraints terminates, and secondly that if the constraint

graph is acyclic, then all constraints marked valid are satisfied when the algorithm finishes.

Theorem: If all constraint formulas terminate, then the constraint solving algorithm for

multi-output constraints terminates.

Proof: One iteration of constraint solving is not always sufficient for solving multi-output
constraints. Hence, to prove that the algorithm terminates, we must prove that 1)
each iteration terminates, and 2) a finite number of iterations are performed. From

these two steps, it follows that the algorithm terminates.

Each iteration terminates. The constraint solving algorithm for multi-output con-
straints is composed of an invalidate and evaluate routine. One iteration of the con-
straint solver requires one pass through the invalidate routine and one pass through
the evaluate routine. The invalidate and evaluate routines do not call one another
and thus they are not interweaved. Hence, to show that the algorithm terminates, we

will need to prove that these two routines individually terminate.

The invalidate routine for multi-output constraints performs a depth first search mark-
ing constraints as invalid. The invalidate routine diverges slightly from a true depth-

first search in that it queues output determinant constraints and does not invalidate
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formulas downstream from these constraints. However, stopping the invalidation pro-

cess early is comparable to treating a multi-output constraint as if it had no outgoing
edges (i.e., no outputs). In effect the invalidation algorithm behaves as if a few edges
have been removed from the graph. Since a depth-first search still terminates if any

number of edges are removed from a graph, the invalidate routine will still terminate.

A constraint cannot be evaluated more than once during an evaluation pass, because
1) the first time the constraint is evaluated, it is marked valid, 2) the invalidate routine
is not called from the evaluate routine and thus a constraint cannot be marked invalid
by the evaluate routine, and 3) the evaluate routine will not evaluate a constraint if
it is marked valid. Consequently, after the first evaluation, the evaluate routine will
not evaluate the constraint again during that pass. Therefore, since a constraint can

be evaluated at most once, the evaluate routine terminates.

In summary we have proven that the invalidate and evaluate routines individually
terminate. Therefore, the constraint solving algorithm for multi-output constraints is

guaranteed to terminate after each iteration.

Finite number of iterations. The algorithm terminates when a user specified limit

has been reached, or when the invalidate routine does not create a new list of output
determinant constraints. Consequently, the constraint solver executes a finite number

of iterations.

Algorithm terminates. Since each iteration terminates and a finite number of itera-

tions are performed, the algorithm terminates.

Theorem: If the constraint graph is acyclic and the invalidate routine did not create a new

list of output determinant constraints, then all constraints marked valid are satisfied

when the algorithm finishes.

66



Proof: To show that all constraints marked valid are satisfied we need to show that these
constraints are properly evaluated and that their dependencies are recorded. A proof
by contradiction will simultaneously show that both of these conditions are satisfied.
The proof below does not go into detail concerning the correctness of input dependen-
cies, since our approach uses the same technique that is used in Alphonse [Hoover 92].
A proof of correctness is presented in that paper. Instead, our proof focuses on the

proper recording of output dependencies and the proper evaluation of constraints.

Assume that some constraint which is marked valid is not satisfied. Let c represent
the first constraint in a chain of constraints that is marked valid but which is not
satisfied. All of ¢’s predecessors are correctly marked valid or invalid. There are a
number of ways in which the constraint might have computed an incorrect value and
we will show that they all lead to contradictions. First, its formula might have been
incorrectly written, but the constraint algorithm has no control over the writing of

the formula, so we assume that the formula is correct.

Second, the constraint might depend on a variable that is marked invalid. This would
imply that the input was marked invalid after the constraint was evaluated but for
some reason, the invalidate routine did not then proceed to the constraint and mark it
invalid. Since input dependencies are correctly recorded, the invalidate routine knew
the constraint depended on this input when the input was marked invalid. Conse-
quently the invalidate routine would have marked the constraint invalid.! The fact
that the constraint is marked valid means that the evaluate routine evaluated the
constraint. Since the constraint depends on the input, the constraint would have de-

manded the input’s value. The evaluate routine would have noticed that the input was

It might seem that the invalidate routine could have deferred invalidating this constraint and through
some oversight, never invalidated it. However, only constraints that directly depend on output determinant
constraints can be deferred in this fashion. The theorem assumes that the invalidate routine did not create a
new list of output determinant constraints, so all output determinant constraints are marked valid. Conse-
quently, a constraint cannot depend on an invalid output determinant constraint, and thus, its invalidation
cannot be deferred.
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marked invalid and would have reevaluated the input and marked it valid. However,

we assumed that the input was marked invalid, so we have arrived at a contradiction.

The third possibility is that the constraint was evaluated prematurely, before all of
its inputs had their values determined correctly. An input might not have had its
value correctly determined yet because 1) it was marked invalid at the time its value
was requested, or 2) its value was determined by a multi-output constraint, but the
output determinant constraint associated with the multi-output constraint had not
yet been executed, and thus the input did not know that it was the target of a multi-
output constraint. In the first case, the algorithm would have noticed that the input
was marked invalid and would have first recomputed the value of the input. Thus the
input’s value would have been computed correctly before it was used by the constraint.
In the second case, the output determinant constraint would have eventually been
evaluated and computed a correct set of outputs (we assumed that ¢ was the first
constraint to be left unsatisfied and the output determinant constraint precedes c, so
the output determinant constraint must be satisfied). The invalidate routine would
then have invalidated all constraints downstream of the output determinant constraint,
and thus would have marked c invalid (if the user specified limit on iteration were
exceeded, the invalidation would not be performed, but we assumed that the user
specified limit was not exceeded). However, since c¢ is valid, we have arrived at a
contradiction. The only remaining possibility is that ¢ depends on an input whose
value is incorrect (i.e., whose constraint is unsatisfied). But then c is not the first
constraint in the chain to be left unsatisfied, which contradicts our assumption that

¢ was the first such unsatisfied constraint.

In summary we have proven that all constraints are properly evaluated and that
their dependencies are recorded. Therefore, when the constraint solving algorithm for

multi-output constraints is finished all constraints marked valid are satisfied.
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4.3 Solving Structural Constraints

When structural constraints are evaluated, the actioh-procedures are not executed im-
mediately, but instead are queued and executed once all structure attributes have been
brought up-to-date. This prevents an object from being deleted before another object that
depends on it is able to evaluate its structure attribute. For example, suppose structural
constraints are declared so that an arrow that is attached to a box should be deleted if the
box is deleted. This could be accomplished by creating a constraint so that the arrow’s
ezist-p slot depends on the box’s ezist-p slot. If the box is deleted before the arrow’s ezist-p
slot can be evaluated, then the arrow’s ezist-p formula will get garbage when it tries to
access the deleted box’s ezist-p slot.

All structural constraints are evaluated before any value constraints. The structure
determines the value attributes, so it is necessary that the structure be completely deter-
mined before any value attributes are calculated. In general the action-procedures will bring
the actual structure of the application into alignment with the structure computed by the

constraints.
4.3.1 Data Structures

The data structures used for structural constraints requires that an action-procedure

field be added to each variable as shown below.

Variable:
value the value assigned to this variable, or when a formula is
attached, this field represents the last value calculated
by the formula
dependents a list of formulas that reference this variable

action-procedure | the name of an action-procedure that will be called when
the value of this variable is changed.
formula an optional constraint can be attached to this variable

A global list of structural attributes must also be maintained plus an optional local list

of structural attributes for each object. These lists allow the constraint solver to identify
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structural attributes, so that they may be queued and evaluated before value attributes.

4.3.2 The Constraint Solving Algorithm

The algorithm for implementing structural constraints is as follows. The user first mod-

ifies the slots of one or more objects. If a modification either directly or indirectly modifies

a structural attribute, then that variable is added to a list of structurally invalid attributes.

At some point the user or an application requests that the constraints be updated. Since

structural constraints may have side-effects, we decided it was better for the user to explic-

itly request that the constraints be updated instead of trying to determine when to do it

automatically. When a request is made to update the structural constraints, the following

steps are taken.

1. All structural attributes on the structurally invalid list are brought up-to-date. When

there is a change in the value of a structural attribute, then its corresponding action-

procedure is queued.

. The queued action-procedures are executed. As these procedures are executed, they
may invalidate other structural or value attributes. When structural attributes are
invalidated, a new structurally invalid attribute list is created, and the invalidated

variable is added to this list.

. If no structural slots are invalidated in the previous step, or a user specified limit
has been reached on the number of iterations of constraint solving, then stop; other-
wise, repeat steps 1 and 2 using the new list of structurally invalid attributes. The
user specified limit allows the structural constraints and action-procedures to iterate
through several constraint solving cycles, so that the constraint network can reach a

more satisfied state.

Figure 4.14 provides a pictorial description of the update algorithm used to handle struc-

tural constraints. The evaluation of the structural attributes (step 1) must be performed
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Figure 4.14: A diagram illustrating the algorithm for solving structural constraints.

execute-queued-action-procedures ()
while QAP # 0 do
procedure = pop (QAP)
execute (procedure)

Figure 4.15: This routine executes all the queued action-procedures.

using eager evaluation. This is because the structural attributes determine the constraint
network for the value attributes. Figures 4.15 - 4.17 formalize the invalidate and evaluate

routines for structural constraints.
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QAP =10 /* Queued Action-Procedures */

ISA=0 /* Invalid Structural Attributes */

MAX-IT = specified by the user /* MAXimum ITerations of constraint solving */
DEFAULT-STRUCTURAL-ATTRIBUTES = global list of structural variables

update ()
counter = 1
while (counter <= MAX-IT) AnND (ISA # 0) do
counter = counter + 1
temp-list = ISA
ISA=190
for each attribute € temp-list do
old-value = attribute.value
new-value = get-value (attribute) /* bring attribute up-to-date */
if attribute.action-procedure # § AND old-value # new-value then
QAP = QAP U attribute.action-procedure
execute-queued-action-procedures ()

Figure 4.16: Update brings all structural attributes up-to-date and then executes all queued
action-procedures. get-value evaluates the attribute’s formula.

slot-has-been-invalidated (slot)
if structural-attribute (slot) then
ISA = ISA U {slot}

Figure 4.17: This routine is called when a slot is invalidated. structural-attribute returns
true if slot is a structural attribute, otherwise it returns false.
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Figure 4.18: A road layout system has been constructed that uses structural constraints
and action-procedures. In this example the road’s type has been changed from residential
to driveway. As a result, the structural constraints and action-procedures automatically 1)
enforce a maximum speedlimit of 15 miles per hour, 2) change the text on sign3, 3) change
the shape of sign3, 4) delete the “Reduced Speed Ahead” sign, 5) create a speedbump, and
6) delete the lane divider.

4.3.3 An Example

To illustrate how the constraint solver handles structural constraints, we will trace
through a portion of a road layout system. This system is illustrated in Figure 4.18.
The structural constraints and action-procedures in this example 1) change the shape of
speedlimit signs, 2) delete “Reduced Speed Ahead” signs when the speed limit between two
signs does not change, 3) create speedbumps, and 4) delete lane dividers when speedbumps
are greater than 2 inches. Value constraints are used to 1) enforce a maximum speedlimit
on a road, and 2).change the text on speedlimit signs.

In this example type, speedlimit, ezist-p, speedbump-p, and lane-dividers-p are defined as
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structural attributes. The objects and structural constraints that are used in this example

are as follows:

roadil
lane-divider = "dashed"
type = residential
speedbump-p = (type = driveway)
speedbump-p.action-procedure = SPEEDBUMP

signil
road = roadil
speedlimit
case road.type
primary : max (55, speedlimit)
secondary : max (35, speedlimit)

residential : max (25, speedlimit)

driveway : max (15, speedlimit)
speedlimit.action-procedure = CHANGE~SIGN-SHAPE
string = "SPEED LIMIT" + string(speedlimit)

sign2
string = "Reduced Speed Ahead"
next-sign = signi
prev-sign = sign3
exist-p = prev-sign.speedlimit > next-sign.speedlimit
exist-p.action-procedure = EXISTENCE

sign3
road = roadl
speedlimit
case road.type

primary : max (55, speedlimit)
secondary : max (35, speedlimit)
residential : max (25, speedlimit)
driveway : max (15, speedlimit)

speedlimit.action-procedure = CHANGE-SIGN-SHAPE
string = "SPEED LIMIT" + string(speedlimit)

speedbump
lane-dividers-p = (height < 2)
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lane-dividers-p.action-procedure = LANE-DIVIDERS

The action-procedures used in this example are defined below.

action-procedure CHANGE-SIGN-SHAPE (sign speedlimit)
destroy (sign)
case speedlimit

55 : new-shape = create (square)

35 : new-shape = create (diamond)

25 : new-shape = create (rectangle)
16 : new-shape = create (roundtangle)

sign = new-shape

action-procedure EXISTENCE (sign exist-p)
if sign.exist-p = false
destroy sign

action-procedure SPEEDBUMP (road speedbump-p)
if (speedbump-p = true) then
create speedbump with height = 2

action-procedure LANE-DIVIDERS (road lane-dividers-p)
if (lane-dividers-p = false) then
road.lane-divider = null

We now trace through the constraint solving algorithm using this example as input. We
assume that signl has an initial speedlimit of 15, sign3 has an initial speedlimit of of 25,
and the user has changed the value of the variable roadi.type from residential to driveway.
As a result of this change, the attributes road!.speedbump-p, signi.speedlimit, sign2.ezist-p,
and sign3.speedlimit are added to the list of structurally invalid attributes. The user now
requests that the structural constraints be updated.

Step 1 of the algorithm evaluates these structural attributes and queues their action-
procedures when there is a change in the value of a structural attribute. The value of
signl.speedlimit does not change so its action-procedure is not queued. However, the
value of sign2.ezist-p does change so its action-procedure EXISTENCE is queued. Similarly,

road1.speedbump-p and sign3.speedlimit change, so the action-procedures SPEEDBUMP and
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CHANGE-SIGN-SHAPE are queued. The algorithm now advances to step 2.

Step 2 executes the action-procedures. The action-procedure EXISTENCE deletes sign2.
Similarly, the action-procedure CHANGE-SIGN-SHAPE changes the shape of sign3 to a round-
tangle, and the action-procedure SPEEDBUMP creates a speedbump. As a result of creating
the speedbump the variable speedbump.lane-dividers-p is changed. Consequently, this vari-
able is added to a new list of structurally invalid attributes. The algorithm now advance to
step 3.

Assuming the user specified limit has not been reached, we now call step 1 again
using the new list of structurally invalid attributes. This list contains the attribute
speedbump.lane-dividers-p. Step 1 brings this structural attribute up-to-date and queues
its action-procedurg LANE-DIVIDERS. Step 2 executes the action-procedure LANE-DIVIDERS.
This action-procedure removes the lane dividers since the height of the speedbump is not less
than 2 inches. Step 3 is now reached. Since there were no structural attributes invalidated

in the previous iteration, the constraint solver stops.
4.3.4 Time Complexity

The total time complexity for the structural constraint solving algorithm is determined
by 1) the number of constraints that must be invalidated, 2) the number of constraints that
must be evaluated, 3) the number of variables in the constraints, and 4) the number of
action-procedures that must be queued and later executed. We are assuming that the user
specified constraint formulas and action-procedures terminate and have a time complexity
of O(1). Hence, the time complexity reported here is the cost of constraint scheduling and
the overhead of constraint execution (i.e., establishment of dependencies and invoking the
evaluation functions for each formula).

The evaluate routine for structural constraints first brings all structural attributes up-
to-date, queuing all action-procedures when there is a change in value of the structural

attribute. As these procedures are executed, they may invalidate other structural or value
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attributes which may necessitate another round of structural constraint satisfaction. An

iteration represents one pass through the invalidate routine, one pass through the evaluate
routine, and one round of executing action-procedures. The number of iterations is bounded
by a user specified limit which we will call n.

In addition to the terms defined in Section 4.2.4, the term action_procedures; will also
be used in reporting the time complexity for structural constraints. This term represents
the set of action-procedures that are either queued or executed during iteration 1.

We first compute the time complexity for a single iteration and later compute the time
complexity for the entire algorithm. The invalidation algorithm follows edges and thus it
may attempt to visit a constraint more than once (although if the constraint has been visited,
it will not proceed past that constraint). Thus the cost of invalidation is the number of edges
that are traversed. The set of edges traversed is a subset of the edges in needed_by_affected ;.
Hence, the time complexity of invalidation is bounded by O(|needed_by_affected;|). The
evaluate routine requires that |affected;| constraints be evaluated. Since the cost of execut-
ing these constraints is O(1), the cost of evaluating constraints is O(|affected;|). Each input
variable in a constraint may be accessed in O(1) time. Thus the cost of accessing all of the
input variables in affected; is O(|needed_by_affected;|). Finally, we must queue and execute
|action_procedures;| action-procedures. Since the cost of executing these action-procedures
is O(1), the total cost of executing action-procedures O(|action_procedures;|). Summing
up, the worst case running time for one iteration is:

O(|affected;| +
|needed_by_affected;| +
|action_procedures;| )

In actual implementations, the number of variables per constraint is usually bounded by
some small constant k, in which case needed.by_affected; and action_procedures; are bounded
by k|affected;|. Thus, the time complexity for a single iteration reduces to O(|affected;]).

We now compute the time complexity for the entire algorithm. Recall that the algo-
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rithm continues until a user specified limit has been reached or no structural attributes are
invalidated in the previous iteration. In the worst case, the algorithm continues until the
user specified limit has been reached, and hence n iterations may be required. Therefore,
the worst case running time for the entire algorithm is:

n

E af fected;

i=1

4.3.5 Proof of Correctness

This section proves that the integration of structural constraints with the the conven-
tional constraints is correct. Unless otherwise indicated, throughout this section the words
“constraints” and “algorithm” refer to conventional and structural constraints, and those
portions of the constraint solver that handle them. We first prove that any combination
of these constraints terminate, and secondly that all constraints are satisfied when the
algorithm finishes.

Because action-procedures can be written that cause structural attributes to become
invalid, the following restriction must be placed on action-procedures to ensure termination.
An action-procedure cannot request the value of an instance variable that is invalid and
whose computation either directly or indirectly requires a recomputation of a structural
attribute. The reason is that a recomputation of a structural attribute could cause the
constraint satisfaction routine to be recursively called. The number of potential recursive
calls cannot be bounded because in each invocation, an action-procedure could cause the

recomputation of a structural attribute, causing yet another recursive call.

Theorem: If all constraint formulas and action-procedures terminate, and action-
procedures do not request the value of an instance variable that is invalid and whose
computation either directly or indirectly requires a recomputation of a structural at-

tribute, then the constraint solving algorithm for structural constraints terminates.

Proof: Like multi-output constraints, one iteration of constraint solving is not always suf-
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ficient for solving structural constraints. This is because structural constraints can
be invalidated while executing action-procedures. Therefore, the algorithm provides
multiple iterations of constraint solving so that the constraint network can reach a

more satisfied state.

Hence, to prove that the algorithm terminates, we must prove that 1) each iteration
terminates, and 2) a finite number of iterations are executed. From these two steps,

it follows that the algorithm terminates.

Each iteration terminates. The constraint solving algorithm for structural con-
straints is composed of an invalidate routine, an evaluate routine, and an execute
action-procedures routine. The invalidate and evaluate routines do not call one an-
other and thus are not interweaved. Hence, to show that the algorithm terminates,

we will need to prove that these three routines individually terminate.

The invalidate routine for structural constraints again performs a depth first search

marking constraints as invalid. Consequently, it terminates.

The evaluate routine for structural constraints is the same as the evaluate routine used
for the conventional constraints except that 1) it requests the values of structural
attributes before value attributes, and 2) queues action-procedures. The order in
which variables are requested does not affect the termination of the conventional
evaluate algorithm. Similarly, the act of queuing action-procedures has no effect on
the constraint graph (the procedures are queued, not executed) and thus does not

affect termination. Hence, the evaluate routine terminates.

The routine that executes the action-procedures terminates because 1) they cannot
cause the recomputation of any structural attribute, and thus the constraint satis-
faction routine cannot be recursively called, and 2) they can demand the values of
invalid value attributes that do not depend on invalid structural attributes, but the

evaluation of value attributes is guaranteed to terminate.
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In summary we have proven that the invalidate, evaluate, and execute action-
procedure routines terminate. Therefore, the constraint solving algorithm for struc-

tural constraints is guaranteed to terminate after each iteration.

Finite number of iterations. The algorithm terminates when a user specified limit
has been reached, or when the evaluate routine does not create a new list of struc-

turally invalid attributes. Thus a finite number of iterations are executed.

Algorithm terminates. Since each iteration terminates and a finite number of itera-

tions are performed, the algorithm terminates.

Theorem: If there are no cycles in the constraint graph and the evaluate routine did not
create a new list of structurally invalid attributes, then all constraints marked valid

are satisfied when the algorithm finishes.

Proof: To show that all constraints marked valid are satisfied we will prove that for each
constraint 1) if any of the inputs to the constraint were changed, then the constraint
was reevaluated, and 2) the constraint was not evaluated until all of its inputs had
their correct values. In effect this is showing that that these constraints are properly
evaluated and that their dependencies are recorded. In this proof we assume that the
action-procedures create the correct structure if associated instance variables have the

correct value.

We will prove this is by induction on the length of the longest chain of constraints
to a variable. The basis case is a chain of length zero. That is the variable has no
constraint. It is assumed that variables with no constraints have a correct value, so

the basis case is trivially true.

The induction case assumes that all instance variables with chains of n-1 constraints
or less and which are marked valid have the correct values. We now prove that an

instance variable which is marked value and has a longest chain of n constraints has
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a correct value.

To prove the first claim, that the constraint was reevaluated if any of its inputs
changed, we show that the constraint was marked invalid if one of its inputs changed.
A constraint becomes unsatisfied only if one of the inputs it used in its last evaluation
changes value. The technique that this algorithm uses for maintaining dependencies
is the same technique that is used in Alphonse [Hoover 92]. The proof of correctness
for this technique is given in that paper. Therefore there are dependencies from all of
the inputs the constraint used in its last evaluation to that constraint. Hence, when
one of the inputs changed, the invalidation algorithm must follow the dependencies to
the constraint, and mark the constraint invalid. Thus the constraint must have been
notified of any changes to its inputs. A constraint is marked valid only it has been
evaluated. Consequently the fact that the constraint is now marked valid means that

if any of its inputs changed, the constraint has been reevaluated since those changes.

We now prove the second claim, that the constraint was evaluated after all of its
inputs had been assigned their correct values. When the constraint is evaluated, it
demands the values of each of its inputs, which causes them to be evaluated if they
are invalid. Conséquently, the constraint was not evaluated until all of its inputs were
known. The argument in the previous paragraph showed that if the inputs changed
after the constraint was evaluated, it would have been notified and marked invalid.
The fact that the constraint is marked valid indicates that its inputs did not change
after it was evaluated. By the inductive hypothesis, these inputs must therefore have

been correct, and thus the constraint must be satisfied.

In summary we have proven that all constraints are properly evaluated and that
their dependencies are recorded. Therefore, when the constraint solving algorithm is

finished all structural constraints marked valid are satisfied.
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Figure 4.19: The planning phase takes an undirected graph (a), and produces one of the
directed graphs in (b).

4.4 Solving Multi-way Constraints

There have been two published approaches for solving multi-way constraints. They are
known as “propagation of degrees of freedom” and “propagation of known states”. Both
approaches perform a planning phase and then an evaluation phase. An example of the plan-
ning phase is illustrated in Figure 4.19. The planning phase determines a linear ordering on
the constraints and the evaluation phase satisfies the equations. The DeltaBlue [Freeman 90]
and SkyBlue [Sannella 92a] constraint solvers use “propagation of known states”, and the
CONSTRAINT algorithm [Vander Zanden 88] used “propagation of degrees of freedom”.
These algorithms were mentioned in Chapter 2.

The advantage of these approaches is that they place little responsibility on the pro-

grammer to satisfy the constraints. Programmers simply create constraints and possibly
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add strengths indicating how strongly they want a constraint satisfied. The constraint solver
then uses a planning algorithm to order the equations so that they form a lower triangular
system of constraints. Such a system can be trivially satisfied by executing the constraints
from top to bottom. Unfortunately, these algorithms assume a fixed number of inputs and
outputs for each equation and they assume the inputs and outputs are known in advance.
In addition, the “Blue” algorithms are guaranteed to find a lower triangular ordering on
only a restricted set of constraint systems. After examining these algorithms, we decided
that it was not feasible to extend them to handle equations containing a varying number of
inputs and outputs, and equations in which the inputs and outputs cannot be determined
in advance. The problem is that plans can be invalidated if just one new dependency is
added during congtraint evaluation (one additional edge could introduce a cycle). New
edges can be added if a pointer variable changes, if the set of outputs changes, or if the set
of inputs changes. If any of these situations arises, the constraint solver must ensure that
the equations are still ordered acyclically, and if not, re-invoke the planner. Both of these
operations, acyclicity checking and planning, are expensive operations, and it is unlikely
that the constraint solver will be able to perform them fast enough to guarantee interactive
performance.

Because of the difficulties associated with planning, our constraint solver takes a totally
different approach that eliminates the planning phase associated with conventional multi-
way constraint solvers. The elimination of the planning phase is made possible by the use
of activation conditions and priorities. By employing activation conditions and priorities,
the programmer performs the planning for the constraint solver. In particular, the planning
should result in a one-way constraint graph. One-way constraint graphs can be satisfied
using the nullification/reevaluation strategy described earlier in this chapter. Consequently,
this technique will be used to satisfy our multi-way constraints. We will first describe the

data structures used for the constraints and then present the constraint solving algorithm.
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4.4.1 Data Structures for Multi-way Constraints

The data structures for instance variables, constraints, and activation conditions that

are required to implement multi-way constraints are given below.

Instance Variable:

formulas a list of the formulas attached to this variable

value the last value that was computed

valid indicates if a formula needs to be recomputed

dependents a list of formulas that reference this instance variable

Formula:

formula an arbitrary piece of code that determines the value of this
formula

priority indicates how strongly the user wants this formula to de-
termine the value of the variable

act-cond a boolean predicate that determines whether a formula
is active or inactive (see “Activation Condition” below).
Activation conditions are represented internally as con-
ventional constraints.

parent pointer to the formula’s associated instance variable

value the last value that was computed

valid indicates if the formula needs to be recomputed

Activation Condition:

4.4.2

active the value of the activation condition. This slot can contain
either a constraint or a constant value like true or false.

parent pointer to the activation condition’s associated formula

value the last value that was computed

valid indicates if the activation condition needs to be
recomputed

The Constraint Solving Algorithm

Our approach uses a modified mark/sweep algorithm. When a variable changes value,
all formulas that depend directly or indirectly on that variable are invalidated, with three
important exceptions. These exceptions are incorporated into the invalidate routine, which

is given below.
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1. Perform regular invalidation, with the following exceptions. When an exception is

encountered, advance to step 2.

(a)

If a formula is attached to an instance variable that has already been visited dur-
ing the current invalidation phase, then the formula is not marked invalid. This
exception has two justifications. First, a variable should have only one active,
highest priority formula that depends either directly or indirectly on another
variable. Otherwise, it is not clear which formula should determine the variable.
Consequently, if a slot has two formulas that depend on the same variable, the al-
gorithm arbitrarily decides to satisfy the first constraint that is invalidated. The
second justification is that for the most common type of multi-way constraint,
a constraint between only two variables (e.g., an equality constraint), then this
exception obviates the need for activation conditions on these constraints. For
example, suppose the multi-way constraint @ = b is expressed using the con-
straints [a = b] and [b = a]. If the user changes g, the user obviously expects
the change to be propagated to b. With unrestricted invalidation, both a and b
would be invalidated if activation conditions were not used. This indiscriminate
invalidation could cause the current value of b to be transmitted to a if b’s value
is requested before a’s value. The proper use of activation conditions could pre-
vent this indiscriminate invalidation by inactivating a’s constraint. However, it
would be tedious to write such activation conditions. The exception relieves the
programmer of the responsibility for writing such activation conditions, because
when the invalidation routine attempts to visit g, it will find that a has already
been visited and will not invalidate a.

If the formula being invalidated is an activation condition, then the activation
condition is queued. The formula that the activation condition is attached to,
and formulas downstream are not invalidated. The reason invalidation does not

proceed further is to avoid unnecessary invalidation in the event that the activa-
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(c)

(d)

tion condition turns out to evaluate to false. Similarly, we do not immediately
evaluate activation conditions, since the invalidate phase has not been completed
and thus some of the variables that an activation condition depends on may not
have been invalidated yet. In summary, by queuing the activation conditions,

unnecessary invalidations and premature evaluations are avoided.

If a formula being invalidated contains an activation condition, then the acti-
vation condition is queued. The formula is invalidated but not the slot that
contains this formula. Furthermore, formulas downstream from this formula are
not invalidated.

The reason for deferring formulas with activation conditions is that we do not
know whether they will be active or not, and thus we should wait until their
activation conditions are evaluated before proceeding further. Even if an acti-
vation condition is not invalid when we reach the formula, it is not guaranteed
that the invalidation routine will not subsequently invalidate the activation con-
dition. Thus it is safest to queue all activation conditions that the invalidate

routine encounters.

If the priority of a formula being invalidated is less than the priority of any
other formula contained in the slot, then the formula is invalidated, but the
slot that contains the formula is not invalidated. Formulas, downstream from
this formula are not invalidated. The reason the slot and formulas downstream
are not invalidated is because their value cannot possibly be determined by this
formula. Hence, continuing to invalidate formulas downstream would serve no

purpose.

2. Evaluate all queued activation conditions. If an activation condition evaluates to true,

then it is added to a second queue.
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3. For each activation condition in this second queue, find the formula controlled by this
activation condition. If the formula is invalid and of highest priority then invalidate
the slot that this formula is attached to as well as all formulas downstream, again
considering the three exceptions listed above. When the invalidate routine reaches
other formulas that have activation conditions, these new activation conditions are

added to a new list.

4. If no activation conditions are invalidated in the previous step, or a user specified limit
has been reached on the number of constraint solving iterations then stop; otherwise,
repeat step 2 using the new list of activation conditions. The user specified limit
allows the constraint solver to iterate through several constraint solving cycles, so

that the constraint network can reach a more satisfied state.

Figure 4.20 provides a pictorial description of the invalidate routine used to handle multi-
way constraints. When an invalid formula becomes active again, the slot that contains this
formula is invalidated, as well as any formulas that directly or indirectly depend on this
slot.

The evaluate routine uses the following algorithm in determining the value of a variable
containing a multi-way constraint. If the instance variable is marked valid, then the value
of that variable is returned. Otherwise, a list containing the highest priority, active, invalid
constraints is created. The value of the first constraint on this list is returned. The returned
value is also stored in the value field of the instance variable. All other constraints on this list
are re-evaluated but their value is not used. These remaining constraints are re-evaluated
to correctly setup all dependencies.

Like the previously published approaches our algorithm is incremental. This feature is
very important when editing large applications, because a user’s input typically only mod-
ifies a few objects leaving the rest unchanged. Figures 4.21 - 4.24 formalize the invalidate

and evaluate routines for multi-way constraints.
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Figure 4.20: A simplified diagram illustrating the invalidate routine used for multi-way
constraints.
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QAC =10 /* Queued Activation Conditions */
ACET =@  /* Activation Conditions that Evaluated to True */
VISITED =@  /* The set of instance variables that have been processed */
/* during the current iteration. */
MAX-IT = specified by the user /* MAXimum ITerations of constraint solving */

invalidate-cn (formula)
counter = 1
VISITED = 0
recursively-invalidate-cn (formula)
while (QAC # 0) AND (counter <= MAX-IT) do
counter = counter + 1
old-qac = QAC
QAC =19
while old-qac # 0 do
e = dequeue (old-qac)
if e.valid = false then
evaluate (e)
if e.active = true then
enqueue (e, ACET)
while ACET # 0 do
e = dequeue (ACET)
if e.parent.valid = false and highest-priority (e.parent) then
instance-var = e.parent.parent
instance-var.valid = false /* invalidate instance variable */
for each formula € instance-var.dependents do
if formula.valid = true then
recursively-invalidate-cn (formula)
variable.dependents = @

Figure 4.21: This routine is a variation of the regular invalidate routine that has been
modified to handle multi-way formulas. highest-priority returns true if the priority of the
specified formula is greater than or equal to the priority of all other formulas that determine
the instance variable’s value.
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recursively-invalidate-cn (constraint)
constraint.valid = false

if constraint = “activation condition then
enqueue (constraint, QAC)

else /* multi-way constraint */
if highest-priority (constraint) then
instance-variable = constraint.parent
if instance-variable ¢ VISITED then
VISITED = VISITED U {instance-variable}
if has-activation-condition (constraint) = false then
instance-variable.valid = false
for each formula € instance-variable.dependents do
if formula.valid = true then
recursively-invalidate-cn (formula)
instance-variable.dependents = §
else
enqueue (constraint.act-cond, QAC)

Figure 4.22: This routine recursively performs invalidation on multi-way constraints. The
routine stops at lower priority formulas, and formulas that have an associated activation
condition. highest-priority returns true if the specified formula’s priority is greater than or
equal to the priority of all other formulas that determine the value of the instance variable;
otherwise it returns false. has-activation-condition returns true if an activation condition
was specified for this formula.
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evaluate-multi-way-formula (instance-variable)
instance-variable.valid = true

all-formulas = instance-variable.formulas
active-formulas = find-active-formulas (all-formulas)
active-highest-priority = find-highest-priority (active-formulas)
determinant-formula = find-determinant-formula (active-highest-priority)
active-invalid = find-invalid-formulas (active-formulas)
for each c € active-invalid do

c.valid = true

push (c, formula-stack)

evaluate (c)

pop (formula-stack)
instance-variable.value = determinant-formula.value
return (instance-variable.value)

Figure 4.23: This routine returns the value of an instance-variable that contains a multi-way
constraint. find-active-formulas returns a list of all active formulas. find-highest-priority
returns a list of the highest priority constraints. Invalid constraints are placed first in this
list. find-invalid-formulas returns a list of all invalid formulas. find-determinant-formula
returns the first invalid formula in the list. If an invalid formula does not exist, by default
the first formula is returned.

get-value (variable)
demanding-formula = top (formula-stack)
if demanding-formula then
variable.dependents = variable.dependents U {demanding-formula}
if variable.valid = false then
evaluate-multi-way-formula (variable)
return (variable.value)

Figure 4.24: This routine computes the value of an instance variable that contains a multi-
way constraint. This routine also performs dependency maintenance.
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D

Figure 4.25: Four rectangles that will be left aligned using multi-way constraints.

4.4.3 An Example

To illustrate how the multi-way constraint solver operates consider the following exam-
ple. Suppose we wished to left align the four rectangles shown in Figure 4.25. We begin
by creating multi-way constraints connecting the left variables of these rectangles. For ex-
ample, the equations [A.left = B.left], [B.left = C.left], and [C.left = D.left] would work.
The equations are then converted to six one-way constraints, as shown in Figure 4.26. In
our interface to the constraint system, the programmer would perform this conversion and
present the six one-way constraints, rather than the three multi-way constraints, to the
system.

We have initialized the value field for all instance variables to equal 15. The valid
field for all instance variables and formulas are initially set to false. The first time the
values of these instance variables are demanded all formulas are automatically evaluated
and the dependencies are setup. Recall that all active, highest priority, invalid constraints
are evaluated when the value of an invalid instance variable is demanded. Figure 4.27 shows
the constraints after the values of the instance variables are demanded. As shown in this
figure, the dependencies have now been determined and all formulas and instance variables
are marked valid.

If the value of A.leftis changed to 20, then all formulas and their corresponding instance

variables that depend on A.left are marked invalid. m2 is the only formula that depends

on the variable A.left. Hence, formula m2 and its corresponding instance variable B.left are
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Instance Variables Formulas

Aett [mt 15| F || |[m1] Adett] get(Blet) nul] F |

Blleft | m2, m3 l15l F lnulll |m2| B.left| get(Aleft)(null| F ! |m3 B.Ieftlget(C.Ieft) null| F

Clett [ m4,m5 [15] F [nul| [md| Clett| getBleti)jnul F | |{ms| Clett| getDlett) [nuk] F |

Diet [m6 |15 F [nu] [ me[ Dlef get(Clett) nui] F |

Key
Variable: Formula:
[mi [15] F Joul] [m1] Adett | get(Blett) [nul] F |
I [ | | l Pl
| | | -# dependents I | | - valid
’ b L——» valid . | L——» value
; e — — > vale : I e * formula
—————— - formulas | — —— — ————* parent of formula
—————————— — name of formula

Figure 4.26: The initial values for the multi-way constraints. Since none of these formulas
have activation conditions or priorities associated with them, these fields are not shown.

Alett[mt [15] T im2 | [mi] Alet getBlet [15] T |

Blett [m2,m3 [15] T [m1,m4] [m2] Blet] getiAtett)[15] T | [m3] Bleft| get(Clett)[15] T |

Clett | ma,ms [15] T [m3,m6| |md| Clet get(Blem) 15| T | |ms] Clett| getDiett) 15| T |

Dlett {m6  [15{ T[m5 | |me| Dlet] getiClet|15] T |

Figure 4.27: The values for the multi-way constraints after the dependencies have been
determined.
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Aleft [m1 [15] T [m2 mi Alett] getBlett) [ 15| T |

Blett [m2,m3 |15] F |mt,m4| [m2] Buet] getiAlem)]15] F | [m3] Blett] get(Cleft)[15| T |

Clett [ ma,ms [15] F [ma,m6] [ma] Cet] getBle)[15] F | [ms] Cett[getDlety|15] T |

Dleft] get{Cleft)

5|F|

-k

(o]

Dleft {[mg  |15| F |mS m

Figure 4.28: The gray rectangles represent values that are marked invalid when the left slot
of rectangle A is changed.

marked invalid. The invalidate routine is then recursively called using the dependents for
the variable B.left. m! and m4 are the only formulas that depend on the variable B.left.
Formula m! is not invalidated since A.left has already been processed by the invalidate
routine during this iteration. However, formula m4 and its corresponding instance variable
C.left are invalidated. The invalidate routine is then recursively called using the dependents
for the variable C.left. m3 and m6 are the only formulas that depend on the variable C.left.
Formula m&is not invalidated since B.left has already been processed. However, formula mé
and its corresponding instance variable D.left would be invalidated. The invalidate routine
is then recursively called using the dependents for the variable D.left. m5is the only formula
that depends on the variable D.left. However, formula m5 is not invalidated since C.left has
already been processed by the invalidate routine during this iteration.

Figure 4.28 shows the new constraint network. If an application now requests the values
of all the left slots, perhaps because it was updating the window, then all of the invalid left
slots are brought up-to-date. In this example, after the window update, the left slots of all
four rectangles would equal 20, and the valid field for all formulas and instance variables

would again be set to true “T”.
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4.4.4 Time Complexity

The total time complexity for the multi-way constraint solving algorithm is determined
by 1) the number of constraints? that must be invalidated, 2) the number of constraints
that must be evaluated, and 3) the number of variables in the constraints. We are assuming
that the user specified constraint formulas and activation conditions terminate and have a
time complexity of O(1). Hence, the time complexity reported here is the cost of constraint
scheduling and the overhead of constraint execution (i.e., establishment of dependencies
and invoking the evaluation functions for each formula).

An iteration represents one pass through the invalidate routine and one pass through
the evaluate routine, recall that when the invalidate routine for multi-way constraints is
finished, it may call the evaluate routine to evaluate activation conditions. Depending on
the values of these activation conditions and the formulas that they are attached to, the
invalidate routine may be called a second time. The number of iterations is bounded by a
user specified limit which we will call n.

For multi-way constraints, we will subscript the terms defined in section 4.2.4 as follows:
affected ..q_; represents the regular constraints that are affected in iteration i1 of the invalidate
routine, affected,._; represents the activation conditions that are affected in iteration i of
the invalidate routine, needed_by_affected,.q_; represents the set of dependencies needed to
compute the constraints in affected,ey_;, and needed_by_affected,.; represents the set of
dependencies needed to compute the activation conditions in affected . ;.

We first compute the time complexity for a single iteration and later compute the time
complexity for the entire algorithm. The time complexity for one iteration is a summa-
tion of the invalidate and evaluate routines. The invalidation algorithm follows edges
and thus it may attempt to visit a constraint more than once (although if the constraint

has been visited, it will not proceed past that constraint). Thus the cost of invalida-

2By constraint, we are also referring to activation conditions. Activation conditions are represented
internally as conventional constraints.
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tion is the number of edges that are traversed. The set of edges traversed is a subset
of the edges in needed_by_affected,eq i + needed_by_affected ._;. Hence, the time complex-
ity of invalidation is bounded by O(|needed_byaffected,e, s| + |needed_by_affected . l) .
The evaluate routine requires that |affected, q_i| + |affected . | constraints be evaluated.
Since the cost of executing these constraints is O(1), the cost of evaluating constraints is
O(\|affected,eq i| + |affectedq.|). Finally, each input variable in a constraint be accessed
in O(1) time. Thus the cost of accessing all of the input variables in affected,eq_i + af-
fected qe_; is O(|needed_by.affected .y | + |needed by affecteds i|). Summing up, the worst
case running time for one iteration is:
O(|affected eq_i} +

|affected oci| +

|needed_by-affected g ;| +

|needed_by_affectedq. | )

In actual implementations, the number of variables per constraint is usually bounded by
some small constant k, in which case needed_by_affected,,_; is bounded by k|affected,eq_i
and needed_by_affected,._; is bounded by k|affected,.;|. Thus, the time complexity for a
single iteration reduces to O(|affected,y_| + |affected acil )+

We now compute the time complexity for the entire algorithm. Recall that the algo-
rithm continues until a user specified limit has been reached or no activation conditions
are invalidated in the previous iteration. In the worst case, the algorithm continues until
the user specified limit n has been reached. Hence n iterations of constraint solving are
required. Therefore, the worst case running time for the entire algorithm is:

E af fected g i + af fected g
i=1

4.4.5 Proof of Correctness

This section proves that the integration of multi-way constraints with the conventional

constraints is correct. Unless otherwise indicated, throughout this section the words “con-
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straints” and “algorithm” refer to conventional and multi-way constraints, and those por-

tions of the constraint solver that handle them. We first prove that any combination of
these constraints terminate, and secondly that all constraints marked valid are satisfied

when the algorithm finishes.

Theorem: If all constraint formulas and activation conditions terminate, then the con-

straint solving algorithm for multi-way constraints terminates.

Proof: One iteration of constraint solving is not always sufficient for solving multi-way
constraints. This is because multi-way constraints that have associated activation
conditions may be invalid after one iteration. Therefore, the algorithm provides mul-
tiple iterations of constraint solving so that the constraint network can reach a more
satisfied staté. Hence, to prove that the algorithm terminates, we must prove that 1)
each iteration terminates, and 2) a finite number of iterations are performed. From

these two steps, it follows that the algorithm terminates.

Each iteration terminates. The constraint solving algorithm for multi-way con-
straints is composed of an invalidate and evaluate routine. The invalidate and evaluate
routines do not call one another and thus are not interweaved. Hence, to show that
the algorithm terminates, we will need to prove that these two routines individually

terminate.

The invalidate routine for multi-way constraints performs a depth first search marking
constraints as invalid. The invalidate routine diverges slightly from a true depth-
first search in that it queues activation conditions and does not invalidate formulas
downstream from these constraints. However, stopping the invalidation process early
is comparable to treating a multi-way constraint as if it had no outgoing edges. In
effect the invalidation algorithm behaves as if a few edges have been removed from the
graph. Since a depth-first search still terminates if any number of edges are removed

from a graph, the invalidation algorithm still terminates.
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The evaluate routine is identical to the evaluate routine used for conventional con-

straints. The activation conditions are simply demanded before any variable. How-
ever, the order in which variables are demanded does not affect the termination of the

evaluate routine. Hence, the evaluate routine terminates.

In summary we have proven that the invalidate and evaluate routines individually
terminate. Therefore, the constraint solving algorithm for multi-way constraints is

guaranteed to terminate after each iteration.

Finite number of iterations. The algorithm terminates when a user specified limit

has been reached, or when the invalidate routine does not create a new list of activation

conditions. Thus a finite number of iterations are performed.

Algorithm terminates. Since each iteration terminates and a finite number of itera-

tions are performed, the algorithm terminates.

Theorem: Let C be the constraint graph constructed from the set of active constraints

(constraints whose activation conditions are true) and the set of activation condi-
tions (both those that are currently true and those that are currently false). Remove
from C those edges that belong to constraints that were excluded from invalidation
by exception (a) in Section 4.4.2. If the resulting constraint graph is acyclic, then
all constraints in this graph that are marked valid are satisfied when the multi-way

constraint solving algorithm terminates.

Proof: To show that all constraints marked valid are satisfied we will prove that for each

constraint 1) if any of the inputs to the constraint were changed, then the constraint
was reevaluated, and 2) the constraint was not evaluated until all of its inputs had
their correct values. In effect this is showing that that these constraints are properly

evaluated and that their dependencies are recorded.
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We will prove this is by induction on the length of the longest chain of constraints

to a variable. The basis case is a chain of length zero. That is the variable has no
constraint. It is assumed that variables with no constraints have a correct value, so

the basis case is trivially true.

The induction case assumes that all instance variables with chains of n-I constraints
or less and which are marked valid have the correct values. We now prove that an
instance variable which is marked value and has a longest chain of n constraints has

a correct value.

To prove the first claim, that the constraint was reevaluated if any of its inputs
changed, we show that the constraint was marked invalid if one of its inputs changed.
A constraint becomes unsatisfied only if one of the inputs it used in its last evaluation
changes value. The technique that this algorithm uses for maintaining dependencies
is the same technique that is used in Alphonse [Hoover 92]. The proof of correctness
for this technique is given in that paper. Therefore there are dependencies from all of
the inputs the constraint used in its last evaluation to that constraint. Hence, when
one of the inputs changes, the invalidation algorithm must follow the dependencies to
the constraint, and mark the constraint invalid. Thus the constraint must have been
notified of any changes to its inputs. A constraint is marked valid only it has been
evaluated. Consequently the fact that the constraint is now marked valid means that

if any of its inputs changed, the constraint has been reevaluated since those changes.

We now prove the second claim, that the constraint was evaluated after all of its
inputs had been assigned their correct values. When the constraint is evaluated, it
demands the values of each of its inputs, which causes them to be evaluated if they
are invalid. Consequently, the constraint was not evaluated until all of its inputs were
known. The argument in the previous paragraph showed that if the inputs changed
after the constraint was evaluated, it would have been notified and marked invalid.

The fact that the constraint is marked valid indicates that its inputs did not change
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after it was evaluated. By the inductive hypothesis, these inputs must therefore have

been correct, and thus the constraint must be satisfied.

In summary we have proven that all constraints are properly evaluated and that
their dependencies are recorded. Therefore, when the constraint solving algorithm is

finished all multi-way constraints marked valid are satisfied.

4.5 Combination of the Three Algorithms

This section describes how the algorithms for multi-output, structural, and multi-way
constraints are combined. The invalidate and evaluate routines of the three algorithms are
essentially similar. The interesting issue is in what order output determinant constraints,
activation conditions, and structural constraints should be evaluated. All three of these con-
straints determine what the constraint graph looks like. However, the output determinant
constraints and activation conditions are meant to allow the programmer to exercise control
over both structural and value constraints, and thus should be evaluated before structural
constraints. Activation conditions determine which constraints should be active and thus
should be evaluated before output determinant constraints (if the multi-output constraint
the output determinant constraint is associated with is inactive, there is no need to eval-
uate the output determinant constraint). All iterations of activation condition solving are
performed before any iteration of output determinant constraint solving. Similarly, all iter-
ations of output determinant constraint solving are performed before structural constraint
solving,.

Since activation conditions are evaluated before output determinant constraints, the ac-
tivation conditions are not allowed to depend on any multi-output constraints whose outputs
are determined by output determinant constraints. In addition, since output determinant
constraints and activation conditions are evaluated before structural constraints, these two
types of expressions are not allowed to depend on invalid structural attributes. This restric-

tion is not unduly burdensome, because structural attributes should not be evaluated until
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the dependencies in the constraint graph have been established, and these dependencies are

established by output determinant constraints and activation conditions.
4.5.1 Proof of Correctness

We will now prove that any combination of conventional, multi-output, structural, and
multi-way constraints is correct. Unless otherwise indicated, throughout this section the
words “constraints” and “algorithm” refer to conventional, output determinant, multi-
output, structural, and multi-way constraints, and the entire constraint solver. We first
prove that any combination of these constraints terminates, and secondly that all con-

straints marked valid are satisfied when the algorithm finishes.

Theorem: If 1) activation conditions cannot depend on invalid structural attributes or
attributes determined by multi-output constraints, 2) output determinant constraints
cannot depend on invalid structural attributes, 3) action-procedures cannot request
any variable that would directly or indirectly cause the recomputation of an invalid
structural attribute, and 4) all constraint formulas, action-procedures, and activation

conditions terminate, then the algorithm terminates.

Proof: The combined algorithm may perform several iterations of constraint solving in
order to satisfy the output determinant constraints, activation conditions, and struc-
tural constraints. Hence, to prove that the algorithm terminates, we must prove that
1) each iteration terminates, and 2) a finite number of iterations are performed. From

these two steps, it follows that the algorithm terminates.

Each iteration terminates. The constraint solving algorithm for these constraints is
composed of an invalidate, an evaluate, and an execute action-procedures routine.
Hence, to show that the algorithm terminates, we will need to prove that these three

routines terminate.
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The invalidate routine performs a modified depth first search marking constraints as
invalid. The modification to depth first search is that the invalidate routine does not
proceed beyond output determinant constraints and activation conditions. Instead it
queues these two types of expressions and returns to the previously visited constraint.
Effectively, the invalidate routine treats these expressions as if they have no succes-
sors, which is tantamount to deleting edges from the graph. Since depth first search
terminates regardless of how many edges are deleted from a graph, the invalidate

routine terminates.

The evaluate routine is now shown to terminate for each type of constraint.

Output determinant constraints and activation conditions
Output determinant constraints and activation conditions are marked valid im-
mediately before they are evaluated. Any constraint that these constraints de-
pend directly or indirectly on are also marked valid before they are evaluated.
Validated constraints cannot be evaluated again in the same evaluate pass unless
they are invalidated. However, it is not possible to invoke the invalidate rou-
tine during the evaluation pass. The invalidate routine can be invoked during
structural constraint solving, but output determinant constraints and activation
conditions cannot depend on invalid structural attributes, and thus the evalua-
tion of output determinant constraints and activation conditions will not cause
the structural constraint solver to be invoked. Thus no output determinant con-
straint, activation condition, or constraint that these two types of constraints
can depend on will be evaluated more than once during one pass of the evaluate
routine. Consequently the evaluate routine terminates for these constraints.

Structural constraints

Structural constraints are marked valid immediately before they are evaluated.

If their value changes, any action-procedures associated with the structural at-
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tribute are queued. However, these action-procedures are not executed until after

the evaluate routine is completed. Thus structural constraints will terminate.

We now show that the execute action-procedures routine terminates. We assume
that an action-procedure terminates if it does not send the constraint solver into an
infinite loop. An action-procedure may change the values of variables, which can
cause the invalidate routine to be invoked. The invalidate routine may invalidate
output determinant constraints and activation conditions, which the invalidate routine
will queue. When the invalidate routine is finished, the queued output determinant
constraints and activation conditions will be evaluated. As shown above, the evaluate
routine will terminate for these two types of constraints. Once the evaluate routine
is finished, another round of invalidation may be required. However, the number
of iterations of invalidation and evaluation that may occur is bounded by a user
specified ceiling, and thus this process will eventually terminate and return control to

the action-procedure.

The action-procedure cannot cause an invalid structural attribute to be evaluated, so
the structural constraint solver cannot be recursively invoked. Since any constraint
solving required to satisfy output determinant constraints or activation conditions
that are affected by an action-procedure will terminate, and since an action-procedure
cannot cause the reevaluation of a structural attribute, the execution of an action-
procedure cannot send the constraint solver into an infinite loop. Consequently, all

action-procedures eventually terminate.

Since the invalidate, evaluate, and execute action-procedures routines all terminate,

each iteration of the constraint solving algorithm is guaranteed to terminate.

Finite number of iterations. The algorithm may not iterate more than a user spec-

ified limit, so the number of iterations is bounded by a finite number.
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Algorithm terminates. Since each iteration terminates and a finite number of itera-

tions are performed, the algorithm terminates.

Theorem: Let C be the constraint graph constructed from the set of active constraints

(constraints whose activation conditions are true), the set of activation conditions
(both those that are currently true and those that are currently false), and the set
of output determinant constraints associated with active multi-output constraints.
Remove from C those edges that belong to constraints that are excluded from inval-
idation by exception (a) in Section 4.4.2. If the resulting constraint graph is acyclic,
then all constraints marked valid are satisfied when the multi-way constraint solving

algorithm terminates.

Proof: We will use a proof by contradiction to show that this theorem is correct. Assume

that some constraint which is marked valid is not satisfied. Let c represent the first
constraint in a chain of constraints that is marked valid but which is not satisfied.
All of ¢’s predecessors are correctly marked valid or invalid. There are a number of
ways in which the constraint might have computed an incorrect value and we show
that they all lead to contradictions. First, its formula might have been incorrectly
written. The constraint algorithm has no control over the writing of the formula, so
we assume that the formula is correct. Second, the constraint might depend on a
variable that is marked invalid. This would imply that the input was marked invalid
after the constraint was evaluated but for some reason, the invalidate routine did
not then proceed to the constraint and mark it invalid. Since input dependencies are
correctly recorded (the technique for recording input dependencies is proven correct in
[Hoover 92)), the invalidate routine knew the constraint depended on this input when

the input was marked invalid. Consequently the invalidate routine would have marked
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the constraint invalid.3 The fact that the constraint is marked valid means that the
evaluate routine evaluated the constraint. Since the constraint depends on the input,
the constraint would have demanded the input’s value. The evaluate routine would
have noticed that the input was marked invalid and would have reevaluated the input
and marked it valid. However, we assumed that the input was ma.rked invalid, so we

have arrived at a contradiction.

The third possibility is that the constraint was evaluated prematurely, before all of
its inputs had their values determined correctly. An input might not have had its
value correctly determined yet because 1) it was marked invalid at the time its value
was requested, or 2) its value was determined by a multi-output constraint, but the
output determinant constraint associated with the multi-output constraint had not
yet been executed, and thus the input did not know that it was the target of a multi-
output constraint. In the first case, the algorithm would have noticed that the input
was marked invalid and would have first recomputed the value of the input. Thus the
input’s value would have been computed correctly before it was used by the constraint.
In the second case, the output determinant constraint would have eventually been
evaluated and computed a correct set of outputs (we assumed that ¢ was the first
constraint to be left unsatisfied and the output determinant constraint precedes c, so
the output determinant constraint must be satisfied). The invalidate routine would
then have invalidated all constraints downstream of the output determinant constraint,
and thus would have marked c invalid (if the user specified limit on iteration were
exceeded, the invalidation would not be performed, but we assumed that the user

specified limit was not exceeded). However, since ¢ is valid, we have arrived at a

3]t might seem that the invalidate routine could have deferred invalidating this constraint and through
some oversight, never invalidated it. However, only constraints that directly depend on output determinant
constraints can be deferred in this fashion. The theorem assumes that the invalidate routine did not create a
new list of output determinant constraints, so all output determinant constraints are marked valid. Conse-
quently, a constraint cannot depend on an invalid output determinant constraint, and thus, its invalidation
cannot be deferred.
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contradiction. The only remaining possibility is that ¢ depends on an input whose

value is incorrect (i.e., whose constraint is unsatisfied). But then c is not the first
constraint in the chain to be left unsatisfied, which contradicts our assumption that

¢ was the first such unsatisfied constraint.

Therefore, when the constraint solving algorithm is finished all constraints marked

valid are satisfied.

4.6 Performance

This section examines the performance of the extended constraints tested on a Hewlett
Packard Apollo 9000 Series 750. The constraints were implemented in Lisp on top of the
Garnet toolkit. The performance of these constraints will vary from one application to the
next. Therefore, as we discuss a constraint’s performance, we will list those factors that

play a significant role in the time required to evaluate it.
4.6.1 Multi-output Constraints

The performance of multi-output constraints depends on the number of input variables,
the number of output variables, and the complexity of the formula that must be evaluated.
Since the user specifies the formula that is evaluated, there is no limit on the worst case
running time. For example, the user could specify a formula that went into an infinite loop.
The best case running time would occur when the user creates a multi-output constraint
that contains a formula that does not require evaluation. For example, the user could be
initializing the output variables to a constant value. This type of multi-output constraint
would be extremely fast, since no input variables would have to be fetched, and no formula
would have to be solved. Hence, examining the worst and best case running times for
multi-output constraints tells us very little about their average running time.

To illustrate the performance of our multi-output constraints, we have implemented two

of the relationships that are described is Section 3.2. The first implemented relationship
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Table 4.1: The time in seconds to solve the min/max relationship discussed in Section 3.2.
The columns represent the type of constraints being used and the rows represent the number
of points stored as 3-tuples.

Number of Single-output Multi-output
Points Constraints Constraint
5,000 0.02 0.01
10,000 0.05 0.03
50,000 0.29 0.15
100,000 0.59 0.26

determines the minimum and maximum x, y, and z values for a given set of points. Using
single-output constraints, the values are computed by creating six individual constraints.
However, when using multi-output constraints, these values can be computed by using only
one constraint that has six outputs. Table 4.1 illustrates the time required to satisfy this
relationship using both single-output and multi-output constraints. Figure 4.29 graphically
illustrates the results shown in Table 4.2. As expected, the multi-output constraints took
less time to solve than the comparable single-output constraints because they are able to
reuse the “computation” of iterating over the points.

The second relationship that we implemented is also found in Section 3.2. This rela-
tionship constrains objects in a list to be 10 pixels apart horizontally. Hence, moving the
first object in the list causes all remaining objects to reposition themselves to maintain the
10 pixels of separation. Table 4.2 illustrates the time required to satisfy 500 of these rela-
tionships using both single-output and multi-output constraints while varying the number
of objects. Figure 4.30 graphically illustrates the results shown in Table 4.2. The results
indicate that as the number of objects increase, the multi-output constraints out perform
the single-output constraints. The reason that the multi-output constraints underperform
the single-output constraints on the small output sizes is that the multi-output constraints

are implemented on top of the Garnet toolkit, whereas the single-output constraints are
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Figure 4.29: As the number of points increase, the time required to satisfy this relationship
using multi-output constraints grows at a slower rate than the time required by single-output

constraints.

Table 4.2: The time in seconds to solve the list alignment relationship discussed in Section
3.2. The columns represent the type of constraints being used and the rows represent the

v T v T r
40000 60000

Number of points

number of objects that are aligned.

| M U
80000 100000

Number of Single-output Multi-output
Objects Constraints Constraint
2 0.16 0.21
3 0.23 0.23
5 0.41 0.28
10 0.85 0.42
20 2.05 0.67
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Figure 4.30: As the number of objects increase, the time required to satisfy this relation-
ship using multi-output constraints becomes less than the time required by single-output
constraints.

integrated closely with the basic object system. Thus the multi-output constraints are im-
plemented in “software” whereas the single-output constraints are implemented in “hard-

ware”.
4.6.2 Structural Constraints

The performance of structural constraints depends on the code that is contained within
the action-procedures. For example, an action-procedure that deletes one object would
take considerably less time to execute than an action-procedure in a road layout system that
automatically creates turning lanes, warning signs, and stop signs when an intersecting road
is added. Therefore, to illustrate the performance of our structural constraints, the action-
procedures in our benchmark will not execute any code. Hence, our benchmark measures
the additional cost involved in handling structural constraints. This additional cost can
be attributed to queuing the structural variables and action-procedures, and invoking the
action-procedures. Table 4.3 compares the time required to satisfy value constraints versus

the time required to satisfy structural constraints. As shown in this table, our constraint
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Table 4.3: The time in seconds to solve value and structural constraints. The columns
represent the type of constraint and the rows represent the number of constraints being
solved.

Number of

Constraints Value Stuctural
100 0.02 0.03
200 0.04 0.06
300 0.06 0.10
500 0.09 0.17
1000 0.17 0.32

solver can satisfy 500 value constraints in 0.09 seconds or 500 structural constraints in 0.17
seconds. Figure 4.31 graphically illustrates the results shown in Table 4.3. These results
indicate that approximately two value constraints can be solved in the time required to

satisfy one structural constraint.
4.6.3 Multi-way Constraints

The performance of multi-way constraints depends on the number of variables, formulas,
and activation conditions that are participating in the multi-way constraint. To illustrate
the performance of these constraints, we have implemented two types of multi-way relation-
ships. The first implemented benchmark is an equality relationship. In this example, by
changing the value of one variable, all other variables will obtain this new value. To express
an equality relationship between n variables requires that n - I multi-way constraints or (n
- 1) x 2formulas be constructed. The performance of this benchmark is illustrated in the
FEquality column of Table 4.4. The second implemented benchmark uses activation condi-
tions to control whether changing the right side of an arbitrary object in a list causes the
objects in the list to move or grow. The performance of this benchmark is illustrated in the
Activation Conditions column of Table 4.4. Figure 4.32 graphically illustrates the results

shown in Table 4.4. The graph reveals that the time to solve multi-way constraints increases
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Figure 4.31: The time required to satisfy value constraints versus the time required to
satisfy structural constraints.

Table 4.4: The time in seconds to solve two different types of multi-way constraints. The
columns represent the type of multi-way relationship that is expressed and the rows repre-
sent the number of constraints being solved.

Number of
Constraints Equality [ Activation Conditions
10 0.01 0.02
50 0.04 0.05
100 0.07 0.09
500 0.38 0.43
1000 0.75 0.89
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Figure 4.32: The time to solve multi-way constraints increases linearly with the number of
variables that are participating in the constraint solving process.
linearly with the number of formulas that are participating in the constraint solving process.
In our benchmark, the activation conditions were use to provide user control over the
constraint satisfaction process. In this example, half of the activation conditions always
evaluated to true and the other half evaluated to false depending on whether the objects
should grow or move. In the best case, the first activation condition in a long series of
sequential multi-way constraints evaluates to false. Hence, all formulas downstream are not
invalidated and thus are not forced to be later re-evaluated. For example, assume we are
given 500 sequential multi-way constraints all of which have activation conditions. If all
activation conditions evaluate to true, the activation conditions increase the time required
to satisfy the system from 0.38 seconds to 0.41 seconds. However, if the first activation
condition evaluates to false then the time required to satisfy the system can be reduced
from 0.38 seconds to 0.05 seconds. Note the huge savings that is possible in the best case,

verses the minimal lost in the worst case.
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Chapter 5

Introduction to Viewing in 3D

The final contribution of this dissertation is the development and implementation of an
object-oriented toolkit for creating highly interactive, direct manipulation, 3-dimensional
user interfaces. The toolkit is divided into two layers: a programming layer and a direct
manipulation layer. The programming layer (described in Chapter 6) supports an extensive
set of 3D objects, structured graphics, constraints, and a high-level event handling model.
It also includes functions for projecting objects, clipping, shading, and applying transfor-
mations. Programmers using this level must write their own code. The reference manual
for the programming layer is contained in Appendix 2.

The direct manipulation layer (described in Chapter 7) allows the user to interactively
create and directly apply transformations to 3D objects, construct polyhedron objects,
change the viewing parameters for drawing 3D objects, and build structured graphics. Many
of these features have typically been ignored in direct manipulation tools. The reference
manual for the direct manipulation layer is contained in Appendix 3.

Our toolkit has experimentally been used in a graphics course and has allowed students
to create substantially more complex and interesting 3D applications than was previously
possible. This chapter introduces some of the concepts and terminology used for viewing in

3-dimensions.
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Figure 5.1: Perspective and parallel projections.
5.1 Projections

Projections allow a three dimensional object to be viewed on a two dimensional graphic
display media. Our toolkit supports a class of projections called planar geometric projec-
tions, which project 3D objects onto a two dimensional plane using straight projectors.
Other classes of projections can project 3D objects onto a curved surface and/or use curved
projectors [Foley 90]. There are two types of planar geometric projections, which are re-
ferred to as perspective and parallel. These two projections are defined below and are

illustrated in Figure 5.1. Both of these projections are supported by our toolkit.
5.1.1 Perspective Projection

In a perspective projection the distance from the center of projection to the view plane
is finite. This type of projection is often the preferred method since it comes closest to how
the human eye perceives the real world. A perspective projection preserves the property

that distant objects are smaller than closer objects.
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Table 5.1; Below is a list of the parameters that the user can modify to specify an arbitrary
3D view. These parameters allow the user to change the type of projection, specify clipping
options, and modify the viewing parameters.

parallel-p specifies the projection type

vrp view reference point

vpn view plane normal

vup view up vector

prp projection reference point

window-size the window size that resides on the view plane
front-clipping-plane | specifies the front clipping plane
back-clipping-plane | specifies the back clipping plane

clip-p determines whether or not clipping takes place

5.1.2 Parallel Projection

In a parallel projection the distance from the center of projection to the view plane
is infinite. This type of projection is called parallel because with the center of projection
infinitely distant, the projectors are parallel to each other. This type of projection is similar
to how the sun casts a shadow onto a wall.

In our toolkit, the type of projection can be changed by modifying the parameter parallel-
p. Table 5.1 lists this parameter along with the other parameters that the user can modify

to specify an arbitrary 3D view.
5.2 Specifying the 3D View Volume

To view in 3D, we must specify not only the type of projection, but also the view volume.
The view volume represents the 3D volume that is projected and which is viewable. Any
portion of a 3D object that lies outside this volume will not be viewable. The view volume
is defined by a view plane, a window on the view plane, and a projection reference point
(PRP). The view plane represents the surface onto which an object will be projected. The
view plane is defined by a point on the plane called the view reference point (VRP) and

a normal to this plane called the view plane normal (VPN) as shown in Figure 5.2. The
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Figure 5.2: The view plane is defined by the view reference point (VRP) and a normal to
this plane called the view plane normal (VPN). The window is defined by providing points
for the lower left and upper right corners of the window. The coordinates of the points are
defined relative to the u and v axes.

window represents the rectangular region of the view plane that the user will see. The
window is defined by two orthogonal axes that lie on the view plane. These axes are labeled
u and v. The v axis is also called the view up vector (VUP), and the VPN is also called the
n axis. Together, the u, v, and n axes form the viewing reference coordinate (VRC) system
[Foley 90].

The projection reference point represents the center of projection. If the type of projec-
tion is perspective, then the view volume is defined by the projectors that travel from the
perspective reference point to the corners of the window. This type of a projection creates
a pyramid shaped view volume as shown in Figure 5.3. If the type of projection is parallel,
then the direction of projection is from the perspective reference point to the center of the
window. This type of a projection creates an infinite parallelepiped view volume as shown
in Figure 5.4. The projection (the image on the view plane) is then mapped into the window
that the user sees. This mapping is accomplished by scaling the projected points on the
view plane to match the dimensions of the window.

In our toolkit, the parameter vrp specifies the view reference point, vpn specifies the

view plane normal, vup specifies the view up vector, prp specifies the perspective reference
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point, and window-size specifies the size and location of the window that resides on the

view plane.

5.3 3D Transformations

Our toolkit supports the three basic types of 3D transformations: rotation, scaling,
and translation. Rotation changes the orientation, scaling changes the size, and transla-
tion changes the location of an object. These transformations are combined into a single
matrix so that only one matrix multiplication is required to apply all three transforma-
tions. The matrix operations are hidden from the user. Hence, the user sets parameters
such as translate-z, rotate-y, and scale-z and then the system automatically translates these
parameters into the appropriate matrices and performs the necessary matrix operations.

In the 3D toolkit, a transformation is applied to an object by changing the value of the
appropriate transformation slot. Shown below are three examples of changes in attribute
slots. These changes cause the object my-cube to automatically be rotated on the x-axis by
30 degrees, scaled on the y-axis by 2, and translated by a positive 10 coordinates in the z
direction.

my-cube.rotate-x = 30;
my-cube.scale-y = 2;
my-cube.z = 10;

Before scaling an object, our implementation first translates the object so that its center
lies on the origin. This translation prevents an object from moving when it is scaled. For
example, Figure 5.5 shows the result of a house being scaled without the object first being
translated. Notice in this figure how scaling has moved the object to the right. Figure 5.6
shows the same scale being applied, except that this time the center of the object is first
translated to the the origin. Notice how the object has expanded in both directions.

In a similar fashion, before rotating an object, our implementation first translates the

object so that its center lies on the origin. Figure 5.7 shows the result of a house being
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Figure 5.5: Scaling an object in the x direction by 2 without first translating the center of
the object to the origin.
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Figure 5.6: The same scale has being applied as in Figure 5.5, except that this time the
center of the object has first been translated to the origin.
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Figure 5.7: Rotating an object in the z direction by 45 degrees without first translating the
center of the object to the origin.
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Figure 5.8: The same rotation has being applied as in Figure 5.7, except that this time the
center of the object has first been translated to the origin.
rotated without the object first being translated. Notice in this figure how rotation has
moved the house up and to the left. Figure 5.8 shows the same rotation being applied,
except that this time the center of the object is first translated to the the origin. Notice in
this figure how the house has been rotated about its center. The user can explicitly rotate
an object about a specified point by using the parameters rotate-center-z, rotate-center-y,
and rotate-center-z. These parameters would be set when the desired center of rotation is
not the center of the object. As an example, to raise the arm of a robot, the arm should be
rotated about the shoulder of the robot rather than the center of the arm.

The 3D toolkit uses a right handed coordinate system (rhs). In a rhs, the z axis is

pointing out towards the viewer; whereas in a left handed system, the z axis is pointing
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Figure 5.9: The two types of coordinate systems.

Clip rectangle

(b)

Figure 5.10: The polygons in (a) and (b) are being clipped against a two-dimensional clip
rectangle.

away from the viewer. In both systems the x and y axes are aligned to the screen. Figure

5.9 shows the difference between the two coordinate systems.
5.4 Clipping

Clipping is the process of determining those portions of primitives that lie inside the
clip region, or stated another way is the process of blocking out all portions of primitives
that lie outside the clip region. While clipping is easy for humans, for a computer, clipping
can be a very complex task. Figure 5.10 illustrates an example of clipping a polygon in
two-dimensions against a clip rectangle.

When clipping in three dimensions, we must clip along six planes. Four of these planes
are defined by the view volumes illustrated in Figures 5.3 and 5.4. The remaining two
planes are specified using a front clipping plane and a back clipping as shown in Figure
5.11. These two planes allow the user to specify a finite view volume. Clipping is now

performed by calculating the intersection of each polygon that composes an object with
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Figure 5.11: The front clipping plane and back clipping planes are specified relative to the

view reference point (VRP).

Figure 5.12: Perspective projection of a house without clipping (a). The front and rear

walls have been clipped away (b).

the six planes that define the view volume [Foley 90]. When the view plane normal (VPN)

coincides with the z axis, then the view volume determines the clipping in the x and y

directions; and the front and back clipping planes determine clipping in the z direction.

An example of clipping a house is illustrated in Figure 5.12. In our toolkit, the parameter

clip-p indicates whether clipping will occur; front-clipping-plane specifies the front clipping

plane; and back-clipping-plane specifies the back clipping plane.
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Chapter 6

Programming Layer

6.1 Introduction

This chapter describes the programming layer of the 3D toolkit. The programming layer
supports an extensive set of 3D objects, object composition (aggregates), constraints, and
a high-level behavioral model. It also includes functions for projecting objects, clipping,
shading, and applying transformations. Programmers using this level must write their own

code.

6.2 3D Objects

Our toolkit provides an extensive set of 3D objects including cubes, planes, 3D-lines,
cones, cylinders, spheres, ellipsoids, and polyhedrons as shown in Figure 6.1. All 3D objects
(except the 3D-line) are modeled using a representation called polygon meshes [Foley 90]. A
polygon mesh is a collection of vertices, edges, and polygons that describe a 3D real world
object. The polygon mesh approach makes it easy to describe objects with straight sides
like cubes and buildings. However, this approach can also be used to describe objects whose
surfaces are not composed solely of planes. For example, objects with curved or rounded
surfaces can be approximated using a polygon mesh so that the final result looks smooth.
A tradeoff exists between the appearance of an object and the time required to render that
object. The more polygon meshes used, the longer it takes to render, but the smoother

looking the final object will appear.

124




/A

Cube Plane 3D-line Cone

Cylinder Sphere Ellipsoid Polyhedron

Figure 6.1: The available 3D objects in our toolkit.
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Figure 6.2: The result of varying the number of polygons used to represent a cylinder. Figure
(a) shows the front view of a cylinder drawn using 8 polygons and (b) its corresponding
top view. Figure (c) shows the front view of a cylinder drawn using 20 polygons and (d)
its corresponding top view.

We have designed our cone, cylinder, sphere, and ellipsoid so that they can be drawn us-
ing a varying number of polygons to produce smoother looking objects. Figure 6.2 illustrates
an example of a cylinder being drawn with a different number of polygons. In this example,
the objects were rendered using “wire-frame”. If the rendering mode for these objects was
changed to “shaded” then the individual polygons would be less distinct, and the objects
would appear to have been constructed from one curved surface. The number of polygons
used to represent an object is stored as a variable. The value of this variable can be changed
at creation time, or at run time. When its value changes, the object is automatically re-
projected and redrawn during the next screen update using the newly specified number of
polygons.

The performance of cones, cylinders, and spheres can be increased further by using fast-
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Fast Cone Fast Cylinder Fast Sphere
Figure 6.3: The fast-draw objects.

draw methods associated with these three objects. The fast-draw objects can be translated,
scaled, and rotated just like the regular objects. Figure 6.3 illustrates the fast-draw objects.
These objects are called fast-draw, because they are composed of relatively few polygons.
For example, the fast cone is composed of only two polygons. One polygon represents the
side of the cone, and the other polygon represents the ellipse shaped bottom. To illustrate
the savings achieved by a fast-draw cone, consider a regular cone that uses 20 polygons
to represent the sides. The regular cone draws 21 objects (20 sides + 1 bottom = 21);
whereas, the fast cone draws only 2 objects. The fast cylinder has similar savings, since
it is represented using only three polygons (i.e., one rectangular shaped polygon and two
ellipsed shaped polygons that form the top and bottom). The fast cone and fast cylinder
are able to use so few polygons because rotation about their y-axis can be ignored. It should
be noted that the fast draw objects may look slightly less realistic than regular objects.

The fast sphere is drawn by overlapping circles of a smaller radius and of a lighter color.
Two points are projected to calculate the size and location of a fast sphere. This compares
to the 90 points that were projected to produce the sphere in Figure 6.1. By projecting
these two points, the geometric transformations of scaling and translation can be applied
to a fast sphere. These transformations will yield the same results as those transformations
applied to a regular sphere. The rotate slots are ignored when using a fast-sphere.

It should be mentioned that to produce a realistic image, the fast-draw objects are

always rendered using the shaded mode. A wire-frame rendering of these objects would
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not necessarily resemble their non fast-draw counter parts. The cone, cylinder, and sphere

can be converted back and forth between regular and fast-draw objects at run time by
manipulating the value of an object’s fast-draw variable. When the fast-draw slot is changed,
the object is automatically reprojected and redrawn during the next screen update.
Various attribute slots (also called parameters) control the appearance of the 3D objects.
These parameters vary slightly from one object to the next. For example, a sphere has a
radius parameter while a cube does not. As an example, the parameters associated with a

cube include the following:

line-style specifies the outline surrounding the cube

filling-style specifies the default filling color. The parameters front-color, back-
color, right-color, left-color, top-color, and bottom-color can be set

| to change the color of a specific side.

wire-frame-p specifies the rendering mode as either wire-frame or shaded

width specify the dimensions of the cube

height

length

X translation parameters — change the location of the cube

y

z

scale-x scale parameters — change the size of the cube

scale-y

scale-z

rotate-x rotation parameters — change the orientation of the cube

rotate-y

rotate-z

rotate-center-x specify a new center of rotation. The default value is the center of

rotate-center-y the cube.

rotate-center-z

The 3D toolkit is declarative in that users change the values of attribute slots rather
than calling methods to cause changes to an interface. For example, to change the position,
dimension, rotation, or rendering mode of an object, the user changes the appropriate
slots and the screen update algorithm automatically reprojects and/or redraws any affected

objects. Shown below are two examples of changes in attribute slots. These changes cause
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the object my-cube to have a width of 30 and to have its front shaded red.

my-cube.width = 30;

my-cube.front-color = red;

6.3 3D Apggregates

An aggregate is a collection of objects that are grouped together to create a structured
object. Aggregates allow 3D objects to be used as building blocks to create more complex
objects, which in turn can be used to create even higher-level objects. An unusual feature
of Garnet, that our 3D toolkit also supports, is structural inheritance within aggregate
objects. This means that when an instance of an aggregate object is created, instances of
the aggregate’s components are automatically created and linked in with the parent. In
other toolkits, this recursive creation must be done procedurally by the programmer.

The structural inheritance mechanism also ensures that if an instance variable of a
prototype object is determined by a constraint, an instance of the constraint is created
and stored with the corresponding instance variable in the object’s instance. This feature
is made possible through the use of pointer variables [Vander Zanden 91, Myers 90a] . In
an indirect reference constraint system like Garnet, all objects maintain a pointer to their
parent, and a set of pointers to their children. When an instance of an aggregate is created,
instances of all the components in the aggregate are created and the pointer variables are
set. In this approach no changes are necessary to the constraint expressions. Inherited
constraints reference the correct objects, since they use the pointer variables in the instance
objects rather than using the pointer variables in the prototype objects. Figures 6.4 and
6.5 contain an example of this principle in practice. After the 3D aggregate representing
the wheels/axle assembly has been constructed, the user can begin to build a vehicle by
creating two instances of this aggregate. One instance of the aggregate would represent the
front of the vehicle and the other instance would represent the rear.

Transformations can be applied to 3D aggregates just like primitive objects. For exam-
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Figure 6.4: A 3D aggregate object representing two wheels and an axle.

Wheel-Axle

left parent
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Cylinder Cylinder Cylinder

a).

Wheel-Axle
Instance

left parent

axle parent

parent

Cylinder Cylinder Cylinder
Instance Instance Instance
b).

Figure 6.5: The wheels/axle assembly shown in Figure 6.1 is a structured object composed
of three primitive objects (a). When an instance of the wheels/axle assembly is created,
instances of all the components and constraints in this aggregate are created and the pointer
variables are set. The constraints in the instance of the wheels/axle assembly now auto-

matically reference the appropriate objects (b).
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ple, the following statement causes all objects in the aggregate my-agg to be rotated by an
additional 30 degrees in the x direction.
my-agg.rotate-x = 30;

The 3D aggregates use relative positions while the regular 2D Garnet aggregates use
absolute positions. For example, in a 3D aggregate, an z value of 25 means 25 coordinates
from the start of the aggregate; in a 2D aggregate it would mean an absolute screen position
of 25 pixels. It is necessary to use relative positions with 3D aggregate objects because the
use of transformation matrices requires relative rather than absolute coordinates. A matrix
composition approach has been used to implement these transformations [Foley 90]. All 3D
aggregates have a local matrix that is a composition of its transformations along with all
the transformations to the root of the aggregate hierarchy. This approach requires only one
matrix multiplication to project any 3D primitive object no matter how many levels there

are in the hierarchy structure.
6.4 3D Update Algorithm

Our 3D graphical interface provides two rendering modes of display. They are wire-
frame and shading. In the wire-frame mode only the edges of objects are drawn and hence
the order of display is unimportant. While this mode can be slightly faster, its results are
less realistic than the shading mode, especially when modeling solid objects. In the shading
model all objects are drawn as filled polygons. The rendering process for shading requires
slightly more processing because all objects must be spatially ordered. Parts of objects that
are hidden, because they are obscured by “closer” objects, must not be displayed.

There are two fundamental approaches to visible-surface determination [Foley 90]. The
first approach is called image-precision and determines which object is visible at each pixel.
While straight-forward, this approach requires examining all n objects for each pixel. Shown

below is the pseudocode for the image-precision approach:

for each pixel in the display do
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begin
determine which object is closest to the viewer
draw the pixel with the color of that object
end

The other type of visible-surface determination is object-precision. This approach com-
pares all objects with each other to determine which objects are visible. An advantage of
this approach is that the objects can be redisplayed correctly at any resolution; whereas
with image-precision, the visible surface calculations must be repeated if displaying the

objects at a different resolution. The pseudocode for an object-precision approach is

for each object do
begin
determine those parts of objects that are closest to the viewer
draw these unobstructed parts in the appropriate color
end

The visible-surface determination algorithm that we have implemented uses a list-
priority approach with object-precision operations to determine the shading order. The
list-priority algorithm orders all polygons such that a correct picture results if the polygons
are rendered in that order. For example, if no polygons overlap in the z-coordinate then
they can be shaded from furthest to closest. In this case the pixel values of closer objects
will overwrite the pixel values of more distant objects, possibly completely obscuring more
distant objects.

To achieve acceptable performance in a real time environment, our 3D shading algorithm
will only handle objects that consist of polygons that conform to the following restriction.
For any two polygons in the view volume, one polygon must be wholly in one half-space
of the other. Objects like Figure 6.6(a) that penetrate each other, or Figure 6.6(b) that
cyclically overlap will not be shaded correctly, for there is no order in which these polygons
can be drawn to produce the desired image. If the objects in Figures 6.6 (a) and (b) are
split into smaller polygons, such that a linear order is possible, then they can be correctly

handled by our shading algorithm.
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Figure 6.6: Polygons that are not guaranteed to be shaded correctly.

The 3D toolkit uses an incremental update algorithm that only redraws those objects
that have intersected the modified portion of the screen. It employs a strategy that avoids
having to examine large groups of objects [Myers 89b]. To achieve even better performance
with 3D objects, a “project” and a “draw” method have been created for each type of object.
The “project” method is only called when there is a change in one of the “interesting” slots
for an object. For example, the dimensions of a cube and its transformation parameters
are considered interesting slots. More specifically, the following slots are “interesting” for a
cube:

line-style filling-style wire-frame-p width height length
X y z scale-x scale-y scale-z rotate-x rotate-y rotate-z

After all “project” methods are executed, the appropriate “draw” methods are called.
When a transformation is made to a 3D aggregate object, all the components of the ag-
gregate are reprojected and redrawn. However, objects that cover or are covered by the
changed aggregate are only redrawn, not reprojected. A high-level version of the update

algorithm is shown below:

Determine those objects that have changed

(If the object is an aggregate then include children)
Reproject the changed objects
Determine the area of the screen that those objects occupy
Erase this area
Perform visible surface determination
Redraw the objects
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6.5 Integration of Constraints

Constraints provide a declarative means for expressing relationships among graphical
properties and transformations of 3D objects. They can be used to keep objects rotated
by the same amount or to ensure that their filling styles are the same. For example, the
following constraint can be added to all components in a 3D aggregate:

object.rendering-mode = parent.rendering-mode

parent is a pointer to the object’s aggregate. If the rendering mode of an aggregate was
changed, all the components would be redrawn using the new rendering mode.

High-level constraints have been created to simplify expressing alignment relationships
that depend on the position and size of 3D objects. The syntax for the high-level constraints
is described in Appendix Section B.9. These constraints are desirable for two reasons. First
the parameters used to specify the position and size of 3D objects vary from one object to
the next. For example, the width of a cube is specified using a width parameter while a cone
uses a radius parameter. Similarly, the exact position of a 3D object depends not only on
the parameters z, y, and 2, but also on the type of object. For example, these parameters
specify the back lower left corner of a cube, whereas, they specify the center for a sphere.
The second reason these high-level constraints are advantageous is because 3D objects can
be scaled. Scaling complicates the specification of alignment constraints, since an object’s
size is really a combination of both its specified dimensions and of any scale factors that
have been applied. For example, if an object’s width is 20 and its scale factor is 0.5 then
its actual width is 10. Hence, we must also consider the object’s scale parameters in order
to correctly express a translation relationship.

Let us now look at an example. Suppose that object]l and object2 are 3D objects, and
we wish to express the relationship that the left side of objectl is to be constrained to the

right side of object2. Using the regular low-level constraints, the programmer can express

134



this relationship as follows.

objectl.x = if (object2.type = [cone, cylinder, sphere, ellipsoid])
return (object2.x + object2.radius X object2.scale-x)

else
return (object2.x + object2.width X object2.scale-x)

However, using the high-level 3D constraints, the programmer can express this relationship
as shown below. This relationship holds regardless of objectl and object2’s type.
3D-constraint (objectl, "L", object2, "R")

As shown in this example, these high-level constraints free the programmer from having
to know the detailed construction of the objects, such as whether the size of an object is
determined by a radius or a width. These constraints compute positions in local coordinates
and are applied before the local transformation matrix is calculated. For example, if object2
starts at x-coordinate 30 in the local coordinate system and has a width of 40, then objectl
would start at local x-coordinate 70. The toolkit also allows the programmer to incorporate

the extended constraints discussed in Chapters 3 and 4 into their code.

6.6 3D Interactors

Like 2D user interfaces, one of the most time consuming tasks of creating a highly
interactive 3D user interface is handling the input. The input is usually asynchronous and
may come from the mouse, keyboard, or other input devices. Typically, 3D graphic packages
have provided little or no support for interaction with the user. Generally they send a
stream of low-level input events for a window to the application program. The application
program must then queue the events and process them sequentially. Some toolkits provide
a facility for selecting objects, but provide no support for interactive operations that create,
move, or resize objects. Our 3D toolkit takes a drastically different approach based on
the interactors model used in Garnet [Myers 90b]. The interactors model encapsulates all
the common interactive behaviors in a user interface into a few basic object types (i.e.,

interactors). When an event is received, it is mapped into one or more of these interactor
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objects. Each interactor provides a number of parameters that allows its behavior to be

customized, such as the event it begins on, the set of objects it operates on, and the type
of feedback it provides. The interactor objects provide a clean separation between input
handling and the graphical representation for an object. This approach has been found to
be easy to learn and program [Myers 90b).

As with 2D interfaces, it appears that there are only a few fundamentally different types
of behaviors associated with 3D user interfaces. The major type of interactive behavior is
handling geometric transformations. Therefore, an interactor has been created for each
of the three basic types of geometric transformations (rotation, scaling, and translation).
Other interactors have been created to select 3D objects, reposition projected images, enter
new points, and create new 3D objects. Because of the commonly used 2D input devices
(like the mouse), the interactors do not operate in all three directions simultaneously since
ambiguous results might be obtained. To accommodate 2D input devices, the 3D interactors
operate along at most two dimensions at any given time. The desired dimensions are
specified as one of the parameters to the interactor and they are stored in the direction slot.

The six types of 3D interactors are listed below.

3D-Move-Interactor

o 3D-Grow-Interactor

3D-Rotate-Interactor

3D-Selection-Interactor

3D-Reposition-Interactor

3D-Create-Interactor

The main reason interactors are so successful is that they provide a wide range of pa-
rameters that allow the behaviors to be customized. For example, designers can specify how
often an object should be reprojected and redrawn as the interactor operates (e.g., continu-
ously as the mouse is moved across the window, or only when the stop-event occurs). Other

parameters can be used to specify a feedback-object, abort-events, stop-events, etc. De-
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faults values are provided to simplify creating interactors. Shown below are two parameters

common to all 3D interactors [Myers 90b].

window - the window that the interactor operates on.

start-where - where the mouse cursor should be for the interactor to start working.
The following parameter is common to all the transformation interactors.

continuous-update - this slot controls how the objects are updated. When the continuous-
update slot is true, the selected object are reprojected and redrawn continuously as
the mouse is moved across the window. In other words the object is continuously
reprojected and redrawn from the time the start-event is encountered and continues
until the stop-event is reached. However, if the continuous-update slot is false, then
the object is not reprojected or redrawn until the stop-event occurs. This slot has
been designed to accommodate the speed difference of various machines. On a slower
machine, the user would probably set this slot to false, because reprojecting an ob-
ject at each location as it is being dragged across the screen requires considerable

processing power.
6.6.1 3D-Move-Interactor

The 3D-move-interactor can be used to move objects in the x, y, and z directions.
The interactor translates objects so that their projected image lies under the cursor as
shown in Figure 6.7. To accomplish this, the system must first calculate the difference
between the screen and world coordinates. This difference is calculated by 1) finding two
world coordinate points on opposite ends of the object to be translated; 2) projecting
these two 3D world coordinate points to find their associated 2D screen coordinates; and 3)
computing the difference between the world coordinate points and screen coordinate points.

For example, assume we were given the following world coordinates and their corresponding
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Figure 6.7: Effect of using the 3D-move-interactor.

screen coordinates in pixels.

world coordinates | screen coordinates
pointl (20, 20, 10) (100, 100)
point2 (120, 120, 10) (300, 250)

Given these values, we can now calculate that the x-difference is 2 and the y-difference
is 1.5. Therefore, if the user moved an object 50 pixels to the right and 30 pixels toward
the bottom, the object would have to be translated by a positive 25 world coordinates in
the x direction and a negative 20 in the y direction. This interactor directly sets the z, y,
and z parameters of the object that is being moved.! Below is an example specification of
a 3D-move-interactor.

create-instance my-move-interactor 3D-MOVE-INTERACTOR
start-where = 3D-projection-aggregate;
direction = xy;
vindow = projection-window;

6.6.2 3D-Grow-Interactor

The 3D-grow-interactor can be used to resize objects in the x, y, and z directions. When
resizing an object, the interactor tries to accurately scale the object so that the object’s
projected image lies within the bounding box highlighted by the selection-handles as shown

in Figure 6.8. To accomplish this, the difference between the screen and world coordinates

'When working with 3D-lines, the 3D-move-interactor and the 3D-grow interactor set the parameters
(21, y1, 21) and (z2, y2, 22).
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Figure 6.8: Effect of using the 3D-grow-interactor.

is first calculated as discussed in the 3D-move-interactor. The object is then scaled by
computing the difference between the original size of the bounding box and the new size of
the bounding box when the stop-event is reached.

Resizing an object can be slightly more difficult than moving an object, because it
sometimes requireé not only scaling but also translation. For example, depending on which
selection handle is grabbed — zero, one, or two translations are required so that the position
of the object conforms to the position of the bounding box. For example, if the right middle
selection handle is grabbed then no translations are required. If the left middle selection
handle is grabbed then the object must also be translated in the x direction after being
scaled. Finally, if the lower left selection handle is grabbed, then the object must also be
translated in both the x and y directions after being scaled. This interactor may directly set
any of the following parameters of the object that is being resized: z, y, 2, scale-z, scale-y,

and scale-z. Below is an example specification of a 3D-grow-interactor.

create-instance my-grow-interactor 3D-GROW-INTERACTOR
start-vhere = 3D-projection-aggregate;
direction = xy;
window = projection-window;
min-width = 20;

To prevent objects from becoming too small, the programmer can set the parameters
min-width, min-height, and min-length. These parameters are expressed in pixel values.
An object cannot be resized so that its dimensions become less than these parameters.

Shown below is the equation that ensures that an object’s width does not become less than
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Figure 6.9: Effect of using the 3D-rotate-interactor.

min-width. new_scale_z is the initial scale factor calculated by the interactor.

min_width
object.width

) (6.1)

scale.r = maz (new_scale_r,

Let us look at a specific example. Assume the following:

new_scalex = 0.1
object.width = 100
min_width = 20
then
scalex = max ( 0.1, 20/100) = 0.2

Therefore, the interactor will set scale-x to be 0.2 instead of the initially calculated value

of 0.1 so that the object’s width remains at least 20 pixels.
6.6.3 3D-Rotate-Interactor

This interactor allows 3D objects to be rotated in either the x, y, or z direction. After
an object has been selected, moving the cursor around the center of the object, causes the
object to be rotated by an equivalent amount. Thus moving the cursor 30 degrees about
the object causes the object to be rotated by an additional 30 degrees. The slot direction
specifies the axis about which the rotation is performed. Acceptable values are z, y, and 2.
Figure 6.9 shows this interactor in action, where the direction slot has been set to z. This

interactor directly sets one of the following parameters rotate-z, rotate-y, or rotate-z. Below
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is an example specification for a 3D-rotate-interactor.

create-instance my-rotate-interactor 3D-ROTATE-INTERACTOR
start-where = 3D-projection-aggregate;
direction = z;
window = projection-window; |

6.6.4 3D-Selection-Interactor

The 3D-selection-interactor can be used to select one or more 3D objects. For clarity,
handles appear over selected objects. Below is a list of the parameters that can be provided

to this interactor to change the default mouse settings.

de-select <mouse-button> : De-selects all objects when the mouse button is pressed

while the cursor is not over an object.

region-select <mouse-button> : Allows the user to sweep out a rubberband rectan-

gle. Any object that is completely enclosed within the rectangle is selected.

toggle <mouse-button> : Toggles the selected object beneath the mouse cursor
between selected and unselected. If an object was already selected, it removes it

from the list of selected objects, otherwise it is added to this list.

The algorithm used for selecting objects depends on whether the user selects a point on the
screen, or sweeps out a rectangle. If a point is specified, the x and y values of the mouse
button are recorded as a single point. The algorithm then examines all objects that satisfy
the predicate in the start-where slot to see if this point is contained within their bounding
box. If so the selected status of the object is toggled as mentioned earlier. When the user
sweeps out a rectangle, any object whose bounding box is completely surrounded by the
rubberband rectangle is selected.

The list of selected objects is stored in the parameter selected-objects that is associated
with the window that the interactor is operating in. This parameter can be read by the

programmer or another interactor at any time. Below is an example specification for a
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Figure 6.10: Effect of using the 3D-reposition-interactor.

3D-selection-interactor.

create-instance my-selection-interactor 3D-SELECTION-INTERACTOR
start-where = 3D-projection-aggregate;
window = projection-window;
de-select = left-mouse-button;
region-select = middle-mouse-button;
toggle = right-mouse-button;

6.6.5 3D-Reposition-Interactor

The 3D-reposition-interactor can be used to move projected images around on the screen
as shown in Figure 6.10. A flag is set while the object is being repositioned so that the
object’s last projected image is maintained. This flag can later be reset to allow projec-
tions to be resumed. Interactive graphical tools can use this interactor to allow a user
to temporarily move objects around while editing the scene. The difference between the
3D-move-interactor and this interactor is that the 3D-move-interactor reprojects the ob-
ject, whereas this interactor moves the originally projected image. Below is an example
specification for a 3D-reposition-interactor.

create-instance my-reposition-interactor 3D-REPOSITION-INTERACTOR
start-where = 3D-projection-aggregate;
window = projection-window;
6.6.6 3D-Create-Interactor

The 3D-create-interactor allows the user to interactively construct objects. The inter-

actor operates by the user selecting a location on the screen. A 3D bounding box and a
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parameter is set to 1.5, and the object slot is set to cube, then the interactor creates a cube
with the dimensions 30, 60, 120. However, if the axis-scale is set to 0.5, then the interactor
creates a cube with the dimensions 10, 20, 40.

There are two unique parameters associated with this interactor that the user can cus-
tomize. The first parameter is add-objects-to-agg. This parameter can be changed to add 3D
objects to various aggregates in the window. The second parameter is wire-frame-p. This
parameter can be changed so that created objects are rendered using either wire-frames or

| are shaded. When an object is shaded it uses the default filling colors. Below is an example

specification for a 3D-create-interactor.

create-instance my-create-interactor 3D-CREATE-INTERACTOR
start-vhere = window-aggregate;
add-object-to-agg = 3D-projection-aggregate;
object = cone;
window = projection-window;
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Chapter 7

Direct Manipulation Layer

7.1 Introduction

The top layer of our 3D toolkit provides an interactive graphical environment for creating
3D scenes. This layer allows the user to interactively display and transform 3D objects,
perform clipping, create aggregate objects, modify the viewing parameters that control the
transformations of objects, and construct polyhedron objects. To support these operations,

the toolkit includes the following interactive editors:

e Scene Editor
e Polyhedron Editor
e Aggregate Editor

The interactive environment is implemented using the programming layer, and thus is

itself an application of the 3D toolkit.

7.2 Scene Editor

The scene editor is used to create the final appearance of objects and aggregates in the
3D scene. This editor is composed of the following windows. The scene window allows the
user to interactively create objects and apply transformations to them. The scene control
window provides fine grain control over the entire 3D viewing process. The viewing param-

eter windows allow the user to interactively specify the 3D view volume that determines
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Figure 7.1: The scene window.

how objects will be projected. The change center of rotation window allows the user to
interactively specify a new center of rotation for a 3D object or an aggregate. Each of these

windows in described in more detail in the following sections.
7.2.1 Scene Window

The scene window is primarily used for creating and positioning objects in the scene
as shown in Figure 7.1. The position and appearance of objects in the scene window are
controlled by the various transformation options on the left side of this window. Objects
can be added to the scene window by selecting the appropriate icon located at the top of
this window. The entire scene illustrated in this window was created in less than one hour
using the direct manipulation layer. We will now examine the icons on the left side of the

scene window in more detail.
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Selection - activates a 3D-selection-interactor that allows a user to select objects in

the scene window.

XY Move - activates a 3D-move-interactor and sets the direction variable to “xy”.
Z Move - activates a 3D-move-interactor and sets the direction variable to “z”.
XY Resize - activates a 3D-grow-interactor and sets the direction variable to “xy”.
Z Resize - activates a 3D-grow-interactor and sets the direction variable to “z”.

Reposition - activates a 3D-reposition-interactor. This interactor allows a user to
temporarily move objects that are obscuring a portion of the display they are editing.
An object will remain at this temporary location until the “project” method of the
repositioned object is called. An object’s “project” method can be called by directly
manipulating the object using another interactor or by declaratively changing the

value of an interesting parameter.

X Rotate - activates a 3D-rotate-interactor and sets the direction to “x”.
Y Rotate - activates a 3D-rotate-interactor and sets the direction to “y”.
Z Rotate - activates a 3D-rotate-interactor and sets the direction to “z”.

Remove - deletes all currently selected objects.

When one of the following icons located at the top of this window is selected, the

object parameter of the 3D-create-interactor is set to that object. For example, if the icon

resembling a cone is selected, then the object parameter is set to “cone”. The user can then

interactively create various sized cones anywhere in the scene window. More specifically,

these icons allow the user to create cubes , planes @, 3D-lines , cones @, fast
cones , cylinders , fast cylinders , spheres @, fast spheres , and ellipsoids

0]
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Scene Control Window
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Figure 7.2: The scene control window.

By pressing the [E icon, the polyhedron editor will be displayed and the user can begin
constructing a polyhedron object. By pressing the @ icon, the aggregate editor will be

displayed and the user can begin constructing an aggregate object.
7.2.2 Scene Control Window

The scene control window (Figure 7.2) provides fine grain control for the overall 3D
viewing process in contrast to the scene window which only allows approximate placement
of objects. For example, this window allows the user to precisely set the viewing parameters,
the clipping parameters, and apply transformations to objects. In the example scene shown
in Figure 7.1, the scene control window was used to set the rendering mode to “wire-frame”
and the projection style to “perspective”. We now examine the features of the scene control

window in more detail.
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7.2.2.1 Options

The top left corner of the scene control window contains several features that allow the
user to change the rendering mode, the projection type, and to write and read scenes to

and from files:
Stop - exits the 3D toolkit.

Wire-frame / Shade - specifies the rendering mode as either wire-frame or shaded. This
option only applies to the selected objects in the scene window and their components.
Changing the rendering mode of a selected 3D aggregate changes the rendering mode

for all its components.
Parallel / Perspective - specifies the projection type as either parallel or perspective.

Help - provides general help on the 3D toolkit. Clicking the middle mouse button on any
text in the scene control window causes the scene control editor to display a helpful

message on the option or parameter selected.

Read from file - allows the user to read scenes from a file. A scene may consist of one or

more objects.

Save to file - saves all the objects in the scene window to a file. This feature uses the
Garnet save mechanism described in [Myers 92b]. Scenes that are saved using this
feature are represented using code from the programming layer, so the designer is free

to modify the code in any way desired.

7.2.2.2 Viewing Parameters

The viewing parameters can be changed declaratively by using the text boxes in this

window or interactively by pressing the “Direct Manipulation” button:

VRP - changes the value of the view reference point in the scene window. The VRP is

specified in world coordinates.
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VPN - changes the value of the view plane normal in the scene window. The VRP is

specified in world coordinates.

VUP - changes the value of the view up vector in the scene window. The VUP is specified

in viewing reference coordinates.

PRP - changes the value of the projection reference point in the scene window. The PRP
is also specified in viewing reference coordinates. The first coordinate represents the
value of the u axis, the second coordinate represents the value of the v axis, and the

third coordinate is the n axis.

Window - changes the value of the window size in the scene window. The window resides
on the view plane. Any part of an object that projects onto the view plane outside
this window is not displayed. Four coordinates are required to specify the window

size.
Reset - resets the viewing parameters back to their default values.

Direct Manipulation When this option is selected, four windows are created that allow
the user to interactively modifying the viewing parameters using pictorial diagrams
rather than the text boxes shown in Figure 7.2. The viewing parameters include the
view reference point, view plane normal, view up vector, projection reference point,
and the window size. The four windows that appear when the “Direct Manipulation”

button is pressed are listed below.

Viewing Control Window - specifies the axis scale to be used and allows the user to

terminate the direct manipulation of these parameters.

View Plane Window - allows the user to modify the view reference point and the

view plane normal that together define the view plane.

Viewing Reference Window - allows the user to directly modify the view up vector

and the window size. Together these two pieces of information create the viewing
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Viewing Control Window
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Figure 7.3: The viewing control window.

reference coordinate (VRC) system.

Perspective Reference Point Window - allows the user to interactively change the

perspective reference point.

The view reference point, view plane normal, and projection reference point are speci-
fied using 3D points. Because of the commonly used 2D input devices (like the mouse),
two different mouse buttons are used to change the values of these parameters. Other-
wise ambiguous results might be obtained. One mouse button is used to change these
parameters in the x and y directions, and another mouse button is used to change

these parameters in the z direction.

Viewing Control Window This window allows the user to specify an axis scale
that is used while interactively modifying the viewing parameters as shown in Figure
7.3. The axis scale parameter determines the ratio between screen and world coor-
dinates when interactively modifying the following parameters: view reference point,
view plane normal, view up vector, perspective reference point, and window size. As
an example, if axis-scale is set to 1.5 and the perspective reference point (PRP) is
moved 100 screen pixels to the right, this would result in the x-value for the PRP
being increased by 150 world coordinates. However, if the axis-scale is set to 0.5 and
the PRP is moved 100 screen pixels to the right, this would result in the x-value for
the PRP being increased by only 50 world coordinates. Thus the axis-scale parameter

controls the granularity of changes caused by moving a point with the mouse.

This window also contains the option “Stop Direct Manipulation” that terminates the
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View Plane Window
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Figure 7.4: The view plane window.

direct manipulation of the viewing parameters. Pressing this option removes all four

viewing parameter windows from the screen.

View Plane Window This window allows the user to change the values of the
view reference point and view plane normal as shown in Figure 7.4. The shaded plane
denotes the orientation of the view plane. The view reference point can be directly
changed by moving the circle labeled VRP to the desired location. Similarly, the view
plane normal can be changed by grabbing the end of the vector labeled VPN and

moving it to the desired location.

Viewing Reference Window. This window allows the user to change the window
size and the direction of the view up vector as shown in Figure 7.5. The origin of the

viewing reference window is the view reference point (VRP).

The window size can be interactively changed by selecting the window with the mouse.
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Viewing Reference Window
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Figure 7.5: The viewing reference window (shaded rectangle) and the two vectors that

define its coordinate system.
When this happens, resize and selection handles appear around the perimeter of the
window. The user can then resize the window by dragging one of the resize handles, or
move the window by dragging one of the selection handles. The direction of the view
up vector can be changed by grabbing the end of the vector labeled VUP and dragging
it to the desired position. When the mouse button is released, the window will be
redrawn in accordance with the new VUP. Figure 7.6 illustrates how the rotation of
the window coincides with the VUP. Although, the u vector cannot be selected, it will

always remain at a 90 degree angle with the VUP.

Perspective Reference Point Window This window allows the user to change
the value of the projection reference point (PRP) as shown in Figure 7.7. The PRP is
defined relative to the 3D viewing reference coordinate (VRC) system. The origin of

the VRC system is the VRP. The n axis is the VPN vector. The perspective reference

153




Viewing Reference Window

9

Figure 7.6: The VUP vector has been rotated 45 degrees counter clockwise about the VRP.
Consequently, the window is also rotated by the same amount so that its orientation matches
the VUP.

Perspective Reference Point Window
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Figure 7.7: The perspective reference point window.
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Figure 7.8: The change center of rotation window allows the user to interactively specify a
new center of rotation for either a 3D object or a 3D aggregate.

point is changed by moving the circle labeled PRP to the desired position.

7.2.2.3 Transformations

The transformation boxes display the current transformation parameters for the selected
object and provide an alternative way to modify the parameters (i.e., they provide finer grain
control than the interactors in the scene window). If the user changes the values in one of
these boxes, then these transformations are applied to all currently selected objects in the

scene window.

Change Center of Rotation Window This window allows the user to interactively
specify a new center of rotation for either a 3D object or a 3D aggregate. The center of
rotation can be specified to lie within the object, within another object, or about the origin.
The rotation values can be specified by using sliders or by selecting one of three predefined

options as shown in Figure 7.8:
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Sliders - can be used when the desired center of rotation is within the object or aggregate.

A different slider has been created for each axis. The value of a slider represents a
percentage of the object. For example, to rotate an object about its own center the
sliders should all be set at 50. Similarly, to rotate an object about its smallest x

coordinate the “X Axis” slider should be set to 0.

Use Calculated Center - rotates the selected object about its center. Selecting this

option sets the x, y, and z axis sliders to 50.

Rotate About Another Object - allows an object to be rotated about a different object.

This other object is selected after choosing this option.

Rotate About Origin - rotates the object about the origin (0, 0, 0) of its aggregate.

7.2.2.4 Demos

The options in this section allow the user to apply some pre-defined demo transforma-
tions to the objects in the scene window. These demos are designed to assist in developing
a 3D scene, by giving the user a quick idea of how the objects might appear at different
angles, sizes, and locations. After the demo transformations have been applied, the objects

are returned to their original transformation values.

Speed - ceases execution of the specified demo for n seconds of real time between oper-
ations, where n can be a fractional number. This option applies for all three of the

demos listed below.

Rotation Demo - rotates all currently selected object(s) 360 degrees about the x axis, then
the y axis, and finally the z axis. The box labeled “Angle Increment” determines the
angle between successive rotations along each axis. For example, if “Angle Increment”
equals 1 then the selected objects are rotated 360 times in each of the x, y, and z

directions. If “Angle Increment” equals 10, then the selected objects are rotated 36
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Figure 7.9: The polyhedron window.

times about each axis. In this latter case, the objects would be rotated by the angles:

10, 20, 30, ... 340, 350, 360.

Scale Demo - scales all selected object(s) in the x, y, and z directions by some pre-defined

values.

Translate Demo - translates all selected object(s) in the x, y, and z directions by some

pre-defined values.

7.2.2.5 Clipping

The options in this section allow the user to determine which portion of objects to
display. When clipping is turned on, the text box labeled “Front clipping plane” specifies
the front clipping plane, and the text box labeled “Back clipping plane” specifies the back

clipping plane.
7.3 Polyhedron Editor
The polyhedron editor (Figures 7.9 and 7.10) allows the user to quickly and interactively
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Polyhedron Control Window
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Figure 7.10: The polyhedron control window.

create polyhedron objects. The constructed object can be rotated, scaled, and translated
just like all the predefined 3D objects. The user is completely freed of having to specify
points, and then defining how the points should be connected to form a surface. Instead,
the user interactively creates surfaces using a polyline , a rectangle @, or by connecting
pre-existing points B These surfaces can then be moved in the xy direction , orin the
z direction . When gravity is on, objects snap to grid markers . The filling style
for objects can be turned on and off. Finally, this editor allows objects to be selected
, destroyed , or copied .

Points in the polyhedron window correspond to world coordinate points. The house and
the body of the car shown in Figure 7.1 were created using these windows. To construct

the car body the user performed the following actions:

1. Selected the “polyline creator” from the polyhedron control window (Figure 7.10)

and traced out the shape of the side of a car in the polyhedron window (Figure 7.9).

2. Pressed the “copy” option to create an instance of this side.
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Figure 7.11: The visual color editor allows the user to interactively create new colors with
which to shade objects and lines. Colors can be selected either by choosing one of the colors
in the menu on the left or by manipulating the three sliders on the right. The color box at
the top provides feedback showing the selected color.

3. Used the “z move” option to move this instance in the z direction.

4. Used the “connect points” EI option to connect the two sides.

Figure 7.9 shows the car after both sides and the top have been created. The user added
this object to the aggregate window by selecting the option “Add polyhedron to aggregate-
window”. By pressing either the button “Create New Filling Color” or “Create New Line

Color” the visual color editor shown in Figure 7.11 is displayed.
7.4 Aggregate Editor

The aggregate editor (Figures 7.12 and Figure 7.13) allows the user to interactively

create 3D aggregates. This editor has the same interface as the scene editor, but it has

159



Aggregate Window
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Figure 7.12: The aggregate window.

Aggregate Control Window
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Stop Aggregate Construction

Wire-Frame Q Shade
Read from file @
Save to file Q

Add Aggregate to Scene-Window @

Transformations
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scate [C00 ]
Translate [0 00 ]

Figure 7.13: The aggregate control window. The transformation options in this window
apply to the individual components rather than the entire aggregate. The option “Add
Aggregate to Scene-Window” creates an instance of the aggregate used in this window
and adds it to the scene window. The user can then apply transformations to the entire
aggregate once it has been added to the scene window.
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a somewhat different purpose. The purpose of this editor is to lay out the components of

an aggregate, whereas the purpose of the scene editor is to lay out the components of a
scene. Figure 7.12 illustrates the car shown in Figure 7.1 being constructed. The body of
the car was created in the polyhedron window (Figure 7.9) and then added to this window.
The wheels are just cylinders that were created by selecting the cylinder icon located at
the top of this window. The cylinders were then rotated, translated, and scaled using the
interactive options on the left side of this window.

The trees, windmill, and fence shown in the scene window are also aggregate objects
created using this window. The trees are composed of a cone on top of a cylinder. The
windmill is constructed from four planes, one sphere, and one cylinder. Finally, the fence
is constructed by creating four instances of a section of the fence. Each section of the fence
(two post and two cross beams) was created from four cubes. More than one instance of
an aggregate can be added to the scene window by repeatedly pressing the option “Add
Aggregate to Scene-Window.”

The aggregate control window is shown in Figure 7.13. The options found in this
window are similar to those options found in the scene control window with an additional
feature “Add Aggregate to Scene-Window” that creates an instance of the 3D aggregate
in the aggregate window and adds this aggregate to the scene window. The objects in
the aggregate window represent the components of the newly created aggregate in the scene
window. After the 3D aggregate has been created in the scene window, any transformations
to the objects in the aggregate window are reflected in the scene window. This allows the lay
out of aggregates to be altered even after they have been added to the scene window. The
scene window only allows alterations to the top-level objects. If objects are deleted from the
aggregate window, these same objects will automatically be deleted from any instance of
this aggregate that has been added to the scene window. However, if new objects are added
to the aggregate window, these objects will not automatically be added to any instance of

this aggregate in the scene window. Instead, the user must create a new instance of this
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aggregate and add it to the scene window by again using the feature “Add Aggregate to

Scene-Window”.
7.5 Integration of the Extended Constraints

The 3D toolkit has provide a useful test of the augmented constraint system, since many
of the interactive editors needed to share information and this sharing was most easily
accomplished by using multi-output and multi-way constraints. For example, the scene
window, scene control window, and the viewing parameters windows (all part of the scene
editor) need to maintain consistent views of the viewing parameters and transformation
parameters, most of which are expressed as 3-tuples of values representing the x, y, and z
axes. These 3-tuples are stored as individual values, so multi-output, multi-way constraints
are the best way to transmit and unpack these tuples. More specifically, multi-output and
multi-way constraints are used to maintain consistency among: the pictorial points, vectors,
and window coordinates illustrated in the viewing parameters windows; the values stored in
the text boxes shown in the “Viewing Parameters” section of the scene control window; and
the parameter slots associated with the scene window that determine how the 3D objects
are projected. For example, if the circle labeled PRP in the projection reference point
window is moved, the text box labeled PRP in the scene control window is updated, and
all objects in the scene window are automatically reprojected and redrawn using the new
parameters.

Multi-output, multi-way constraints are used to control the flow of information between
the transformation boxes in the scene control window and the transformation slots in the
selected objects. In one direction, the values of a transformation box are broadcasted to all
selected objects. In the other direction, the first selected object broadcasts its transforma-
tion coordinates to the appropriate box.

Multi-way constraints are also used in the visual color editor shown in Figure 7.11. This

window used multi-way constraints to establish relationships among the following values:
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e The indicators located on the sliders.

e The value boxes located above the sliders.
e The feedback box possibly surrounding one of the pre-defined colors.
|
|
\

For more details on this multi-way constraint see Section 3.4.

Structural constraints played a lesser role in this particular application. However, there
are many applications where structural constraints would be helpful. For example, in some
interfaces the type of feedback object used to highlight a selection depends on the size and
type of the selection. An example of this was discussed in Section 3.3. Structural constraints

could be used in these examples to avoid having to program this type of behavior by hand.
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Chapter 8

Conclusions and Directions for
Future Research

8.1 Conclusions

In this dissertation we have described several extensions to the conventional spread-
sheet programming model. These extensions include multi-output constraints, structural
constraints, and multi-way constraints. Together they have enhanced the power and flexi-
bility of the spreadsheet programming paradigm. These new constraints increase efficiency,
allow more powerful relationships to be expressed, and facilitate maintaining consistency

between data structures. The significant contributions of this dissertation include:

1. The design and implementation of a multi-output constraint scheme that allows con-

straints to have a dynamic number of inputs and outputs.

2. The design and implementation of a structural constraint scheme using an active
value model. The constraints can involve more than two objects and allow arbitrary

relationships to be described and maintained.

3. The design and implementation of a multi-way constraint scheme that supports the
following five features: dynamic numbers of inputs and outputs; pointer variables for
the inputs and outputs; multiple one-way constraints that can be attached to a single

slot; priorities; and activation conditions.
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4. The design and implementation of an object-oriented toolkit for creating highly inter-

active, direct manipulation, 3-dimensional user interfaces. The toolkit provides 1) a
high-level event handling model called interactors, 2) a constraint model that includes
multi-output, structural, and multi-way constraints, and 3) an object model that sup-
ports aggregates of objects and structural inheritance. The toolkit also provides a set

of interactive, direct manipulation tools for creating 3D objects and 3D scenes.
The use of these tools has yielded the following major findings and results:

e Multi-output constraints result in faster constraint solving by allowing the reuse of
computations. They also give the programmer more control over the granularity of the
constraints. Finally, they help reduce the number of formula objects maintained by
the system which results in fewer bookkeeping operations on the part of the constraint

solver.

Structural constraints greatly simplify application programs by allowing constraints to
control the structure of objects. Action-procedures are used to create the new struc-
ture that is computed by the constraints. Each action-procedure modifies only a local
piece of an object’s structure. The constraint solver ensures that the appropriate set
of action-procedures are executed to update all of the object’s structure. By allowing
the programmer to consider only the local effects of an action-procedure and having
the constraint solver handle the global effects, the programmer is freed from having to
perform tedious bookkeeping operations. Our experience has shown that structural
constraints greatly simply application programs and also prevent bookkeeping errors

from occurring.

Activation conditions and priorities provide a useful technique for controlling the
satisfaction of multi-way constraints. By giving the programmer control over the
planning process rather than the constraint solver, this technique can make constraint

satisfaction both more predictable and more efficient.
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8.2

Extending multi-way constraints to handle pointer variables, variable numbers of in-
puts and outputs, and structural constraints can significantly reduce the complexity
of maintaining consistency among multiple views of data. This reduction of complex-
ity is achieved by only requiring the programmer to specify the direct effects of an
operation (e.g., the changing of the graphical properties of an object) and using a
constraint solver to handle the indirect effects of an operation (e.g., translating the
changes in the graphical properties to changes in a central data structure and then

propagating the changes to other views of the data structure).

Object-oriented toolkits that support constraints and a high-level behavioral model
greatly facilitate writing interactive 3D applications. Traditionally, this task has been
a very time consuming and difficult process. Most available toolkits use imperative
programming, whereas the toolkit described in this dissertation takes a declarative
object-oriented approach. It includes many high-level features that have typically
been ignored in 3D toolkits, such as direct manipulation, high-level input handling,
and constraints. This toolkit also provided a test platform for experimenting with the

extensions to the conventional spreadsheet programming model.

The integration of high-level constraints with 3D objects is very helpful in expressing
relationships among 3D objects because the programmer is freed from having to re-
member their varying internal structure. For example, the programmer is no longer
required to know whether the size of a 3D object is determined by a radius or a width

field.

Future Work

There are a number of interesting directions for future work in this area. One useful

extension would be the ability to interactively specify multi-output, structural, and multi-

way constraints. The ability to interactively specify “one-way” constraints is provided
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in Lapidary [Myers 89a] and C32 [Myers 91a]. Currently, our design requires that the

programmer write code to specify these sometimes complex relationships. It might be
easier if these relationships could be specified interactively for both 2D and 3D objects
using a click and point approach. For the more frequently used variables like position
and size, an iconic palette could be constructed as shown in Figure 8.1. This icon palette
is based on Lapidary’s 2D design, but allows the user to specify multi-way constraints
between 3D objects. To illustrate how the iconic palette would function, consider the “X
direction” constraint icon located in the upper left corner of the palette window. The
possible predefined constraints are listed below. The symbol <= represents a multi-way

constraint.

left-outside - the right side of object2 <=> the left side of objectl
left-inside - the left side of object2 <=> the left side of objectl
center - the center of object2 <=> the center of objectl
right-inside - the right side of object2 <= the right side of objectl

right-outside - the left side of object2 <=> the right side of object1

The user could specify an optional offset for each multi-way constraint. An additional
constraint window might also be constructed for constraining 3D lines. For less frequently
used variables, an interface might display two objects along with a list of their variables.
The user could then select the variables that would participate in the multi-way constraint.
As feedback, a double arrowed line might be created between the variables.

It might also be helpful to develop a set of tracing and debugging tools for these extended
constraints. Debugging constraints can be a very difficult task because of the way values
can propagate. For example, changing a value in one object might cause changes in other
objects downstream. Furthermore, our extended constraints can use pointer variables which

make the debugging process even more complicated. The ability to visual monitor the
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Figure 8.1: A prototype of the window that could allow the user to interactively define a

multi-way constraint between 3D objects on either their position or their size.
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Figure 8.2: A prototype of the event window for 3D interactors. For example, if the user
was specifying the start-event in this window, then this interactor would start executing
when the user pressed the left mouse button down while holding down the shift key.
constraint solving process might be very helpful in debugging constraints. One possible
visual technique might involve assigning visual representations to variables and then blinking
these representations as the variables’ values are changed through propagation.

Another useful extension would be to use dialog boxes to create 3D interactors. The
design of these 3D interactor dialog boxes could be based on Lapidary’s 2D dialog boxes
[Myers 89a). Currently, code must be written to define these interactors. The dialog boxes
could make it substantially easier for a beginner or non-programmer to construct 3D inter-
actors. Most of the 3D interactors have over 20 parameters that can be customized. For
example, a start-event parameter must be specified to indicate when the interactor should
begin executing. An event window (similar to Lapidary’s) might be constructed as shown
in Figure 8.2 to help the user specify the start-event. While reducing time, these interface
windows would also prevent unintentional errors from occurring. For example, the dialog
boxes would make it impossible for the user to inadvertently specify the start-event as

left-shift-down instead of shift-left-down, (the correct specification).
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Appendix A

Reference Manual for the
Extended Constraints

A.1 Introduction

SMW-Garnet integrates multi-output, structural, and multi-way constraints into Garnet.
Previously, Garnet only supported single-output, one-way constraints. These new con-
straints increase efficiency, allow more powerful relationships to be expressed, and facilitate
maintaining consistency between data structures. The following is a list of the entry points
into the code.

destroy-constraint output-determinant-p
m-formula print-slot-formulas
m-formula-p remove-activation
make-all-invalid s-formula
make-all-valid s-update

mo-formula s-value-activation
mo-formula-p update

The regular Garnet entry points like: g-value, get-value, and s-value unless otherwise stated,
exhibit the same functionality in SMW-Garnet, and will therefore not be discussed in this
manual.

The constraint solving process for multi-output, structural, and multi-way constraints may
not always reach a steady state after one iteration of constraint solving. The programmer
can specify the number of constraint solving iterations by changing the value of the following
variable.

kr::*max-constraint-solving-iterations* [Variable]

When this limit is reached, a warning message is displayed. The default value is 10.
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A.2 Multi-output Constraints

Multi-output constraints allow a constraint to return more than one value. They can result
in greater efficiency by allowing the reuse of computations and reducing the number of
formula objects maintained by the system. They also allow a programmer to control the
granularity of the constraints by determining the amount of information that is computed.

We provide two types of multi-output constraints. The first type outputs to a fixed number
of variables and the second type outputs to a dynamic number of variables. They are
discussed below. The following accessory function is helpful when working with multi-
output constraints.

(mo-formula-p thing) [Function)

mo-formula-p returns true if thing is a multi-output formula, otherwise it returns nil.

A.2.1 Fixed number of outputs

Multi-output constraints with a fixed number of outputs are created using the following
macro.

(mo-formula formula) [Macro]

formula determines the values of the output variables. The value returned by formula must
be alist. The values in the list are assigned sequentially to a list of slots that are determined
by the formula. As with o-formula, the list of slots are provided as either part of a call to
create-instance or s-value. A slot-list is a Lisp list of slot-names. For example, (:left :top)
is a valid slot-list.

Below is an example of a multi-output formula with a fixed number of outputs that is being
specified during object creation. This constraint specifies that the :left, :width, :top, and
:height of moving-rectangle should obtain their value from the :boz slot. This type of a
relationship is commonly found in interactor objects.

(create-instance ’moving-rectangle opal:rectangle
(:box ’(80 20 100 150))
((:left :width :top :height) (mo-formula (list
(first (gvl :box)) (second (gvl :box))
(third (gvl :box)) (fourth (gvl :box))))))

Below is the same multi-output formula, except this time it is being constructed using
s-value.

(s-value moving-rectangle (:left :width :top :height) (mo-formula (list
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(first (gvl :box)) (second (gvl :box))
(third (gvl :box)) (fourth (gvl :box)))))

This example, illustrates how the regular Garnet entry point s-value has been slightly
modified to handle a fixed list of output slots. Unlike other list assignments using s-value,
an apostrophe is not needed before the list of slots.

A.2.2 Dynamic number of outputs

SMW-Garnet allows a constraint to have a dynamic number of outputs. To support this,
the programmer can attach an expression to a constraint that computes the set of outputs.
The expression is itself a constraint that can depend on other variables in the system.
Multi-output constraints with a dynamic number of outputs are created using the following
macro.

(mo-formula objects slots formula) [Macro]

objects is an expression that is converted to a constraint to determine the set of output
objects. It is also referred to as an output determinant constraint. slots contains a
list of the output variables. formula determines the values of the output variables. The
value returned by formula must be a list. The following accessory functions allows the
programmer to determine if an object is an output determinant constraint.

(output-determinant-p thing) [Function)

output-determinant-p returns true if thing is an output determinant constraint, otherwise it
returns nil.

Below is an example of a multi-output formula with a dynamic number of outputs that is
being specified during object creation. This constraint modifies the left and top slots of
all objects in the aggregate my-agg. The constraint allows the aggregate to determine the
position of its children. Hence, moving the aggregate causes its children to move by an
equivalent amount. The slots :z-offset and :y-offset are the relative left and top positions
of the children.

(create-instance ’my-agg opal:aggregate
(:dummy-slot (mo-formula

(gv my-agg :components) ;; objects
(:left :top) ;: slots
(let ((agg-left (gv my-agg :left)) ;; formula

(agg-top (gv my-agg :top)) return-list)

(dolist (object (gv my-agg :components))
(setf return-list
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(push (+ (gv object :x-offset) agg-left) return-list))
(setf return-list
(push (+ (gv object :y-offset) agg-top) return-list)) )
(reverse return-list)))))

The multi-output constraint given above could also have been created by using s-value.
To better understand how output determinant constraints are evaluated, the invalidate
algorithm for multi-output constraints is given below.

1. Invalidation is performed, with the exception that output determinant constraints are
queued. Formulas downstream from these constraints are currently not invalidated.

2. Evaluate the queued output determinant constraints.

3. If the evaluation of one of the output determinant constraints in the previous step
results in a different set of output objects (i.e., either objects have been added or
removed) then all formulas downstream from the constraint are invalidated. As con-
straints are invalidated, they may cause other output determinant constraints to be-
come invalidated. These newly invalidated output determinant constraints are added
to a new list.

4. If no output determinant constraints are invalidated in the previous step, or a user
specified limit has been reached on the number of constraint solving iterations then
stop; otherwise, repeat step 2 using the new list of output determinant constraints.
The user specified limit allows the output determinant constraints to iterate through
several constraint solving cycles, so that the constraint network can reach a more
satisfied state.

A.3 Structural Constraints

Structural constraints allow the programmer to define relationships between the structure
of objects. These constraints make it possible for a constraint to add, delete, or modify
a structure. For example, a structural constraint can express an existence relationship,
such that the existence of an arrow depends on the existence of the two boxes to which it is
attached. If either box is deleted, the structural constraint will delete the arrow. As another
example, a structural constraint can be used to ensure that there is always one text object
allocated for each file name that is currently displayed in a file browser application. When
the user changes directories, thus accessing a new set of filenames, the structural constraint
will automatically allocate text objects for the new filenames and deallocate text objects
for the old filenames.

A structural constraint is a relationship that is expressed on structural attributes. A struc-
tural attribute is a variable that conveys information about the structure of an object. For
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example, structural attributes might include 1) the type of an object (e.g., rectangle, circle);
2) the parts of an object (e.g., a labeled text box might include a text object and a rectangle
object); and 3) the existence of an object (e.g., an arrow should exist only if the two boxes
that it connects exist).

The default structural attributes are :components, :items, :is-a, and :existence. To
declare a variable as a structural slot locally to an object, the programmer can append this
variable to the list contained in the slot :structural-slots. To globally declare a slot as a
structural variable, the programmer can append the slot to the list stored in the following
variable, which contains the default structural slots mentioned above.

kr::*default-structural-slots* [Variable]

SMW-Garnet uses an active-value model to enforce the structural constraints. An active
value model allows action-procedures to be attached to variables. When the value of a
variable changes, the action-procedure associated with it is automatically executed. Action-
procedures can be associated with any structural slot. Changing the value of a structural
variable triggers the action-procedures, which enforces the structural changes that the new
value requires. By allowing constraints to be attached to these structural variables, we
obtain structural constraints.

When structural constraints are evaluated, the action-procedures are not evaluated imme-
diately, but instead are queued and evaluated once all structure slots have been brought
up-to-date. This prevents an object from being deleted before another object that depends
on it is able to evaluate its structure slot. All structural constraints are evaluated before
any attribute constraints. The structure determines the attributes, so it is necessary that
the structure be completely determined before any attribute calculations are performed.

An action-procedure is specified by placing its name in the :action-procedure slot associated
with an object. All action procedures use the following format.

(defun action-procedure-name (schema slot) ... ) [Function]

Actions for different slots can be separated using either a case or a conditional statement.
Below is an example of a structural constraint and its corresponding action-procedure. The
constraint specifies that the existence of moonl should depend on the existence of the object
planet. When the existence variable of moonl is either directly or indirectly modified, the
action-procedure EXISTENCE is queued and later executed.

(create-instance ’moonl moon-template
(:existence (o-formula (gv planet :existence)))
(:action-procedure ’EXISTENCE))

(defun EXISTENCE (schema slot)
(case slot
(:existence
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(if (null (g-value planet :existence))
(opal:destroy schema)))))

The algorithm for implementing structural constraints is given below. The user first modifies
the slots of one or more objects. If a modification either directly or indirectly modifies a
structural attribute, then that variable is added to a list of structurally invalid attributes. If
a modification either directly or indirectly modifies an value attribute, then that variable is
added to a second list containing value attributes that are invalid. At some point, the user
will specifically request that the constraints be satisfied by calling the following function.

(opal:s-update window) [Function]

This function performs the following steps.

1. The structural slots for all objects on the structurally invalid list are brought up-
to-date, queuing all action-procedures that are associated with structural attributes
whose value has changed.

2. The queued action-procedures are executed. As these procedures are executed, they
may invalidate other structural or value attributes. When structural attributes are
invalidated by the action-procedures, then a new structurally invalid object list is
created, and the invalidated object is added to this list.

3. If no structural slots are invalidated in the previous step, or a user specified limit
has been reached on the number of iterations of constraint solving, then stop; oth-
erwise, repeat steps 1 and 2 using the new list of structurally invalid objects. The
user specified limit allows the structural constraints and action-procedures to iterate
through several constraint solving cycles, so that the constraint network can reach a
more satisfied state.

When using SMW-Garnet, the Garnet formula update (listed below) first calls the function
s-update which brings all structural attributes up-to-date. Finally, update brings all value
attributes up-to-date, and then it updates the image in window.

(opal:update window) [Method]

A.4 Multi-way Constraints

Multi-way constraints allow any of the objects in the constraint to be changed in order for
it to be satisfied. SMW-Garnet implements multi-way constraints by allowing multiple one-
way constraints (called formulas) to be attached to a single slot. The programmer is allowed
to attach optional priorities to these formulas. The priority indicates how strongly the user
wants a given formula to determine a slot’s value. The formula with the highest priority
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in a slot determines the slot’s value. If two or more formulas with the same priority are
invalid and must be re-evaluated, then the formula that occurs first in the slot determines
the slot’s value. The programmer can also add activation conditions to a formula. An
activation condition is a boolean predicate that determines whether a formula is active or
inactive. The boolean predicate is an arbitrary piece of Lisp code that returns either nil or
a non-nil value. The code may consist of both structural and value attributes.

Priorities can be used to store default formulas in slots that are masked by user-defined
formulas, but become active when these user-defined formulas are removed (e.g., bounding
box formulas for aggregates). Activation conditions can be used to control constraint satis-
faction. For example, the programmer might define the multi-way constraint right = left +
width, which is represented as the three one-way constraints “right = left + width”, “left
= right - width”, and “width = right - left”. Depending on the context, the programmer
might want the constraint solver to satisfy one of these three formulas in preference to one
of the others. For example, if right is changed, the constraint “left = right - width” should
be evaluated if the user wants the object to move, and the constraint “width = right -
left” should be evaluated in the user wants the object to resize. Activation conditions can
be used to control which constraints are evaluated by selectively activating or deactivating
constraints. Thus the programmer might attach the activation condition “grow-p = false”
to the constraints associated with left and right, and the activation condition “grow-p =
true” to the constraint associated with width.

Multi-way constraints are created using the following macro. The + sign indicates that one
or more formulas must be specified.

(m-formula (formula &key formula-cache name act-cond priority)t
&key slot-cache) [Macro]

formula specifies the formula. formula-cache allows the programmer to assign an initial
value to the formula. slot-cache allows the programmer to assign an initial value to the slot.
name allows the programmer to assign a name to the formula. This name can be used with
other functions described later in this manual that operate on formulas. act-cond allows
the programmer to specify an optional activation condition for formula. The activation
condition may be specifies as either a constant value or a formula. priority indicates how
strongly the programmer wants this formula to determine the value of the slot. The default
priority of a formula is :weakest. Listed from strongest to weakest, the strengths are
specified by using one of the following keywords :required, :strong, :medium, :weak,
and :weakest. The following variable contains a list of the priorities in decreasing strength.

kr::*strength-list* [Variable]

Below is an example multi-way constraint which expresses the relationship that all three
moons should have the same size. Since the diameter of a circle in Garnet is equal to the
minimum of the width and height, multi-way constraints are also placed between the width
and height slots of each moon.
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(create-instance ’mooni opal:circle
(:width (m-formula ( ((gv mooni :height) :formula-cache 50))))
(:height (m-formula ( ((gv moonl :width) :formula-cache 50)
((gv moon2 :height) :formula-cache 50)) )))

(create-instance ’moon2 opal:circle
(:width (m-formula (
((gv moon2 :height) :formula-cache 50) )))
(:height (m-formula ( ((gv moon2 :width) :formula-cache 50)
((gv moonl :height) :formula-cache 50)
((gv moon3 :height) :formula-cache 50) ))) )

(create-instance ’‘moon3 opal:circle
(:width (m-formula ( ((gv moon3 :height) :formula-cache 50) )))
(:height (m-formula ( ((gv moon3 :width) :formula-cache 50)
((gv moon2 :height) :formula-cache 50) ))) )

The following function allows the programmer to add formulas to a slot.

(s-formula schema slot formula
&key formula-cache position name priority act-cond override) [Function]

schema and slot specify the location of the multi-way constraint. formula specifies a formula
to be added to the multi-way constraint. formula-cache allows the programmer to assign an
initial value to the formula. position specifies the position of the formula within the multi-
way constraint. The default value is zero (i.e., at the beginning of the list). name allows the
user to assign the formula a name. priority indicates how strongly the programmer wants
this formula to determine the value of the slot. act-cond allows the programmer to specify
an optional activation condition for formula. override allows the programmer to destroy
any old formulas or pointers to multi-output formulas that were previously stored with this
slot. If override is true, the formula replaces all current formulas, otherwise the formula is
added to the current set of formulas. The default value for override is nil.

Methods can be removed by calling the following function.

(destroy-constraint schema slot &optional name-or-position) [Function]

schema and slot specify the location of the multi-way constraint. name-or-position specifies
which formula will be removed. The default value is nil, which means to destroy all con-
straints in the slot. The programmer can either provide the name of the formula, or the
position of the formula within the slot. The first formula is at position 0.

Activation conditions are created and their values can be changed by calling the following

function. If the formula currently does not contain an activation condition, then a new
formula is created; otherwise, the old activation condition is replaced.
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(s-value-activation schema slot name-or-position value-or-formula)  [Function]

schema and slot specify the location of the multi-way constraint. name-or-position indi-
cates on which formula the activation condition will be created or its value changed. The
programmer can either provide the name of the formula, or the position of the formula
within the slot. value-or-formula is the new value or formula that is being assigned to the
activation condition.

Below is an example of an activation condition. If this activation condition is used in
conjunction with the three multi-way constraints given either, then moon3 will only be
constrained to moonl and moon2 when the left value of moonl is greater than 100.

(s-value-activation moon3 :height 2
(o-formula (> (gv moonl :left) 100)))

Activation conditions can be removed by calling the following function.
(remove-activation schema slot name-or-position) [Function]

schema and slot specify the location of the multi-way constraint. name-or-position specifies
which formula’s activation condition will be removed. The programmer can either provide
the name of the formula, or the position of the formula within the slot.

Below is a list of some functions that facilitate creating and debugging multi-way constraints.

(m-formula-p thing) [Function]
(make-all-valid schema slot) [Function]
(make-all-invalid schema slot) [Function]
(print-slot-formulas schema slot) [Function]

m-formula-p returns true if thing is a multi-way constraint, otherwise nil is returned. make-
all-valid sets the valid bit for all formulas in slot to true. make-all-invalid sets the valid
bit for all formulas in slot to nil. print-slot-formulas displays all the formulas associated
with a slot along with their valid bit. The programmer could use this function to determine
which formulas were invalidated as the result of changing one of the variables in a multi-way
constraint.

The algorithm for multi-way constraints operates as follows: 1) if the value of a variable
is modified, any activation conditions which depend either directly or indirectly on this
variable are immediately evaluated (i.e., activation conditions are eagerly evaluated); 2) if
a formula depends on a changed variable and the formula does not determine the value of
the slot that it is associated with, then the formula will be invalidated but the slot will not
be invalidated. A formula may not determine the value of a slot either because it is not the
highest priority formula in the slot, or because the formula is inactive; 3) if a formula that
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previously did not determine the value of a slot becomes capable of determining the value
of the slot, then if the formula is invalid, the slot, and any formulas that depend on that
slot, will be invalidated. A formula becomes capable of determining the value of a slot if
its status changes from inactive to active or it becomes the highest priority formula in the
slot.




Appendix B

3D Reference Manual:
Programming Layer

B.1 Introduction

The programming layer of the 3D toolkit supports an extensive set of 3D objects, object
composition (aggregates), constraints, and a high-level behavioral model (interactors). It
also includes functions for projecting objects, clipping, shading, and applying transforma-
tions. Programmers using this level must write their own code. The 3D toolkit has been
integrated into the Garnet user interface development environment. Previously, Garnet
only supported 2-dimensional graphics.

B.2 Graphic Qualities

The three graphic qualities that can be specified for 3D objects are :filling-style, :line-style,
and :wire-frame-p. Like other Garnet objects, the programmer can use the predefined
Garnet line-styles and filling-styles. The programmer can also interactively create a new
color by calling the function 3dim:create-new-color as discussed in section B.4.

B.2.1 Filling Style

The following filling style format is used for all 3D objects.
:filling-style default-value {:keyword color}*

The filling style keywords vary from one object to the next. See section B.3 for color
keywords associated with each object. To render an object using wire-frames, the user can
either set the slot :filling-style to nil or set :wire-frame-p to true. The slot :wire-frame-p
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allows the user to more easily change the rendering mode without having to destroy the
contents of the filling-style slot. The filling-style and line-style for polyhedrons is specified
in the :sides slot.

B.2.2 Line Style

Garnet draws an approximate image of 3D objects using polygons. The :line-style slot
determines the edge color of these polygons. Regardless of whether the rendering mode is
wire-frame or shaded, the edges are visible unless :line-style is set to nil.

B.2.3 Wire Frame versus Shading

The 3D toolkit provides two rendering modes of display. They are wire-frame and shading.
In the wire-frame mode only the edges of objects are drawn. While this mode can be slightly
faster, its results are less realistic than the shading mode, especially when modeling solid

“objects. The order of display is unimportant unless the variable 3dim:sort-wire-framed-

objects is changed to true. When 3dim:sort-wire-framed-objects is true, both rendering
modes call the shading algorithm. When this variable is false, wire-framed objects are drawn
first with no ordering. The user may wish to set this variable to true when displaying objects
with different rendering modes. Otherwise, shaded objects will always cover up wire-framed
objects.

The problem with the wire-frame mode is that ambiguous results are often obtained. In
the shading mode all objects are drawn as filled polygons. The rendering process for shad-
ing requires slightly more processing because all objects must be spatially ordered. Parts
of objects that are hidden, because they are obscured by “closer” objects must not be
displayed.

To achieve acceptable performance in a real time environment, the 3D shading algorithm
only handles objects that consist of polygons that conform to the following restriction. For
any two polygons in the view volume, one polygon is wholly in one half-space of the other.
Objects like the ones in Figure B.1 (a) that penetrate each other, or Figure B.1 (b) that
cyclically overlap will not be shaded correctly, for there is no order in which these polygons
can be drawn to produce the desired image. If objects like those shown in Figures B.1 (a)
and (b) are split into smaller polygons, such that a linear order is possible, then they can
be correctly handled by the shading algorithm.

B.3 Predefined 3D Graphical Objects

This section describes a number of specific subclasses of the opal:3d-graphical-object pro-
totype that implement all of the graphic primitives that can be displayed. The list of 3D
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Figure B.1: Polygons that are not guaranteed to be shaded correctly.

objects that are currently implemented include: cube, 3d-line, plane, cone, cylinder, sphere,
ellipsoid, and polyhedron. The following slots are common to all of the 3D graphical objects.

(:x 0)

(:y 0)

(:z 0)

(:rotate-x 0)

(:rotate-y 0)

(:rotate-z 0)

(:scale-x 1)

(:scale-y 1)

(:scale-z 1)

(:center-x 0)

(:center-y 0)

(:center-z 0)
(:wire-frame-p t)
(:line-style opal:default-line-style)
(:filling-style opal:no-fill)

The slots :z, :y, and :zdetermine the location of an object. Rotation of an object is specified
using the slots :rotate-z, :rotate-y, and :rotate-z. Resizing or stretching an object can be
accomplished by changing the values in the slots :scale-z, :scale-y, :scale-z. As an example,
if the scale slots for an objects are set to (:scale-z = 2, :scale-y = 1, and :scale-z = .5)
then the object is redrawn twice as large in the x direction, no change in the y direction,
and reduced by 50 percent in the z direction. The slots :center-z, :center-y, and :center-z
specify an objects center and are automatically calculated. Unless specified, objects are
rotated about their calculated center. See section B.6.2 for details on rotating an object
about a point other than its center.

The 3D extension of Garnet uses a right handed coordinate system (rhs). In a right handed
system the z axis is pointing out towards the viewer, whereas, in a left handed system the
z axis is pointing away from the viewer. In both systems the x and y axes are aligned to
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Figure B.2: The two types of coordinate systems.

:cube-height

:cube-length

:cube-width

Figure B.3: A description of a cube.

the screen. Figure B.2 shows the difference between the two coordinate systems.

B.3.1 Cube

(create-instance ’OPAL:CUBE opal:3d-graphical-object
(:cube-height 50)
(:cube-width 50)
(:cube-length 50))

Figure B.3 shows the slots of a cube. The slots :z, :y, and :z specify the back lower left
corner of the cube. The world coordinates are then computed from this starting point. For
example, the front upper right corner is computed as: (x + cube-width, y + cube-height, z
+ cube-length).

The following filling-style format is used for cubes:
:£illing-style default-value &key :front-color :back-color :left-color

:right-color :top-color :bottom-color
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(:x1 :yl :21)

Figure B.4: A description of a 3d-line.

For example, the following filling style causes all sides of the cube to be drawn red.
(:filling-style opal:red-fill)

In contrast, the following filling-style results in all components being shaded red except the
front, bottom, and back sides. In this example the front and back are shaded yellow, and
the bottom is shaded blue.

(:£filling-style ‘(,opal:red-fill
:front-color ,opal:yellow-fill
:bottom-color ,opal:blue-fill
:back=-color ,opal:yellow-£fill)) )

B.3.2 3D-Lines

(create-instance ’OPAL:3D-LINE opal:3d-graphical-object
(:x1 0)
(:y1 0)
(:z1 0)
(:x2 40)
(:y2 40)
(:22 0))

Figure B.4 shows the slots of a 3d-line. Unlike the other objects, the slots :z, :y, and :2
are not used to specify the starting location. Instead, the slots (:z1 :y! :21) and (:z2 :y2
:z9) give positional information. The :filling-style slot is ignored. To change the color of a
3d-line set the :line-style slot.

B.3.3 Planes

(create-instance 'OPAL:PLANE opal:3d-graphical-object
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:plane-height

:plane-width

Figure B.5: The description of a plane.

(:plane-width 50)
(:plane-height 50))

Figure B.5 shows the slots of a plane. There are no special color keywords for the filling-
style.

B.3.4 Cones

(create-instance ’OPAL:CONE opal:3d-graphical-object
(:radius 15)
(:cone-height 40)
(:sections 10)
(:fast-cone-p nil))

To produce a bottom which is circular the cone is scaled in both the x and z directions by
the same amount. This amount is the minimum of :scale-z and :scale-2. The two different
types of cones are discussed next.

B.3.4.1 Regular Cones

Figure B.6 (a) shows the slots of a regular cone. Garnet draws an approximate image of
a cone using triangular polygons. The :sections slot determines the number of polygons
used. The larger the value the more rounded the cone appears. Acceptable values for the
:sections slot are between 6 and 50. Other values are automatically rounded to be within
this interval. A regular cone uses the following filling-style format:
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Figure B.6: The two types of cones.

:filling-style default-value &key :side-color :bottom-color

B.3.4.2 Fast Cone

If the user desires a cone that can be drawn faster, they can either reduce the number of
sections in the regular cone or use a fast-cone. A fast cone is created by setting the slot
:fast-cone-p to true. It looks like a regular cone, but the fast cone is drawn using only two
objects (i.e. a polygon and an arc). To illustrate the difference, a regular cone with 20
sections draws 21 objects (20 sides + 1 bottom = 21). However, the fast cone draws just
2 objects. The fast cone can be translated, scaled, and rotated just like the regular cones.
Figure B.6 (b) shows a fast cone.

To produce a realistic image, the fast cone is always displayed using the shaded mode. A
wire frame rendering of a fast cone would not necessarily resemble a cone. The default
filling-style is always used and the color keywords used for the regular cone are ignored.
The line-style is set to nil, and cannot be changed.

B.3.5 Cylinders

(create-instance ’OPAL:CYLINDER opal:3d-graphical-object
(:radius 15)
(:cylinder-height 40)
(:fast-cylinder-p nil)
(:sections 12))
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Figure B.7: The two type of cylinders.

To produce a cylinder which is circular, the cylinder is scaled in both the x and z directions
by the same amount. This amount is the minimum of :scale-z and :scale-2. The two different
types of cylinders are discussed next.

B.3.5.1 Regular Cylinder

Figure B.7 (a) shows the slots of a regular cylinder. Garnet draws an approximate image of
a cylinder using rectangular polygons. The :sectionsslot determines the number of polygons
used. The larger the value the more rounded the cylinder appears. Acceptable values for
the :sections slot are between 6 and 50. Other values are automatically rounded to be
within this interval. The following filling-style format is used for regular cylinders:

:filling-style default-value &key :top-color :side-color :bottom-color

B.3.5.2 Fast Cylinder

If the user desires a cylinder that can be drawn faster, they can either reduce the number of
sections in the regular cylinder or use a fast-cylinder. A fast cylinder is created by setting
the slot :fast-cylinder-p to true. It looks like a regular cylinder, but the fast cylinder is
drawn using only three objects (i.e. a polygon and two arcs). To illustrate the difference,
a regular cylinder with 20 sections draws 22 objects (20 sides + 1 bottom + 1 top = 22).
However, the fast cylinder draws just 3 objects. The fast cylinder can be translated, scaled,
and rotated just like the regular cylinders. Figure B.7 (b) shows a fast cylinder.
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Figure B.8: The description of the regular sphere

To produce a realistic image, the fast cylinder is always displayed using the shaded mode.
A wire frame rendering of a fast cylinder would not necessarily resemble a cylinder. The
default filling-style is always used and the color keywords used for the regular cylinder are
ignored. The line-style is set to nil, and cannot be changed.

B.3.6 Sphere

(create-instance ’OPAL:SPHERE opal:3d-graphical-object
(:radius 40)
(:sections 8)
(:layers 8)
(:fast-sphere-p nil))

Figure B.8 shows the slots of a sphere. To produce a circular sphere, the sphere is scaled
in the x, y, and z directions by the same amount. This amount is'the minimum of :scale-z,
:scale-y and :scale-z. The two different types of cylinders are discussed next.

B.3.6.1 Regular Sphere

Garnet draws an approximate image of a sphere using polygons. The :sections and :layers
slots determine the number of polygons used. The larger these values, the more rounded
the sphere appears. Acceptable values for both slots are between 6 and 50. Other values
are automatically rounded to be within this interval. The :layers slot is always rounded up
to an even integer. The following filling-style format is used for regular spheres:
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Figure B.9: An example of a fast sphere.

:filling-style default-value &key :top-color :bottom-color
:layer ((n filling-style)

(2 filling-style)
(1 filling-style)
(-1 filling-style)
(2 filling-style)

(-n filling-style))
Below is an example of how the user would change the filling-style for my-sphere. In this

example, the top is shaded yellow, the bottom is shaded blue, layer 2 is shaded yellow, and
layer -1 is shaded orange. All other layers are shaded red.

(s-value my-sphere :filling-style ‘(,opal:red-fill
:top-color ,opal:yellow-fill
:bottom-color ,opal:blue-fill
:layer ((2 ,opal:yellow-fill)
(-1 ,opal:orange-fill))))

B.3.6.2 Fast Sphere

If the user desires a fast sphere they can either reduce the number of sections and layers in a
regular sphere or use a fast-sphere. A fast sphere is created by setting the slot :fast-sphere-p
to true. It is drawn by overlapping circles of a smaller radius and of a lighter color. The
rotate slots are ignored. The default filling-style is always used and the color keyword used
for the regular sphere are ignored. Figure B.9 illustrates a fast sphere. The object usually
looks much better on a screen than on paper.

B.3.7 Ellipsoid

(create-instance ’OPAL:ELLIPSOID sphere
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Figure B.10: The description of an ellipsoid.

radius 25)

(:y-radius 50))

Figure B.10 shows an example of a ellipsoid. To produce an ellipsoid that is circular, the
ellipsoid is scaled in both the x and z directions by the same amount. This amount is the
minimum of :scale-z and :scale-z.

B.3.

8 Polyhedron

(create-instance ’OPAL:POLYHEDRON opal:3d-graphical-object
(:points ‘(

(:point-1 0 0 0)
(:point-2 50 0 0)
(:point-3 50 50 0)
(:point-4 0 50 0)))

(:sides ‘(

(:side-1 (1 2 3 4) ,opal:orange-fill)))

Figure B.11 shows an example of a polyhedron. A polyhedron is specified by a :points slot
and a :sides slot. Shown below is a grammar describing the acceptable values for these two

slots.

198



Figure B.11: An example of a polyhedron.

:points =  (point*)
point = ([:label] x y z)
:sides = (side*)
side = ([:label] point-list [filling-style] [line-style])
point-list = (point-indicator*)
point-indicator = integer | :label

The parenthesis indicate a list. A slightly more complicated object such as a prism could
be created as follows. The prism can be specified by 6 points and 5 sides. As shown below,
labeling points and sides can result in easier maintainability and readability.

(create-instance ’prism opal:polyhedron

(:rotate-x -10)

(:rotate-y 30)

(:points ‘(
(:back-left 0 0 0)
(:back-right 30 0 0)
(:back-top 15 25 0)
(:front-left 0 O 30)
(:front-right 30 0 30)
(:front-top 15 25 30)))

(:sides ‘(
(:back (1 3 2 1) ,opal:yellow-fill)
(:front (4 5 6 4) ,opal:yellow-fill)
(:left (5 2 3 6 5) ,opal:green-fill)
(:right (1 4 6 3 1) ,opal:green-fill)
(:bottom (5 2 1 4 5) ,opal:blue-£fill))) )

The :sides slot above could have also been specified as shown below.

(:sides ‘(
(:back (:back-left :back-top :back-right :back-left)
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Figure B.12: The window used for creating new colors. Colors can be selected either by
choosing one of the colors in the menu on the left or by manipulating the three sliders on
the right. The color box at the top provides feedback showing the selected object.

,opal:yellow-fill)

(:front (:front-left :front-right :front-top :front-left)
,opal:yellow-fill)

(:left (:front-right :back-right :back-top :front-top :front-right)
,opal:green-fill)

(:right (:back-left :front-left :front-top :back-top :back-left)
,opal:green-fill)

(:bottom (:front-right :back-right :back-left :front-left :front-right)
,opal:blue-fill)))

B.4 Interactively Creating New Colors

A new color type can be interactively created by calling the function 3dim:create-new-color.
This function creates a window with three sliders as shown in Figure B.12. The three
sliders represent the colors red, green, and blue. A slider can be dragged between 0 and
100 to produce different colors. On the left side of this window are some pre-defined colors.
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Clicking on these rectangles sets the sliders according to the color of the rectangle selected.
The final result of each slider is divided by 100 to produce a normalize number between 0
and 1. After the new color has been specified, press the button “Ok” and the new color
is created and returned. Otherwise, press “Cancel” and nil is returned. The new-color
returned from the function 3dim:create-new-color can be directly assigned to a variable as
shown below.

(setf new-color (3dim:create-new-color))

After the color is created, the user will probably want to either create a new filling style or
a new line style. Shown below are examples of how a new filling-style and line-style can be
created.

(create-instance ’new-filling-style opal:filling-style
(:foreground-color new-color))

(create-instance ’new-line-style opal:line-style
(:foreground-color new-color))

B.5 Printing 3D Windows

The function make-ps-file is used to generate a postscript file for a Garnet window. It
assumes that all objects in the window are regular 2D Garnet objects (e.g. opal:rectangle,
opal:text, opal:circle, etc). To print a window containing 3D objects, the user must first
convert them to regular 2D Garnet objects. The following function performs this conversion
on all 3D objects in window.

(opal:convert-all-3d-objs-to-garnet-objs window)

Once the objects have been converted, transformations can no longer be made to the original
3D objects.

B.6 Geometrical Transformations

The basic geometrical transformations of rotation, scaling, and translation are supported.
Rotation changes the orientation, scaling changes the size, and translations changes the
location of an object. The transformation functions discussed below include an option
cumulative-p parameter. When cumaulative-p is true, the transformations are successively
applied, whereas, when cumulative-p is nil, the previous transformations are ignored. For
example, assume the 3d-rotate function described below is called with the following param-
eters.

(3d-rotate 3d-gob 10 30 O nil)
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When finished the object would be rotated 10 degrees in the x direction, 30 degrees in the
y direction, and 0 degrees in the z direction. No matter how many times this function was
called with these parameter, or what the previous rotate values were, the final result would
also be the same. However if the 3d-rotate function was called with these parameters:

(3d-rotate 3d-gob 10 30 0 t)

Then the object would be rotated an additional 10 degrees in the x direction, an additional
30 degrees in the y direction, and no change in the z direction.

B.6.1 Translation

For all objects (except 3d-lines) the slots :z, :y, and :z determine the translation. For 3d-
lines the slots (:z1, :y1, and :zI) and (:z2, :y2, and :22) determine the location. To translate
an object the user can change the value in one of the translate slots and then update the
window, or call the function 3d-translate.

3d-translate 3d-gob translate-z translate-y translate-z &optional cumulative-p

This function translates 3d-gob by translate-z, translate-y, translate-z. This function allows
the object to be translated in more than one direction, by executing only one statement.

B.6.2 Rotation

The slots :rotate-z, :rotate-y, and :rotate-z determine the amount of rotation. To rotate an
object the user can change the value in one of the rotate slots and then update the window,
or call the function 3d-rotate.

3d-rotate 3d-gob rotate-z rotate-y rotate-z &optional cumulative-p

This function rotates 3d-gob by rotate-z, rotate-y, rotate-z. Unless specified, objects are ro-
tated about their calculated center. The slots :rotate-center-z, :rotate-center-y, and :rotate-
center-z allows the user to rotate an object about a point other than the center of the
object. To force an object to be rotated again about its calculated center just set the slots
:rotate-center-z, :rotate-center-y, and :rotate-center-z back to nil.

B.6.3 Scale

The slots :scale-z, :scale-y, and :scale-z determine the amount to resize the object. To scale
an object the user can change the value of one of the scale slots and then update the window,
or call the function 8d-scale.

3d-scale 3d-gob scale-z scale-y scale-z &optional cumulative-p

This function scales 8d-gob by scale-z, scale-y, and scale-z.
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Figure B.13: The default viewing situation.
B.7 Viewing Parameters

Associated with each 3d-interactor-window is a set of viewing parameters. These param-
eters include projection type (:parallel-p), viewing reference point (:vrp), view plane nor-
mal (:vpn), view up vector (:vup), projection reference point (:prp), and the window size
(:window-size). Figure B.13 shows the default viewing situation. Altogether, these param-
eters determine the type of planar geometric projection being performed. They are used to
construct a normalizing transformation matrix which transforms 3D objects onto a 2D pro-
jection plane. 3D objects can only be displayed in a 3d-interactor window which is defined
as follows:

(create-instance ’3D-INTERACTOR-WINDOW inter:interactor-window
(:visible nil)
(:parallel-p nil)
(:vrp (0 0 75))
(:vpn ’(0 0 30))
(:vup ’(0 100))
(:prp ’(0 0 20))
(:window-size ’(-20 20 -20 20))
(:front-clipping-plane 1000)
(:back-clipping-plane -1000)
(:clip-p nil))

When the viewing parameters are changed, objects which have already been projected onto
the window are automatically redrawn using the new values.
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Figure B.14: A perspective vs parallel projection.

B.7.1 Parallel versus Perspective Projection

The slot :parallel-p determines the projection type. If :parallel-p is nil, then a perspective
projection is performed. In perspective projections the distance from the center of projection
to the view plane is finite. This type of projection is often the preferred method since it
comes closest to how the human eye perceives the real world. A perspective projection
preserves the property that further objects are smaller than closer objects.

When :parallel-p is true, then a parallel projection is performed. In parallel projections the
distance from the center of projection to the view plane is infinite. This type of projection
is called parallel because with the center of projection infinitely distant, the projectors are
parallel to each other. This type of projection is similar to how the sun casts a shadow onto
a wall. Figure B.14 illustrates the difference between the two major types of projections.

B.7.2 View Reference Point

The view plane is defined by a point on the plane called the view reference point VRP, and a
vector normal to the view plane called the view plane normal (VPN). The VRP is specified
in world coordinates.

B.7.3 View Plane Normal and View Up Vector

To define a window on the view plane, two orthogonal axes are needed. These two axes
form part of the viewing-reference coordinate (VRC) system. The VPN is normal to the
view plane and forms one axis. The VUP lies on the view plane and forms the second axis
of the VRC. The v axis of the VRC is defined such that the projection of the VUP onto
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Figure B.15: A house (a) before clipping, and (b) after clipping.

the view plane coincides with the v axis. Both the VPN and VUP are specified in world
coordinates.

B.7.4 Projection Reference Point

In a perspective projection, the Projection Reference Point (PRP) is the center of projection,
whereas, in a parallel projection, the direction of projection is from the PRP to the center
of the window. The PRP is specified in the viewing-reference coordinate (VRC) system.
Therefore as the VUP or VRP are moved, the position of the PRP relative to the VRP
does not change.

B.7.5 Window Size

The window resides on the view plane. Any part of an object that projects onto the view
plane outside this window is not displayed. The coordinates are ordered as follows: (u-min,
u-max, v-min, v-max). When the VUP coincides with the y axis and the VPN coincides
with the z axis, then the u coordinates specify the width and the v coordinates specify the
height of the window.

B.8 Clipping

Clipping is the process of determining those portions of primitives that lie inside the clip
region, or stated another way, it is the process of blocking out all portions of primitives
that lie outside the clip region. Clipping images can produce very interesting effects on 3D
objects. For example, clipping allows the user to see into a house as shown in Figure B.15.
The following three clipping slots are associated with each 3d-interactor-window.

:clip-p - indicates whether clipping occurs. The default value is nil.
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:front-clipping-plane - is parallel to the view plane and is normal to the VPN. This plane
is specified as a signed number, that indicates the relative distance from the VRP.
Positive distances are in the direction of the VPN.

:back-clipping-plane - is parallel to the view plane and is normal to the VPN. This plane
is specified as a signed number, that indicates the relative distance from the VRP.
Positive distances are in the direction of the VPN. Only when the front clipping plane
is greater than the back clipping plane are objects visible.

B.9 3D Constraints

Constraints provide a declarative means for expressing relationships among graphical prop-
erties and transformations of 3D objects. They can be used to keep objects rotated by the
same amount or to ensure that their filling styles are the same. High-level constraints have
been created to simplify expressing alignment relationships that depend on the position and
size of 3D objects.

These constraints are desirable for two reasons. First the parameters used to specify the
position and size of 3D objects vary from one object to the next. For example, the width of
a cube is specified using a width parameter while a cone uses a radius parameter. Similarly,
the exact position of a 3D object depends not only on the parameters (:z, :y, and :z), but
also on the type of object. For example, these parameters specify the back lower left corner
of a cube, whereas, they specify the center for a sphere. The second reason these high-level
constraints are advantageous is because 3D objects can be scaled. Scaling results in yet
another complication, to expressing a translation constraint, since an object’s size is really
a combination of both its specified dimensions and of any scale factors that has been applied.
For example, if an object’s width is 20 and its scale factor is 0.5 then its actual width is 10.
Hence, we must also consider the object’s scale parameters in order to correctly express a
translation relationship. The following function is called to create a high-level constraint.

3d-constraint object! slot object?
& key object8 attachl attach?2 attach3 offsetl offset2 offset3
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object1 3D graphical object
slot can be either :x, :y, or :z
object?2 3D graphical object

object3 3D graphical object

attachl specifies the attachment point on objectl.

attach? specifies the attachment point on object2.

attach3 specifies the attachment point on object3.

offset! indicates an additional amount of translation from the attached point of objectl.
offset? indicates an additional amount of translation from the attached point of object2.
offset? indicates an additional amount of translation from the attached point of object3.

To simplify the specification of 3d-constraints, the following abbreviations are used.

| X axis l Y axis ] Z axis
L - left T - top F - front
C - center C - center C - center
R - right B - bottom | B - back

For example, the following constraints specifies that the :z slot of objectl should be con-
strained to the left “L” side of object2.

3d-constraint objectl :x object2 :attach2 "L"

In this example only one attachment point was given. If no attached point is given, then
the :z slot of objectl would be constrained to the :z slot of object2. Likewise, the following
constraint specifies that the left side of objectl should be constrained to the ride side of
object2.

3d-constraint objectl :x object2 :attachl "L" :attach2 "R"

Constraints can also be expressed between three 3d-objects. For example, the following
constraint specifies that objectl should be constrained to the left side of object2 and to the
right side of object3.

3d-constraint objectl :x object2 :object3 object3 :attach2 "L"
:attach3 "“R"

B.10 3D Aggregates

Aggregate objects hold a collection of other graphical objects. The objects in an aggregate
are called its components and the aggregate is the parent of each component. Aggregates

207




allow objects to be grouped into a hierarchical structure. The 3D graphical objects can be
used as building blocks to create a higher level entity, which in turn can be used to create
an even higher level structure, and so on.

The 3D aggregates use relative positions while the Garnet 2D model uses absolute positions.
For example, an :z value of 25 means 25 coordinates from the start of the aggregate, whereas
in the 2D model it would mean an absolute screen position of 25 pixels.

(create-instance ’3d-agg opal:aggregadget

(:x 0)

(:y 0)

(:z 0)
(:rotate-x 0)
(:rotate-y 0)
(:rotate-z 0)
(:scale-x 1)
(:scale-y 1)
(:scale-z 1)
(:center-x 0)
(:center-y 0)
(:center-z 0))

B.10.1 Creating a 3D Aggregate

To illustrate how a 3D aggregate is constructed, we will create a 3d-agg with the name
cone-cube-agg. To this 3d-agg we will add the two objects my-cube and my-cone. The
objects will be displayed in a window called my-window.

e We must first create an instance of an opal:3d-agg.

(create-instance ’cone-cube-agg opal:3d-agg)

o The second step is to add the newly created 3d-agg to a higher level aggregate. If
the 3d-agg is the top level aggregate in the window, then it should be added to the
:aggregate slot as shown below:

(s-value my-window :aggregate cone-cube-agg)
Otherwise, the 3d-agg can be added to a pre-existing aggregate like:
(opal:add-component pre-existing-agg cone-cube-agg)
o If the objects where already added to another aggregate, say my-3d-agg, then they
must first be removed before adding them to the new 3d-agg.

(opal:remove-components my-3d-agg my-cube my-cone)
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o Next we add the objects to the aggregate.

(opal:add-components cone-cube-agg my-cube my-cone)

o Finally, we must update the window.

(opal:update my-window)

To simplify creating 3D aggregates, the programmer can use the following function:
(create-3d-agg parent-agg list-of-objects)

This function creates a 3D aggregate using the list-of-objects as components. This new
aggregate is added to parent-agg. The parameter parent-agg can be either a pre-existing
aggregate or a 3d-interactor-window. Using this function, the previous aggregate could have
been created as follows.

(setf cone-cube-agg (create-3d-agg my-window (list my-cone my-cube)))

B.10.2 Ungrouping the Objects in a 3D Aggregate

3D aggregates are used to group objects together. To ungroup the objects from a 3D
aggregate the following function should be called.

(ungroup-3d-agg Jd-aggregate)

This function removes all the components from this aggregate and adds them to the next
higher aggregate in the hierarchy. If 3d-aggregate is the top most aggregate in the window,
then no action is taken. Ungroup-3d-agg merges the aggregate transformations to the next
higher aggregate or to individual objects.

Using the example in the previous section, assume the aggregate cone-cube-agg was rotated
by 30 degrees before we decided to ungroup the objects in this aggregate. Now before cone-
cube-agg can be destroyed, both the cube and the cone must be rotated by an additional 30
degrees to maintain their previous appearance.

B.11 3D Interactors

Like 2D user interfaces, one of the most time consuming tasks of creating a highly interactive
3D user interface is handling the input. The input is usually asynchronous and may come
from the mouse, keyboard, or other input devices. Typically, 3D graphic packages have
provided little or no support for interaction with the user. Generally they send a stream of
low-level input events for a window to the application program. The application program
must then queue the events and process them sequentially. Some toolkits provide a facility
for selecting objects, but provide no support for interactive operations that create, move, or
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resize objects. Our 3D toolkit takes a drastically different approach based on the interactors
model used in Garnet. The interactors model encapsulates all the common interactive
behaviors in a user interface into a few basic object types (i.e., interactors). When an
event is received, it is mapped into one or more of these interactor objects. Each interactor
provides a number of parameters that allows its behavior to be customized, such as the
event it begins on, the set of objects it operates on, and the type of feedback it provides.

As with 2D interfaces, it appears that there are only a few fundamentally different types
of behaviors associated with 3D user interfaces. The major type of interactive behavior
is handling geometric transformations. Therefore, an interactor has been created for each
of the three basic types of geometric transformations (rotation, scaling, and translation).
Other interactors have been created to select 3D objects, reposition projected images, enter
new points, and create new 3D objects. Because of the commonly used 2D input devices
(like the mouse), the interactors do not operate in all three directions simultaneously since
ambiguous results might be obtained. To accommodate 2D input devices, the 3D interactors
operate along at most two dimensions at any given time. The six types of 3D interactors
are listed below.

e 3D-Move-Interactor
o 3D-Grow-Interactor

e 3D-Rotate-Interactor

o 3D-Selection-Interactor
e 3D-Reposition-Interactor
e 3D-Create-Interactor

The main reason interactors are so successful is that they provide a wide range of parameters
that allow the behaviors to be customized. For example, designers can specify how often an
object should be reprojected and redrawn as the interactor operates (e.g., continuously as
the mouse is moved across the window, or only when the stop-event occurs). Other parame-
ters can be used to specify a feedback-object, abort-events, stop-events, etc. Defaults values
are provided to simplify creating interactors. Shown below are two parameters common to
all 3D interactors.

:window - the window that the interactor operates on.

:start-where - where the mouse cursor should be for the interactor to start working.
The following parameter is common to all the transformation interactors.

:continuous-update - this slot controls how the objects are updated. When the :continuous-
update slot is true, the selected object are reprojected and redrawn continuously as
the mouse is moved across the window. In other words the object is continuously
reprojected and redrawn from the time the start-event is encountered and continues
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Figure B.16: Effect of using the 3D-move-interactor.

until the stop-event is reached. However, if the :continuous-update slot is false, then
the object is not reprojected or redrawn until the stop-event occurs. This slot has
been designed to accommodate the speed difference of various machines. On a slower
machine, the user would probably set this slot to false, because reprojecting an ob-
ject at each location as it is being dragged across the screen requires considerable
processing power.

B.11.1 3D-Move-Interactor

The 3D-move-interactor can be used to move objects in the x, y, and z directions. The
interactor translates objects so that their projected image lies under the cursor as shown
in Figure B.16. To accomplish this, the system must first calculate the difference between
the screen and world coordinates. This difference is calculated by 1) finding two world
coordinate points on opposite ends of the object to be translated; 2) projecting these two
3D world coordinate points to find their associated 2D screen coordinates; and 3) comput-
ing the difference between the world coordinate points and screen coordinate points. For
example, assume we were given the following world coordinates and their corresponding
screen coordinates in pixels.

world coordinates | screen coordinates
pointl (20, 20, 10) (100, 100)
point2 (120, 120, 10) (300, 250)

Given these values, we can now calculate that the x-difference is 2 and the y-difference is
1.5. Therefore, if the user moved an object 50 pixels to the right and 30 pixels toward the
bottom, the object would have to be translated by a positive 25 world coordinates in the x
direction and a negative 20 in the y direction. This interactor directly sets the :z, :y, and
:z parameters of the object that is being moved.! Below is an example specification of a

'When working with 3D-lines, the 3D-move-interactor and the 3D-grow interactor set the parameters
:zl1, :yl, :z1) and (:z2, :y2, :22).
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Figure B.17: Effect of using the 3D-grow-interactor.

3D-move-interactor.

(create-instance ’my-move-interactor inter:3d-move-interactor
(:start-where (list :element-of 3d-projection-agg))
(:window projection-window))

B.11.2 3D-Grow-Interactor

The 3D-grow-interactor can be used to resize objects in the x, y, and z directions. When
resizing an object, the interactor tries to accurately scale the object so that the object’s
projected image lies within the bounding box highlighted by the selection-handles as shown
in Figure B.17. To accomplish this, the difference between the screen and world coordinates
is first calculated as discussed in the 3D-move-interactor. The object is then scaled by
computing the difference between the original size of the bounding box and the new size of
the bounding box when the stop-event is reached.

Resizing an object can be slightly more difficult than moving an object, because it sometimes
requires not only scaling but also translation. For example, depending on which selection
handle is grabbed — zero, one, or two translations are required so that the position of
the object conforms to the position of the bounding box. For example, if the right middle
selection handle is grabbed then no translations are required. If the left middle selection
handle is grabbed then the object must also be translated in the x direction after being
scaled. Finally, if the lower left selection handle is grabbed, then the object must also be
translated in both the x and y directions after being scaled. This interactor may directly
set any of the following parameters of the object that is being resized: :z, :y, :z, :scale-z,
:scale-y, and :scale-z. Below is an example specification of a 3D-grow-interactor.

(create-instance ’'my-grow-interactor inter:3d-grow-interactor
(:start-vhere (list :element-of 3d-projection-agg))
(:window projection-window)

(:min-width 20))
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Figure B.18: Effect of using the 3D-rotate-interactor.

To prevent objects from becoming too small, the programmer can set the parameters :min-
width, :min-height, and :min-length. These parameters are expressed in pixel values. An
object cannot be resized so that its dimensions become less than these parameters.

B.11.3 3D-Rotate-Interactor

This interactor allows 3D objects to be rotated in either the x, y, or z direction. After
an object has been selected, moving the cursor around the center of the object, causes the
object to be rotated by an equivalent amount. Thus moving the cursor 30 degrees about
the object causes the object to be rotated by an additional 30 degrees. The slot direction
specifies the axis about which the rotation is performed. Acceptable values are :z, :y, and
:z. Figure B.18 shows this interactor in action, where the direction slot has been set to :2.
This interactor directly sets one of the following parameters :rotate-z, :rotate-y, or :rotate-z.
Below is an example specification for a 3D-rotate-interactor.

(create-instance ’my-rotate-interactor inter:3d-rotate-interactor
(:start-where (list :element-of 3d-projection-agg))
(:direction :2)

(:window projection-window))

B.11.4 3D-Selection-Interactor

The 3D-selection-interactor can be used to select one or more 3D objects. For clarity,
handles appear over selected objects. Clicking the mouse when it is not over an object will
de-select all objects. Sweeping out a rectangle with the left mouse button down will select
any object that is completely enclosed within the rectangle. Control-leftdown toggles the
object beneath the mouse between select and unselect. If an object was already selected,
control-leftdown will remove it from the list of selected objects, otherwise it will be added
to the list of selected objects.

The list of selected objects is stored in the parameter :selected-objects that is associated
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Figure B.19: Effect of using the 3D-reposition-interactor.

with the window. This parameter can be read by the programmer or another interactor at
any time. Below is an example specification for a 3D-selection-interactor.

(create-instance ’my-selection-inter inter:3d-selection-interactor
(:start-where (list :element-of 3d-projection-agg))
(:window projection-window))

B.11.5 3D-Reposition-Interactor

The 3D-reposition-interactor can be used to move projected images around on the screen
as shown in Figure B.19. A flag is set while the object is being repositioned so that the
object’s last projected image is maintained. This flag can later be reset to allow projec-
tions to be resumed. Interactive graphical tools can use this interactor to allow a user
to temporarily move objects around while editing the scene. The difference between the
3D-move-interactor and this interactor is that the 3D-move-interactor reprojects the ob-
ject, whereas this interactor moves the originally projected image. Below is an example
specification for a 3D-reposition-interactor.

(create-instance ’my-reposition-inter inter:3d-reposition-interactor
(:start-where (list :element-of 3d-projection-agg))
(:window projection-window))

B.11.6 3D-Create-Interactor

The 3D-create-interactor allows the user to interactively construct objects. Figure B.20
shows an example of this interactor in action. The interactor operates by the user selecting
a location on the screen. A 3D bounding box and a selection handle in the form of a
circle will then appear, with the corner diagonally opposite the selection handle positioned
at this location. From now on, this corner diagonally opposite the selection handle will
be referred to as the “origin”. The origin of the bounding box is fixed and cannot be
moved. The selection handle represents the value of the second screen location and it can
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Figure B.20: An example illustrating the 3D-create-interactor.

be moved. The bounding box is resized when the selection handle is moved, so that the
corner diagonally opposite the origin always coincides with the selection handle. Because
of the commonly used 2D input devices, like the mouse, two parameters indicate how the
selection handle can be resized.

The left mouse button allows the selection handle to be resized in the x and y directions.
The middle mouse button allows the selection handle to be resized in the z direction.

When the stop-event for the interactor is reached, a 3D object is created whose center lies
at the location specified by the parameters :z, :y, and :z. If any of these parameters are not
specified, they obtain their default value from the :vrp, since the :vrp is typically located
within the view volume. The user can then move the object to the desired location on the
screen. The type of object created is determined by the parameter :object that is associated
with the interactor. In Figure 6.11 the parameter :object was set to :cone.

An :azis-scale parameter is associated with this interactor that determines the ratio between
screen pixels and the calculated size of the bounding box. For example, assume the user
resizes the 3D bounding box so that its dimensions are 20 x 40 x 80. If the axis-scale
parameter is set to 1.5, and the :object slot is set to cube, then the interactor creates a cube
with the dimensions 30, 60, 120. However, if the axis-scale is set to 0.5, then the interactor
creates a cube with the dimensions 10, 20, 40.

There are two unique parameters associated with this interactor that the user can customize.
The first parameter is :add-objects-to-agg. This parameter can be changed to add 3D
objects to various aggregates in the window. The second parameter is :wire-frame-p. This
parameter can be changed so that created objects are rendered using either wire-frames or
are shaded. When an object is shaded it uses the default filling colors. Below is an example
specification for a 3D-create-interactor.

(create-instance ’my-create-interactor inter:3d-create-interactor
(:start-wvhere (list :element-of 3d-projection-agg))
(:add-object-to-agg 3d-projection-agg)

(:object cone)
(:window projection-window))
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Appendix C

3D Reference Manual: Direct
Manipulation Layer

The direct manipulation layer of the 3D toolkit provides an interactive graphical environ-
ment for creating 3D scenes. This layer allows the user to interactively display and transform
3D objects, perform clipping, create aggregate objects, modify the viewing parameters that
control the transformations of objects, and construct polyhedron objects. To support these
operations, the toolkit includes the following interactive editors:

e Scene Editor
e Polyhedron Editor
e Aggregate Editor

The interactive environment is implemented using the programming layer, thus is itself an
application of the 3D toolkit.

C.1 Scene Editor

The scene editor is used to create the final appearance of objects and aggregates in the
3D scene. This editor is composed of the following windows. The scene window allows the
user to interactively create objects and apply transformations to them. The scene control
window provides fine grain control over the entire 3D viewing process. The viewing param-
eter windows allow the user to interactively specify the 3D view volume that determines
how objects will be projected. The change center of rotation window allows the user to
interactively specify a new center of rotation for a 3D object or an aggregate. Each of these
windows is described in more detail in the following sections.
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Figure C.1: The scene window.

C.1.1 Scene Window

The scene window is primarily used for creating and positioning objects in the scene as
shown in Figure C.1. The position and appearance of objects in the scene window are
controlled by the various transformation options on the left side of this window. Objects
can be added to the scene window by selecting the appropriate icon located at the top of
this window. We will now examine the icons on the left side of the scene window in more
detail.

o Selection - allows the user to select objects from the scene-window. For clarity,
handles appear over selected objects. Clicking the mouse when it is not over an object
de-selects all objects. Sweeping out a rectangle with the left mouse button down selects
all objects that are completely enclosed within the rectangle. Control-leftdown toggles
the object beneath the mouse between select and unselect. If an object was already
selected, control-leftdown removes it from the list of selected objects, otherwise it
is added to the list of selected objects. The slot :selected-objects is stored in the
scene-window and contains a list of currently selected objects.

—=| XY Move - allows objects to be moved in either the x or y direction using the left
mouse button.
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Z Move - allows objects to be moved in the z direction using the left mouse button.

XY Resize - allows objects to be resized in either the x or y direction. A bounding
box and selection handles appear when the object is selected. To resize the object, the
user can drag one of the black boxes to the desired size. The interactor translates the
object’s world coordinates so that their projected image always lies under the cursor.
To prevent objects from being scaled to small, the user can set the parameters :min-
width and :min-height. These parameters are expressed in pixel values. An object
cannot be resized so that its dimensions become less than these parameters.

Z Resize - allows the user to resize objects in the z direction. A 3d bounding box
is drawn on the screen to give the user some feedback as to the extent of the resize.
To prevent objects from becoming too small, the programmer can set the parameter
:min-length. An object cannot be resized so that its dimensions become less than this
parameter.

Reposition - allows a user to temporarily move objects that are obscuring a portion
of the display they are editing. An object will remain at this temporary location
until the “project” method of the repositioned object is called. An object’s “project”
method can be called by directly manipulating the object using another interactor or
by declaratively changing the value of an interesting parameter.

X Rotate - allows objects to be rotated about the x axis. After an object has been
selected, moving the cursor around the center of the object causes the object to be
rotated by an equivalent amount.

Y Rotate - allows objects to be rotated about the y axis. After an object has been
selected, moving the cursor around the center of the object causes the object to be
rotated by an equivalent amount.

Z Rotate - allows objects to be rotated about the z axis. After an object has been
selected, moving the cursor around the center of the object causes the object to be
rotated by an equivalent amount.

Remove - deletes all currently selected objects.

When one of the following icons located at the top of this window is selected, the object
parameter of the 3D-create-interactor is set to that object. For example, if the icon re-
sembling a cone is selected, then the object parameter is set to “cone”. The user can then
interactively create various sized cones anywhere in the scene window. More specifically,

these icons function as follows:

7

Cube - sets the object parameter to cube.
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Plane - sets the object parameter to plane.

3D-line - sets the object parameter to 3D-line.

Cone - sets the object parameter to cone.

B 1> N (O

Fast Cone - sets the object parameter to cone and the fast-draw variable to true. See
Section 6.2 for a detailed description of the fast-draw objects. Cones, cylinders, and
spheres are the only objects that have associated fast-draw methods.

Cylinder - sets the object parameter to cylinder.

Fast Cylinder - sets the object parameter to cylinder and the fast-draw variable to
true.

Sphere - sets the object parameter to sphere.

Fast Sphere - sets the object parameter to sphere and the fast-draw variable to true.

Ol O] |3 O

Ellipsoid - sets the object parameter to ellipsoid.

By pressing the @ icon, the polyhedron editor will be displayed and the user can begin

constructing a polyhedron object. By pressing the @ icon, the aggregate editor will be
displayed and the user can begin constructing an aggregate object.

C.1.2 Scene Control Window

The scene control window (Figure C.2) provides fine grain control for the overall 3D view-
ing process, in contrast to the scene window which only allows approximate placement of
objects. For example, this window allows the user to precisely set the viewing parameters,
the clipping parameters, and apply transformations to objects. In the example scene shown
in Figure C.1, the scene control window was used to set the rendering mode to “wire-frame”
and the projection style to “perspective”. We now examine the features of the scene control
window in more detail.

C.1.2.1 Options

The top left corner of the scene control window contains several features that allow the user
to change the rendering mode, the projection type, and to write and read scenes to and
from files:

Stop - exits the 3D toolkit.
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Figure C.2: The scene control window.
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Wire-frame / Shade - specifies the rendering mode as either wire-frame or shaded. This
option only applies to the selected objects in the scene window and their components.
Changing the rendering mode of a selected 3D aggregate changes the rendering mode
for all its components. When the “Wire-frame” radio button is pressed, the slot :wire-
frame-p is set to true for all currently selected objects in the scene-window. When the
“Shade” button is pressed, the slot :wire-frame-p is set to nil for all currently selected
objects.

Parallel / Perspective - specifies the projection type as either parallel or perspective.
When the “Parallel” radio button is pressed, the slot :parallel-p is set to true in
the scene-window, whereas, when the “Perspective” button is selected, this slot is
set to nil. When the :parallel-p parameter is changed, all objects that have been
projected onto the scene-window are automatically redrawn using the new projection
type. Depending on the other parameters, changing the projection type may result
in the objects no longer being visible in the scene-window.

Help - provides general help on the 3D toolkit. Clicking the middle mouse button on any
text in the scene control window causes the scene control editor to display a helpful
message on the option or parameter selected.

Read from file - allows the user to read scenes from a file. A scene may consist of one or
more objects.

Save to file - saves all the objects in the scene window to a file. This feature uses the
Garnet save mechanism. Scenes that are saved using this feature are represented
using code from the programming layer, so the designer is free to modify the code in
any way desired.

C.1.2.2 Viewing Parameters

The viewing parameters can be changed declaratively by using the text boxes in this window
or interactively by pressing the “Direct Manipulation” button:

VRP - allows the user to change the value of the view reference point (:vrp) in the scene-
window. The VRP is specified using three world coordinates. The first coordinate
represents the x value, the second coordinate is the y value, and the third coordinate
specifies the z value.

VPN - allows the user to change the value of the view plane normal (:vpn) in the scene-
window. The VPN is also specified using three world coordinates. The first coordinate
represents the x value, the second coordinate is the y value, and the third coordinate
specifies the z value.
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VUP - allows the user to change the value of the view up vector (:vup) in the scene-window.
The VUP is specified using viewing-reference coordinates. The first coordinate repre-
sents the value of the u axis, and the second coordinate represents the value of the v
axis.

PRP - allows the user to change the value of the projection reference point (:prp) in the
scene-window. The PRP is also specified using viewing-reference coordinates. The
first coordinate represents the value of the u axis, the second coordinate represents
the value of the v axis, and the third coordinate is the n axis.

Window - allows the user to change the value of the window size (:window-size) in the
scene-window. This window resides on the view plane. Any part of an object that
projects onto the view plane outside this window is not displayed. Four coordinates are
required to specify the window size. The coordinates are ordered as follows: (u-min,
u-max, v-min, v-max).

Reset - resets the viewing parameters back to their default values. The default values are:

VRP (15 0 75)
VPN (0 0 30)

VUP (0 100)

PRP (0 0 20)
Window Size (-10 30 -20 20)

Direct Manipulation - allows the user to interactively modifying the viewing parameters
using pictorial diagrams rather than the text boxes shown in Figure C.2. The windows
that appear when the “Direct Manipulation” button is pressed are listed below.

Viewing Control Window - specifies the axis scale to be used and allows the user to
terminate the direct manipulation of these parameters.

View Plane Window - allows the user to modify the view reference point and the
view plane normal that together define the view plane.

Viewing Reference Window - allows the user to directly modify the view up vector
and the window size. Together these two pieces of information create the viewing
reference coordinate (VRC) system.

Perspective Reference Point Window - allows the user to interactively change the

perspective reference point.

The view reference point, view plane normal, and projection reference point are speci-
fied using 3D points. Because of the commonly used 2D input devices (like the mouse}),
two different mouse buttons are used to change the values of these parameters. Oth-
erwise ambiguous results might be obtained. The left mouse button is used to change
these parameters in the x and y directions, and the middle mouse button is used to
change these parameters in the z direction.
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Figure C.3: The viewing control window.

Viewing Control Window This window allows the user to specify an axis scale
that is used while interactively modifying the viewing parameters as shown in Figure
C.3. The axis scale parameter determines the ratio between screen and world coor-
dinates when interactively modifying the following parameters: view reference point,
view plane normal, view up vector, perspective reference point, and window size. As
an example, if axis-scale is set to 1.5 and the perspective reference point (PRP) is
moved 100 screen pixels to the right, this would result in the x-value for the PRP
being increased by 150 world coordinates. However, if the axis-scale is set to 0.5 and
the PRP is moved 100 screen pixels to the right, this would result in the x-value for
the PRP being increased by only 50 world coordinates. Thus the axis-scale parameter
controls the granularity of changes caused by moving a point with the mouse.

This window also contains the option “Stop Direct Manipulation” that terminates the
direct manipulation of the viewing parameters. Pressing this option removes all four
viewing parameter windows from the screen.

View Plane Window This window allows the user to change the values of the
view reference point and view plane normal as shown in Figure C.4. The shaded
plane denotes the orientation of the view plane. To move the VRP in the x or y
direction, click the left mouse button over the VRP circle, and while held down move
it to the desired position. To move the VRP in the z direction, perform these same
steps using the middle mouse button. The right mouse button acts like a 3-way toggle
switch for the VRP. When pressed once over the VRP circle, a 3d bounding box will
be displayed showing the x, y, and z values for the VRP. If clicked a second time, only
axis indicators will be visible and the 3d-bounding box will disappear. Finally, when
pressed a third time, both the 3d bounding box and axis indicators will disappear.

To move the VPN in the x or y direction, click the left mouse button over the VPN
circle, and while held down move it to the desired position. To move the VPN in
the z direction do the same with the middle mouse button. The right mouse button
acts like a 3-way toggle switch for the VPN. When pressed once over the VPN circle,
a 3d bounding box will be displayed showing the x, y, and z values for the VPN. If
clicked a second time, only axis indicators will be visible and the 3d-bounding box
will disappear. Finally, when pressed a third time, both the 3d bounding box and
axis indicators will disappear.

Pressing control-left down over the origin of the vrp-and-vpn-window allows the user
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Figure C.4: The view plane window.

to toggle between displaying and not displaying the world coordinate axes. Pressing
control-left down over the VRP circle allows the user to toggle between displaying
and not displaying the modified world coordinate axes. Control-middle-down over the
VRP circle allows the user to toggle the view-plane-window between visible and not
visible.

Viewing Reference Window. This window allows the user to change the window
size and the direction of the view up vector as shown in Figure C.5. The origin of the
viewing reference window is the view reference point (VRP). The window size can be
interactively changed by selecting the window with the left mouse button. When this
happens, resize and selection handles appear around the perimeter of the window.
The user can then resize the window by dragging one of the resize handles, or move
the window by dragging one of the selection handles.

The direction of the view up vector can be changed by grabbing the end of the vector
labeled VUP and dragging it to the desired position. When the mouse button is
released, the window will be redrawn in accordance with the new VUP. Figure C.6
illustrates how the rotation of the window coincides with the VUP. Although, the u
vector cannot be selected, it will always remain at a 90 degree angle with the VUP. The
variables 3dim:min-view-plane-width and 8dim:min-view-plane-height may be changed
to control how small the view-plane-window may become. Their default value is 10.
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Viewing Reference Window

vup A

Figure C.5: The viewing reference window (shaded rectangle) and the two vectors that
define its coordinate system.

Viewing Reference Window

vup

9

Figure C.6: The VUP vector has been rotated 45 degrees counter clockwise about the
VRP. Consequently, the window is also rotated by the same amount so that its orientation

matches the VUP.
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Perspective Reference Point Window
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Figure C.7: The perspective reference point window.

Perspective Reference Point Window This window allows the user to change
the value of the projection reference point (PRP) as shown in Figure C.7. The PRP
is defined relative to the 3D viewing reference coordinate (VRC) system. The origin
of the VRC system is the VRP. The n axis is the VPN vector.

To move the PRP in the x or y direction, click the left mouse button over the PRP
circle, and while held down move it to the desired position. To move the PRP in the
z direction do the same with the middle mouse button. The right mouse button acts
like a 3-way toggle switch. When pressed once over the PRP circle, a 3d bounding box
will be displayed showing the values for the VUP, U, and N axes. If clicked a second
time, only axis indicators will be visible and the 3d-bounding box will disappear.
Finally, when clicked a third time, both the 3d bounding box and axis indicators will
disappear.

C.1.2.3 'Transformations

The transformation boxes display the current transformation parameters for the selected
object and provide an alternative way to modify the parameters (i.e., they provide finer
grain control than the interactors in the scene window). If the user changes the values in
one of these boxes, then these transformations are applied to all currently selected objects
in the scene window.
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C.1.2.4 Rotate Box

Displays the current rotation values for the object selected. If the values in this box are
changed, then all currently selected objects in the scene-window are rotated by these new
values.

C.1.2.5 Scale

Displays the current scale values for the object selected. If the values in this box are
changed, then all currently selected objects in the scene-window are scaled by these new
values.

C.1.2.6 Translate

Displays the current translation values for the object selected. If the values in this box are
changed, then all currently selected objects in the scene-window are translated by these
new values.

Change Center of Rotation Window This window allows the user to interactively
specify a new center of rotation for either a 3D object or a 3D aggregate. The center of
rotation can be specified to lie within the object, within another object, or about the origin.
The rotation values can be specified by using sliders or by selecting one of three predefined
options as shown in Figure C.8:

Sliders - can be used when the desired center of rotation is within the object or aggregate.
A different slider has been created for each axis. The value of a slider represents a
percentage of the object. For example, to rotate an object about its own center the
sliders should all be set at 50. Similarly, to rotate an object about its smallest x
coordinate the “X Axis” slider should be set to 0.

Use Calculated Center - rotates the selected object about its center. Selecting this
option sets the x, y, and z axis sliders to 50.

Rotate About Another Object - allows an object to be rotated about a different object.
This other object is selected after choosing this option.

Rotate About Origin - rotates the object about the origin (0, 0, 0) of its aggregate.
C.1.2.7 Demos

The options in this section allow the user to apply some pre-defined demo transformations
to the objects in the scene window. These demos are designed to assist in developing a 3D
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Figure C.8: The change center of rotation window allows the user to interactively specify a
new center of rotation for either a 3D object or a 3D aggregate.

scene, by giving the user a quick idea of how the objects might appear at different angles,
sizes, and locations. After the demo transformations have been applied, the objects are
returned to their original transformation values.

Speed - ceases execution of the specified demo for n seconds of real time between oper-
ations, where n can be a fractional number. This option applies for all three of the
demos listed below.

Rotation Demo - rotates all currently selected object(s) 360 degrees about the x axis, then
the y axis, and finally the z axis. The box labeled “Angle Increment” determines the
angle between successive rotations along each axis. For example, if “Angle Increment”
equals 1 then the selected objects are rotated 360 times in each of the x, y, and z
directions. If “Angle Increment” equals 10, then the selected objects are rotated 36
times about each axis. In this latter case, the objects would be rotated by the angles:
10, 20, 30, ... 340, 350, 360.

Scale Demo - scales all selected object(s) in the x, y, and z directions by some pre-defined
values.

Translate Demo - translates all selected object(s) in the x, y, and z directions by some
pre-defined values.

228



Polyhedron Window

Figure C.9: The polyhedron window.

C.1.2.8 Clipping

The options in this section allow the user to determine which portion of objects to display.
When clipping is turned on, the text box labeled “Front clipping plane” specifies the front
clipping plane, and the text box labeled “Back clipping plane” specifies the back clipping
plane.

C.2 Polyhedron Editor

The polyhedron editor (Figures C.9 and C.10) allows the user to quickly and interactively
create polyhedron objects. The constructed object can be rotated, scaled, and translated
just like all the predefined 3D objects. The user is completely freed of having to specify
points, and then defining how the points should be connected to form a surface. The user
instead interactively creates surfaces and then directly moves them in either the xy, or
z direction. To begin creating a polyhedron object select the “P” icon from either the
scene-control-window or the aggregate-window.

Points in the polyhedron window correspond to world coordinate points. The house and
the body of the car shown in Figure C.1 were created using these windows. To construct
the car body the user performed the following actions:

1. Selected the “polyline creator” |vj from the polyhedron control window (Figure C.10)
and traced out the shape of the side of a car in the polyhedron window (Figure C.9).
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Figure C.10: The polyhedron control window.

2. Pressed the “copy” (2l option to create an instance of this side.
3. Used the “z move” L£] option to move this instance in the z direction.

4. Used the “connect points” B option to connect the two sides.

Figure C.9 shows the car after both sides and the top have been created. The user added
this object to the aggregate window by selecting the option “Add polyhedron to aggregate-
window”. By pressing either the button “Create New Filling Color” or “Create New Line
Color” the visual color editor shown in Figure C.11 is displayed. We will now examine the
features of this editor in more detail.

a Selection - allows the user to select objects from the polyhedron window. Selection
handles appear over selected objects. Clicking the mouse when it is not over an
object will de-select all objects. A button-down-drag-button-up movement will create
a bounding box that selects any objects that the bounding box completely encloses.
When objects overlap, this interactor will select that object which was created last.
Control-leftdown toggles the object beneath the mouse between select and unselect. If
an object was already selected, control-leftdown will remove it from the list of selected
objects, otherwise it will add it to the list of selected objects.

Remove - deletes all objects that are currently selected.

s

Copy - makes a copy of all objects that are currently selected.
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Figure C.11: The visual color editor allows the user to interactively create new colors with
which to shade objects and lines. Colors can be selected either by choosing one of the colors
in the menu on the left or by manipulating the three sliders on the right. The color box at

the top provides feedback showing the selected color.
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Polyline creator - creates a polyline. When the “grid” option is turned on, the
points will be snapped to the grid. The polyline creator works as follows. When the
user presses down the left mouse button the first point of the polyline is produced.
Subsequent line segments are produced every time the button is pressed down. Feed-
back will be shown as the polyline is being created. The polyline is terminated by
pressing any button other than the left one. The polyline creator sets the :z slot of
the newly created polyline to 0. The polyline can later be moved in the xy-direction
using the “XY Move” option, or in the z-direction using the “Z Move” option.

Rectangle creator - creates a rectangle with the :z slot set to 0. The rectangle can
later be moved in the xy-direction using the “XY Move” option, or in the z-direction
using the “Z Move” option.

Connect Points - connects points that have been specified using the polyline or
rectangle creators. The connect-points option can create a surface composed of co-
ordinates with different z values. For example, if constructing a house: the “polyline
creator” could be use to build the front of the house. The “Copy” option could then
be used to produce the back. Finally, the “connect points” feature could be used to
create the sides of the house.

XY Move - allows object(s) to be moved in the xy direction. The box labeled
“Distance” following this option indicates the current xy value of the object. If several
objects have been selected, this box indicates the xy value of the object under the
mouse. This option aligns the objects to grids when gravity is specified.

Z Move - allows object(s) to be moved in the z direction. The box labeled “Distance”
following this option indicates the current z value of the object. If several objects have
been selected, this box indicates the z value of the object under the mouse. This option
aligns the objects to grids when gravity is specified.

Grid - lays down a grid in the polyhedron window. The X and Y axes of this window
will always lie on the grid. The box labeled “Width” specifies the distance between
grid markers in pixels. Objects can be forced to align to the grid by selecting the
gravity option described next.

Gravity - snaps all objects to grid markers as they are moved or created. If the grid
width is changed, previously created objects are aligned to the grid as best as possible
as they are moved.

Color - turns on and off the filling style for objects. This option is needed because
surfaces created with a non-nil filling-style would cover-up previously created surfaces.
Finding the end points of the covered surfaces would then be difficult. For example,
suppose we wish to construct a cube. Assume the user first created a back surface
and then created a front surface with a non-nil filling-style. In this case creating the
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sides would now be difficult because the user could not see the back surface. Because
of this problem the color option was created and behaves as follows.

When the color feature is turned off, the filling-style for all objects is set to nil. When
this happens only a wire-frame rendering of the objects is visible. If the filling style
for an object is changed when the “Color” option is off, then the new filling style will
remain visible for 2 seconds for the user to view the new change. At the end of 2
seconds, the filling-style for the object will return to nil. When the color feature is
turned on, the filling-style for all objects is displayed. Note that using the options
“Send to back” and “Bring to front” can help solve this problem too.

Filling Style - creates a pull-down menu of pre-defined colors. All currently selected
objects are redrawn using the new color as their filling-style.

Line Style - creates a pull-down menu of pre-defined colors. All currently selected objects
are redrawn using the new color as their line-style.

Create New Filling Color - creates a color window as shown in Figure C.11. All
currently selected objects are redrawn using the new color as their filling-style.

Create New Line Color - creates a color window as shown in Figure C.11. All currently
selected objects are redrawn using the new color as their line-style.

Stop Polyhedron Construction - destroys the polyhedron-window and the polyhedron-
control-window.

Create 3D GOB - converts the Garnet objects (i.e. polylines) to a 3d polyhedron. Using
the labeled box “Name:” the polyhedron can be given a name. The name feature can
facilitate inspecting and debugging objects.

Add polyhedron to Scene-Window - adds the object in the polyhedron-window to the
scene-window. As the object is being added, it can be scaled using the box labeled
Scale following this option. It is usually easier to construct larger objects and then
scale them down.

Add polyhedron to Aggregate-Window - adds the object in the polyhedron-window
to the aggregate-window. As the object is being added, it can be scaled using the box
labeled Scale following this option.

File I/O - allows the user to read and write object to and from files. When pressed, a
window will appear to allow the user to specify the pathname of the file.

Send to Back/Bring to Front - determines the ordering of the objects. This option
is useful when determining the filling style and when drawing a plane on a plane. If
two overlapping sides of an object lie on the same plane, the 3D shading algorithm
places the last created object on top. For example, when constructing a window on
the side of a house, the side should be drawn first and then the window. This will
result in the window being on top. However, if the window was drawn first, then the
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Figure C.12: The aggregate window.

side would cover the window. This problem could be corrected in one of two ways.
The first option would be to select the side of the house and then press Send to back.
The second possibility would be to select the window and then invoke Bring to front.

Send to back - moves the selected object(s) to the back of the aggregate. The object(s)
are then drawn first, and possibly covered by other objects. When multiple objects
are selected, the ordering among them is random, however they are all drawn before
any object that was not selected.

Bring to front - moves the selected object(s) to the front of the aggregate. The object(s)
are then drawn last and thus will not be covered by objects drawn earlier. When
multiple objects are selected, the ordering among them is random, however they are
all drawn after any object that was not selected.

C.3 Aggregate Editor

The aggregate editor (Figures C.12 and Figure C.13) allows the user to interactively create
3D aggregates. This editor has the same interface as the scene editor, but it has a somewhat
different purpose. The purpose of this editor is to lay out the components of an aggregate,
whereas the purpose of the scene editor is to lay out the components of a scene. Figure C.12
illustrates the car shown in Figure C.1 being constructed. The body of the car was created
in the polyhedron window (Figure C.9) and then added to this window. The wheels are just
cylinders that were created by selecting the cylinder icon located at the top of this window.
The cylinders were then rotated, translated, and scaled using the interactive options on the
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Aggregate Control Window
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Figure C.13: The aggregate control window. The transformation options in this window
apply to the individual components rather than the entire aggregate. The option “Add
Aggregate to Scene-Window” creates an instance of the aggregate used in this window
and adds it to the scene window. The user can then apply transformations to the entire
aggregate once it has been added to the scene window.
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left side of this window.

The trees, windmill, and fence shown in the scene window are also aggregate objects created
using this window. The trees are composed of a cone on top of a cylinder. The windmill is
constructed from four planes, one sphere, and one cylinder. Finally, the fence is constructed
by creating four instances of a section of the fence. Each section of the fence (two post and
two cross beams) was created from four cubes. More than one instance of an aggregate
can be added to the scene window by repeatedly pressing the option “Add Aggregate to
Scene-Window.”

The aggregate control window is shown in Figure C.13. The options found in this window are
similar to those options found in the scene control window with an additional feature “Add
Aggregate to Scene-Window” that creates an instance of the 3D aggregate in the aggregate
window and adds this aggregate to the scene window. The objects in the aggregate window
represent the components of the newly created aggregate in the scene window. After the 3D
aggregate has been created in the scene window, any transformations to the objects in the
aggregate window are reflected in the scene window. This allows the lay out of aggregates
to be altered even after they have been added to the scene window. The scene window only
allows alterations to the top-level objects. If objects are deleted from the aggregate window,
these same objects will automatically be deleted from any instance of this aggregate that
has been added to the scene window. However, if new objects are added to the aggregate
window, these objects will not automatically be added to any instance of this aggregate in
the scene window. Instead, the user must create a new instance of this aggregate and add
it to the scene window by again using the feature “Add Aggregate to Scene-Window”.
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Appendix D

Software Development Process
and Testing

D.1 Introduction

This section discusses the software development process and testing methods that were used
in both the 3D toolkit and the extensions to the conventional spreadsheet model. The first
two steps of the recommended software development process [Shooman 83] were combined
as illustrated in Figure D.1. Hence, we will use the term “specifications” to refer to both

the requirements and the specifications.
D.2 Specifications and Design

Specifications were written for all elements of the programming layer of the 3D toolkit. This
included specifications for the seven interactors, the 3D objects and aggregates, the integra-
tion of constraints, the shading model, etc. The specifications consisted of combinations of
the following: algorithms (including proofs of correctness), grammars, equations, and En-
glish descriptions that described what was to be done and how it was to be accomplished.
As an example, a partial specification of a 3D polyhedron object is shown in Figure D.2.

Specifications were not as formally written for the direct manipulation layer of the toolkit.
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Specifications

Requirements &
Specifications

Programs
(a) (b)

Figure D.1: A diagram illustrating the recommended development process (a) described in
Shooman [Shooman 83]. The software development process that we used (b).

points = (point*)
point = ([label] x y z)

sides = (side*)
side = ([label] point-list [filling-style] [line-style])
point-list = (point-indicator*)
point-indicator = integer | label

The parenthesis indicate a list.

Figure D.2: The specification of a 3D polyhedron included this grammar that was used to
describe the acceptable values for the points and sides of a polyhedron.
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However, formal specifications were written for the multi-output, structural, and multi-way

constraints.

All the design documentation was written in a pseudo-code notation using a top-down
strategy. Examples of the design representation are shown in sections 4.2 - 4.4 on constraint

solving. The specifications and design were verified using walk throughs.

D.3 Testing

The code was tested using a combination of the following four methods:

Code reading - this included hand execution and desk checking of many of the more

difficult routines.

e Machine testing - many of the modules were tested to make sure that for some given

input, valid output was computed.

e Classroom testing - the 3D toolkit was used and tested in an upper level undergraduate

computer science course in graphics at the University of Tennessee.

e Regression tests - after each modification to the constraint algorithms over 100 re-

gression tests were performed on the extended constraints.
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