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Abstract

Dataflow constraints allow programmers to specify relationships among application objects in a natural,

declarative manner. Most constraint solvers represent these dataflow relationships as directed edges in

a dependency graph. Unfortunately, dependency graphs require a great deal of storage. Consequently,

an application with a large number of constraints can get pushed into virtual memory and performance

degrades in interactive applications. The solution presented here is based on the observation that objects

derived from the same prototype use the same constraints and thus have the same dependency graphs. The

common dependency patterns are represented in a model dependency graph that is stored in a prototype.

Instance objects may derive explicit dependencies from this graph when the dependencies are needed.

Model dependencies provide a useful new mechanism for improving the storage efficiency of dataflow

constraint systems, especially when a large number of constrained objects must be managed.
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Chapter 1

Introduction

Direct manipulation interfaces play an important role in modem software systems. These interfaces permit

a user to interact with underlying application objects by manipulating graphical objects on the screen. For

example, computer-aided design (CAD) software enables engineers to build and test designs for electronic

and mechanical devices by assembling visual components on a computer screen. Multiple views of these

simulated devices highlight different properties that can be used to evaluate the overall design. As another

example, the enormous amount of data generated by some scientific experiments and large simulations can

be overwhelming. Interactive visualization software allows researchers to analyze the data more quickly

by graphically representing multiple views that display various aspects or interpretations of the data. These

types of highly interactive, direct manipulation interfaces make powerful, complex software easier to use

by nonprogrammers. For software developers, however, these graphical interfaces are difficult to imple

ment because the program code required to keep multiple views consistent with the application's objects is

tedious to write and maintain. As applications become more ambitious, software techniques that ease this

development process become increasingly valuable.

Dataflow constraints have proven to be one such technique. A dataflow constraint (also called a one-way

or a spreadsheet-style constraint) is an equation of the form v = f{p\,... ,pn). where the function on the
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right hand side is re-evaluated each time one of its arguments changes, and the result is assigned to the left

hand side variable. Dataflow constraints allow programmers to specify relationships among programming

objects in a natural manner. For example, in a graphical interface they can be used to center a label within

a textbox or to keep the size of a bar in a histogram consistent with a piece of data in an application. In

a syntax-directed editor they can be used to specify type checking rules or to determine whether or not a

variable has been declared. In object systems, dataflow constraints are attached to instance variables and

used to compute the values of these variables. Constraints are especially useful in object systems since they

can be written once, installed in a prototypical object, and then inherited by all instances derived from that

prototype.

Without constraints, programmers must explicitly write bookkeeping code to maintain the relationships

among programming objects. This process is tedious as the required code tends to be dispersed throughout

the program. For example, in order to keep a label centered in a box, the box must have some code that

notifies the label whenever the box is moved. Similarly the label must have some code that notifies the box

if the label is destroyed, so that the box can remove the label from its notification list. The non-constraint

approach is also inherently non-modular because the responsibility for maintaining a relationship is spread

among several objects (for example, the box and the label). Consequently, the code is more difficult to

develop and maintain. Constraints simplify this process because:

• A constraint solver assumes the tedious bookkeeping task of maintaining the relationships. None of

the objects participating in the relationship needs to contain code for maintaining the relationship.

• A relationship is declared in only one place, in the object that desires the relationship. This approach

is more modular because only the object that desires the relationship knows about it. The objects on

which the constraint depends do not need to know about the relationship or alter their code in any

way to maintain the relationship.

This declarative nature of constraints makes the development of highly interactive graphical interfaces

easier for the applications programmer. As a result, constraints are increasingly being integrated into
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drawing packages and interface development toolkits [29, 30, 15, 14, 19, 18, 19, 40], circuits [1], spread

sheets [27, 20], and programming environments [31].

Despite their facility and usefulness, constraints are not widely used by commercial software develop

ers. Studies of at least two interface development toolkits. Garnet [29] and Amulet [30], have shown that

constraints can exact a significant storage toll on programs [43]. Ultimately the execution times of pro

grams managing a large number of constrained objects suffer since virtual memory must be used to meet

their storage demands.

One reason constraints require so much storage is that most dataflow constraint systems explicitly rep

resent the relationships among variables and constraints by maintaining a dependency graph, or constraint

graph (see Section 2). The edges in these graphs can consume a considerable amount of storage. The

solution to the dependency problem presented here is based on the observation that objects that use the

same constraints have the same dependency graph. Consequently, one can store a pattern of a constraint

subgraph, a model dependency graph, in a common place and then use the pattern to derive explicit de

pendencies on demand. Since thousands of objects may be created from the same prototypical object, the

storage savings can be considerable. Our experiments show that over 75% of the explicit dependencies in

most applications can be eliminated with model dependencies (see Chapter 6).

Although a model dependency will be slower to follow than an explicit dependency, the tradeoff of time

for space is a good one since typically the number of dependencies affected per object changed is small [43],

and the time spent traversing dependencies is a tiny fraction of the time required to execute an operation

(the redisplay time dominates the cost of executing an operation in constrained applications [14, 38]). Also,

as the number of explicit dependencies becomes very large, the access to virtual memory required for their

storage can significantly degrade a program's performance, thereby swinging the performance advantage to

model dependencies.

The remainder of this dissertation is organized as follows. Chapter 2 presents some background ma

terial on composite objects, dataflow constraints, and the prototype-instance model. Chapter 3 introduces
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the basic model dependency paradigm that addresses the dependency storage problem of dataflow con

straints. Chapter 4 describes how the model dependency solution was implemented. Extensions to the

basic scheme are covered in Chapter 5. Chapter 6 evaluates the effects of model dependencies and analyzes

how effectively they reduce the number of explicit dependencies, and Chapter 7 reviews related research

in constraints and constraint optimization. Chapter 8 discusses directions for future work motivated by our

experience and concludes.



Chapter 2

Background

This chapter describes the key concepts used in this dissertation, including composite objects, constraints,

and the prototype-instance model.

2.1 Composite Objects

The constraints described in this dissertation are implemented in the context of composite objects. An

object is a collection of related data organized into named attributes, also called instance variables. The

values of an object's attributes define the object's state. In general an object's state is examined and/or

modified via methods. Methods are procedures that operate on the object's instance variables.

In this dissertation two distinct kinds of objects are mentioned. Of primary interest are application

objects, the objects created and manipulated by applications programmers. The labeled box of Figure 2.1 (a)

represents a typical application object. An attribute of an application object is called a slot. The other kind

of object is an implementation object. A system implementer uses lower-level implementation objects to

build the infrastructure upon which higher-level application objects can be used. Implementation objects

are used in the algorithms found in later sections. To better distinguish between the two kinds of objects,

an attribute of an implementation object is called a field. The main distinction between the two kinds
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(a) A labeled box (b) The labeled box composition diagram

Figure 2.1: A labeled box object (a) and its structural components (b)
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of objects is that slots of application objects can be constrained, but fields of implementation objects are

simply standard data. As will be seen, a slot has a more sophisticated role than simply storing data. The

term object, when used by itself, will refer to an application object.

A composite object is an application object made up of parts consisting of other application objects

[12]. For example. Figure 2.1 (a) illustrates a simple composite object, a labeled box consisting of a text

string enclosed within a rectangle.

Each component of the labeled box has left, top, width, and height slots. The label part also has

a text string and font slots. The labeled box has named pointers to its children (frame and label) and

the children have named pointers to their parent (parent). (See Figure 2.1 (b).) These pointers allow the

labeled box to access slots in its parts and the parts to access slots in their parent and in their siblings. The

terms child, part, and component are synonymous; likewise, the terms parent and owner are often used

interchangeably. Parts that have a common parent are called siblings.

The "dot" notation is often used to reference slots and components of an application object. For exam

ple, if box is a labeled box object, then box. frame refers to its frame component, box. left refers to the

box's left slot, and box. frame, left refers to the left slot of the box's frame part. The dot notation is

also used for method calls; for example, obj. draw () calls the draw () method for object obj. Methods are

distinguished from slots by trailing parentheses; in an actual call the parentheses may contain parameters.

The same dot notation is used in the algorithms to reference fields and methods of implementation objects.

Composite objects are useful in large applications since their hierarchical structure allows programmers

to build sophisticated components with much of the details of their implementation, such as which parts

they are composed of, hidden from the application. Messages (that is, method calls) directed to a compos

ite object can be delegated to subcomponents as necessary. Composite objects are therefore valuable for

representing real world objects in applications such as simulations and components in graphical interfaces.
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2.2 Constraints

Definition. A one-way dataflow constraint is a formula in which the value of the variable on the left side

is determined by the value of the expression on the right side. For example, the frame of the labeled box in

Figure 2.1 should be slightly larger than the text label, and the label should be centered within the frame.

Figure 2.2 (a) shows the constraints that specify these relationships.

More formally, a one-way constraint is a formula of the form

V = Cipo,puP2,---,Pn)

where C is an arbitrary function, po through p„ are the parameters to this function, and v is the variable

to which the function's result is assigned, v, po> Pi, • • •, Pn are all slots of one or more objects. If the value

of any /?,• is changed during the program's execution, v's value is automatically recomputed. Note that

V has no reciprocal influence on any p, as far as this constraint is concerned; hence, it is one-way. For

example, if labeled box's left slot is modified, then the value of label' s left slot will be automatically

recomputed, but label. left has no influence on the labeled box object's left slot (hence the data flow is

in one direction only).

Since only one variable may appear on the left side of the equation, these constraints are single-output

formulas. Multi-way, multi-output constraint systems are briefly described in Section 7.1. Unless otherwise

noted, the term constraint as used in this dissertation refers to a one-way dataflow constraint.

Dependency Graphs. The network of slots and constraint implementation objects and their associated

relationships form a bipartite dependency graph, or constraint graph. The vertices of a dependency graph

are constraints and slots. A slot s has a directed edge to a constraint if the constraint uses r as a parameter.

This constraint is called a dependency of s. A constraint has a directed edge to a slot if the constraint

computes that slot's value. Since only single-output constraints are being considered here each constraint

vertex in the graph has exactly one outgoing edge. Many systems also maintain backward edges that

point from constraints to their input slots. These backward edges allow dependencies to be removed if a

constraint is deleted. Finally, the set of slots that provide input to a constraint are known as parameters to
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label:

--Width depends on the label's text string and the display font

C] self.width = self.compute_width(self.text,
self.font)

—Label is centered horizontally within its owner

Q  self.left = self.parent.left
+ self.parent.width/2
- self.width/2

frame:

-Frame is slightly wider than the label it encloses

C3 self.width = self.parent.label.width + 10

Labeled_Box

/
label

left
\

width

frame

parent

width

label

parent

left

width

text

font

(a) Constraint equations (b) Constraint graph

Figure 2.2: Labeled box constraint equations and constraint graph. Here formulas controlling the hori
zontal layout are shown. The corresponding vertical formulas defining the top and height slots of the
various objects are omitted. Notice that constraint C2 requires a dependency from label. parent since the
label.parent slot must be accessed to read label.parent.width. This means that C2 will be recom
puted if the label's parent changes (that is, the label part is removed and then added to a new composite
object). Similarly, frame. parent affects C3 since if the frame's parent changes, the frame must recompute
its width from information in its new sibling. Labeled.Box. label also influences C3 since if the labeled
box replaces its label child, C3 must be notified so frame .width can be recomputed.
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that constraint. Figure 2.2 (b) shows the constraint graph for the labeled box equations in Figure 2.2 (a)

(backpointers are omitted).

Code Associated with Constraints. In order for a constraint to compute its result, executable code is

associated with each constraint object. Figure 2.3 shows a function, written in C++, that might be used to

compute constraint C2 from Figure 2.2. Notice that since the constraint code is implemented as a function,

the same code can be used by different constraint objects in different contexts. For example, this function

can be used to center any child within its parent.

Constraint Satisfaction. In this dissertation a mark-sweep algorithm is used for constraint satisfaction.

A mark-sweep algorithm has two phases:

1. a mark phase in which all constraints that depend on a changed slot are marked invalid, and

2. a sweep phase in which constraints are brought up to date by evaluating their formulas [8,31,16,40].

Algorithm 2.1 formalizes the mark-sweep procedure. Tables 2.1 and 2.2 define the fields and methods of

the Slot and Constraint objects used in the mark-sweep algorithm.

The mark phase is initiated when a slot is set by the application. This phase performs a depth-first

traversal of the dependency graph, visiting all vertices reachable from the changed slot. The mark phase is

of primary interest in this dissertation since it uses the dataflow edges that can potentially be modeled.

The sweep phase can be implemented in one of two ways. First, constraints can be re-evaluated as

soon as the mark phase is completed.' Such a strategy is called eager evaluation. Under this approach

the dependent slot is always up to date. An alternative approach defers the constraint recomputation until

the value is needed. Called lazy evaluation, this approach is more attractive in situations where many

constraints are invalidated in the mark phase but only a few of the slots determined by these constraints are

of immediate use to the application. An example of this would be a large CAD diagram in which only one

part of the design is visible in a window at any given time. The slots that maintain the state of the invisible

'The terms (re)evaluate, bring up to date, (re)compute, and validate are synonymous. They all refer to the evaluation of a con
straint.
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label part

left

width

parent

left/

width

int f(Object self) {
int owner = self.parent;
return owner.left + owner.width/2

- self.width/2;

)

Figure 2.3: Code associated with a constraint. This figure shows a possible C++ function that could be
associated with constraint C2 from Figure 2.2. The solid edges represent the dataflow edges. The dashed
edge represents a pointer to the formula function. The self parameter is the object containing the slot to
be computed. By encapsulating the formula's code in a function and passing the object as a parameter,
multiple constraints can use the same code.
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Table 2.1; Definition of the Slot fields and methods used by Algorithm 2.1.
Slot Fields and Methods

Field Meaning

value the value of the slot

object the object that owns the slot

valid true, if the slot's constraint is up to date; otherwise, false
dependents a pointer to the set of constraints that depend on the slot
constraint the constraint that computes the value of the slot

Method Meaning

setO sets the slot's value field

getO retrieves the slot's value field

invalidate() marks the slot invalid and each dependent constraint invalid (see Algo
rithm 2.1)

Table 2.2: Definition of the Constraint fields and methods used by the algorithms in Algorithm 2.1.
Constraint Fields and Methods

Field Meaning

valid true, if the constraint is up to date; otherwise, false
slot a pointer to the slot computed by the constraint
formula a pointer to the code that computes the constraint's value

Method Meaning

invalidate() marks the constraint invalid and also the slot it computes invalid (see
Algorithm 2.1)

evaluate() calls the constraint formula
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Methods used during the mark phase:

Method Slot.set(Value new_value)

1  self .value new_value

—Prevent unnecessary invalidation if there is a cycle
2  self, valid •(-false

—All dependent constraints must be notified of the change
3  for each constraint on G self, dependents :
4  cn.invalidate()

5  self, valid ̂  true

Method Constraint.invalidate()

1  if self, valid = true :

2  self.valid •(- false

3  self. slot, invalidated

Method Slot, invalidated

1  if self. valid = true :

2  self, valid ̂  false

3  for each constraint cn G self, dependents :
4  cn. invalidated

Method used with lazy evaluation during the sweep phase:

Method Slot. get () returns Value

1  if self, valid = false :

2  self.valid ̂  true

3  self.value 4- self, constraint, evaluate (self, object)
4  retium self, value

Method Constraint, evaluate (Object obj) returns Value

1  self, valid-t-true

—Pass the object to the function that computes this constraint's value
2  return self, formula (obj)

Algorithm 2.1: Methods used to implement the mark-sweep algorithm. The fields and methods of the Slot
and Constraint implementation object types are described in Tables 2.1 and 2.2. The keyword self is a
pointer to the object on which the method is invoked.
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portion of the diagram may not need to be updated until that portion becomes visible. This strategy can be

especially beneficial if the formulas are computationally expensive to re-evaluate.

While other constraint satisfaction algorithms such as topological ordering [40] have been used for

dataflow constraints, the mark-sweep algorithm is typically the easiest algorithm to implement, and within

the context of graphical interfaces, the most efficient as well [17,42].

To illustrate the constraint satisfaction process, consider the constraint formulas and graph of Figure 2.2.

Suppose the user edits the text string within a labeled box by adding more characters to the label. Changing

label. text invalidates constraint Ci, which in turn invalidates label .width (the label's graphical width

is enlarged as a result), label.width in turn 1) invalidates constraint C3 which invalidates frame.width

and 2) invalidates constraint C2 which invalidates label. left. Now assume the value of frame.width is

requested, frame.width would consult its constraint, see that C3 is invalid, and call C3's formula. C3's

formula requests the value of label. width, which is out of date. Hence, label. width calls Ci's formula

which brings both Ci and label.width up to date, label.width returns its value to C3 which finishes

executing. Its updated value is assigned to frame. width, which returns this new value to the application.

Note that this execution model ensures that constraints are evaluated in topological order.

Multiple Constraints Associated with One Slot. Some constraint systems, like Amulet [30] and

Rendezvous [14], permit a slot to maintain a collection of constraints, and exactly one of these constraints

will determine the slot's value at any given time. In other words, a slot may be on the left side of more

than one equation. As an example of the usefulness of multiple constraints, consider a graphical interface

providing an open file dialog box as shown in Figure 2.4. The user specifies the file to open either by:

1. selecting the name with a pointing device from a list of files, or

2. typing the file name into an editing field at the bottom of the dialog box.

The application uses a variable named filename to store the name of the file to open and sets this

variable based on the two kinds of user input. The constraint Ci computes the filename variable based on

which list item is selected; C2 determines the filename based on the text typed into the edit field. If the
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Figure 2.4: An application with multiple constraints per slot. The file to open can be selected with a pointing
device from a list of files, or its name can be typed directly into an edit field at the bottom of the dialog box.
Constraint Ci determines the application's filename variable by using the index to retrieve the appropriate
file from the list of files. C2 determines filename directly from the text typed into the edit field.



23. PROTOTYPE-INSTANCE MODEL 16

user selects a list item, then Ci will be invalidated; on the other hand, if the user types into the edit field,

then C2 will be invalidated.^

When an invalid slot's value is demanded, it polls its list of constraints to see which ones are invalid.

These invalid constraints are evaluated and brought up to date. Some rule chosen by the implementer of the

constraint system is then used to select which of the recomputed constraints is used to determine the value

of the slot. One such rule could be to choose the first invalidated constraint.

2.3 Prototype-Instance Model

The prototype-instance model has been successfully used in a number of toolkits and languages, including

ThingLab [3], SELF [7], Garnet [29], and Amulet [30]. This model facilitates rapid prototyping of graph

ical applications because the look and feel of all of prototype's instances can be dynamically changed by

modifying the prototype. Thus a developer can experiment with multiple looks and feels without shutting

down the application and recompiling.

In the prototype-instance model any object can be instanced to create a new object that inherits all the

properties of the original object [5, 24]. The original object is known as the prototype, and the new object

is an instance of that original object. All slots and parts associated with the prototype are inherited by the

new instance. In a prototype-instance system that implements constraints, constraints are also inherited.

For example, when a new instance of the labeled box in Section 2.2 is created, the slots, constraints, and

parts are copied into the new instance, and a dependency graph is created for the new instance. A constraint

is itself treated like a prototype; when a constraint is instanced, a new constraint object is created. The

constraint prototype and its instance share the same formula, but they must be distinct objects since each

must keep track of its own valid status.

The prototype-instance model differs from the class-instance model used in C++ and Java™. In the

^This example assumes that the filename variable is immediately updated after each interaction (that is, each item selection
or each text entry). Otherwise, multiple interactions with both input techniques before the Ok button is pressed might result in an
indeterminate value of filename.
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class-instance model the class construct, fixed at compile time, serves as a blueprint from which instances

are created at run time. Instance slots and components are normally fixed at compile time; they are statically

specified by the class. In the prototype-instance model new slots and parts can be added to and removed

from instances at run time. Prototypes are first-class objects that are instantiated at run time with actual

data; in contrast, classes are static artifacts that cannot be manipulated at run time.
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Chapter 3

The Model Dependency Paradigm

This chapter describes the basic model dependency scheme that was devised for this dissertation. To

motivate it, reconsider the labeled box example from Chapter 2. Figure 3.1 shows a visual arithmetic

editor that uses labeled box objects. In this editor, labeled boxes are used to represent operand vertices.

One labeled box object is created and used as a prototype to generate all the operand vertices shown in the

figure. As noted in Section 2.3, an instance object inherits a prototype's constraints, and by extension, its

dependency graph. In a conventional constraint system, storage for this dependency graph is duplicated for

each new instance. Each labeled box in the application therefore has its own constraint graph isomorphic

to the graph shown in Figure 2.2 (b).

Since every labeled box shares this common graph, a more storage efficient scheme is to store a model

dependency graph in the prototype object from which all the instances were created. The instances can then

consult this graph to derive information about their own dependencies. Unlike a conventional constraint

system, they do not maintain explicit dependencies. Instead, the dependencies are implicit.

In general, the model dependency scheme works as follows. Let P be a prototype object with a set of

constraints. The first time an instance of P is created, the system examines P's constraints and creates a

model dependency graph. For each slot in P, this model dependency graph contains information that allows
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Figure 3.1: An application that uses many labeled boxes.
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the constraint solver's mark algorithm to determine the constraints that depend on this slot (the details are

described in Chapter 4). When a slot in an instance I is changed, the constraint algorithm consults the

model dependency graph in I's prototype (P). The model dependencies are used to find the constraints that

depend on the changed slot, and these constraints are marked invalid. The slots associated with these

constraints are found, and in a similar manner their model dependencies are used to invalidate additional

constraints. The process continues until all constraints and slots directly and indirectly dependent on the

original changed slot have been invalidated.

This scheme is particularly valuable in applications that generate many instances from only a few proto

types such as the application shown in Figure 3.1. In addition to the labeled boxes, the operator vertices and

edge arrow structures could also store their common dependency information in their respective prototypes.

It will be shown that the space savings for an application managing a large number of constrained objects

can be considerable.

The technique of creating a model dependency graph and using this graph to deduce literal dependencies

assumes that a reflection [2] mechanism is available. Reflection allows an application to iterate through the

slots of an object and find the object's constraints. However, in a system that does not provide a reflection

mechanism, the programmer could manually specify the set of constraints in an object, for example, by

passing them as parameters to a function.

3.1 Types of Model Dependencies

We chose to allow four relationships to be expressed with model dependencies: SELF, CHILD, PARENT, and

SIBLING. These four relationships were chosen after a survey of applications showed that over 50% of all

constraint formulas use these four relationships exclusively. Figure 3.2 shows how these relationships are

defined.

A model dependency consists of either a two-tuple or a three-tuple that represents a path in the compo

sition hierarchy from a given slot to its dependent slot. Given a slot, an object, and a model dependency
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SELF represents a dependency from one variable to
another within the same object

PARENT represents a dependency from a variable in
a part to a variable in its owner

CHILD represents a dependency from a variable in

PARENT object to a variable in one of its parts

SIBLING represents a dependency between a variable
in one part to a variable in another part where
both parts have a common owner

Composite object A has variables v and w and parts B and C.
Object B has variable x, and object C has variable y.

Figure 3.2: Model edge relationships

edge, a dependent slot can be resolved as shown in Figure 3.2. For example, the A.v slot can follow a

{SELF, w) edgetoA.wora (CHILD, C, y) edge to C.y. The (PARENT, w) edge directs C.y to A. w. The

(SIBLING, C, y) edge defines a path from B.x to C.y.

To illustrate how the mark algorithm uses model dependencies, reconsider the labeled box example,

label .width would have the model dependency edges

{(SELF, left), (SIBLING, frame, width)},

which are derived from the formulas defined for constraints C2 and C3. Now suppose that box is a labeled

box object and that box. label .width is modified. The mark algorithm then determines the constraints to

invalidate as follows (see also Figure 3.3):

1. The first model dependency edge, (SELF, lef t), is considered. As shown in Figure 3.2, a SELF edge

references a slot in the same object as the modified slot. Since box. label contains the modified slot,

the (SELF, left) edge causes box. label, left to be visited.

2. The constraint responsible for computing box.label.left, C2, is then invalidated, as is

box.label.left.

3. The second model dependency edge, (SIBLING, frame, width), is then considered. As shown in
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2)fram abel

3)

width width left

/ \ (1) y

(SIBLING, frame, width) (SELF, left)

Figure 3.3: Model dependency resolution for box. label .width. The SELF dependency resolves to a slot
in the same object (1). A SIBLING dependency is resolved by following the parent pointer (2) to the
parent, in this case box, and then following the sibling pointer specified in the model dependency (3), in
this case frame. Finally within frame, the width slot is located and invalidated, along with the appropriate
constraint.
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Figure 3.2, a SIBLING edge points to a slot in a sibling part, in this case frame. Hence

box.frame.width is visited.

4. The constraint responsible for computing box. frame. width, C3, is then invalidated, as is

box. frame. width.

The process of determining the actual dependent constraint from a slot and a model dependency is called

resolution.

3.2 Model Parameters

Model dependencies are automatically generated from model parameter edges using a process described

in Section 4.4. For each model dependency formula, the application programmer provides a list of model

parameters in the form of model parameter edges. A parameter edge specifies a path to each parameter used

by a constraint. For a SELF parameter edge, the model dependency is formed by simply reversing the pa

rameter's path. For the other relationships, a parameter edge will generate more than one model dependency

edge. A PARENT parameter will produce a CHILD dependency in the parent and a SELF dependency from the

PARENT slot in the part itself. Both dependencies are necessary because the slot that uses the formula with

the PARENT parameter must be notified if 1) the parameter slot in its parent changes, or 2) if the parent is

replaced (that is, the part is removed and placed in another composite object). In the latter case, the change

of parents may mean that the new parent's slot has a different value and so the dependent formula must be

re-evaluated.

To illustrate, consider the labeled box constraints in Figure 2.2. The constraint C2 (which centers

the label within its parent) is attached to the left slot of the label part. C2 has the parameter edge list

{(PARENT, left), (PARENT, width), (SELF, width)}. These parameter edges generate the model depen

dencies shown in Table 3.1 and Figure 3.4. The parameter self .parent, left of constraint C2 actually

represents two separate parameters: (SELF, parent) and (PARENT, left). The formerparameter allows
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Table 3.1: Model dependency edges produced from model parameter edges. Shown here are the model pa
rameters required for constraint C2 in Figure 2.2. Figure 3.4 pictorially illustrates the relationships between
C2's model parameter edges and the model dependency edges they generate.

Parameter edge Model Dependency Edge

{PARENT, left)

(PARENT, width)

(SELF, width)

Add (CHILD, label, left) to the left vertex in the model depen
dency graph for label's parent; add (SELF, lef t) to the parent vertex
in label's model dependency graph.
Add (CHILD, label, left) to the width vertex in the model depen
dency graph for label's parent. (The parent vertex will already have
the proper (SELF, left) that was generated by the (PARENT, left)
parameter.)
Add (SELF, left) to the width vertex in label's model dependency
graph.



3.2. MODEL PARAMETERS 25

labeled box Widthleft

% \
^ \

/ #y> \ /V

A"
6J.O

label parent left

ftSELF

width:

(SELF, left) I (SELF, width)

Figure 3.4: Visualization of Table 3.1 showing the model parameters and model dependencies of constraint
C2 in Figure 2.2. The dashed arcs represent model parameter edges. The solid arcs are the resulting model
dependencies. The (SELF, left) arc from label.parent is generated by both the (PARENT, left) and
(PARENT, width) edges.
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C2 to recompute the label's left slot if the label part is removed from one labeled box and placed in another

(in other words, its parent changes). The latter parameter would be insufficient to invalidate C2 if label's

parent slot changes. Hence the additional SELF dependency permits the model dependency scheme to

invalidate a dependent slot properly when the parent slot changes.

A SIBLING parameter produces three model dependency edges: 1) the reciprocal SIBLING dependency,

2) a SELF dependency from the parent slot, and 3) a CHILD dependency from the part slot in the parent.

The first dependency notifies the dependent slot when the parameter slot changes. The second dependency,

the (SELF, parent) dependency notifies the dependent slot if its object is removed and placed within

another composite object (that is, if the object's parent is replaced). The third dependency notifies the

dependent slot if its sibling object is replaced with another object. The parent maintains slots for each of its

named children. If a part is replaced, the corresponding part slot in the parent will change. Hence placing

a CHILD dependency from the sibling's part slot to the dependent slot will cause the dependent slot to be

notified if the sibling part is replaced.

A CHILD parameter will produce two model dependencies: 1) a reciprocal PARENT dependency and 2)

a SELF dependency from the part slot in the parent. The SELF dependency ensures that the dependent slot

will be notified if the child is replaced with a new part.

Table 3.2 outlines the installation process for each kind of model parameter.

3.3 Formula Signatures

The model dependency resolution process described in Section 3.1 first locates the dependent slot from

the model dependency edge path and then invalidates the constraint that computes that slot. However, as

mentioned in Section 2.2, some systems may allow multiple constraints to determine a slot. In order to

determine which constraint to invalidate, each edge of a model dependency graph must store one piece of

additional information that allows the proper constraint to be invalidated.

This is done by assigning each formula a unique identifier called a formula signature. This identifier
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Table 3.2: Model dependency edge installation for the four fundamental edges. Parameter vertices are
the vertices with which the model dependency edges are associated. Dependency edges are the model
dependency edges generated from the parameter edge. B and C are children of A.

Variable to

which formula

is attached

Parameter edge Parameter vertices Dependency edges

A. V (SELF, w) A. w (SELF, V) A V w

B.v (PARENT, w) A.vf

B .parent

(CHILD, B, v)

(SELF, v)

I

i w

\

\

1

A

'  parent

A.v (CHILD, B, w) B.w

k.B

(PARENT, v)

(SELF, V)

I

C.v (SIBLING, B, w) B.vv

C .parent

k.B

(SIBLING, C, V) As
(SELF, v) / \
(CHILD, C, V) / \ \

B w C V parent
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is in turn assigned to each constraint that uses that formula. The constraint's formula signature is stored

with each of the model dependencies that its formula generates (that is, that are generated by its model

parameter edges). When the invalidation routine reaches the appropriate dependent slot, it compares the

formula signature in the model dependency edge with the formula signature in each of the slot's constraints.

The constraint with the matching formula signature is invalidated.

The unique identifier can be a pointer to the formula's function or a pointer to some other unique aspect

of the formula. The implementation described in Chapter 3 uses a pointer to a formula's parameter list since

that is unique (two formulas with identical model parameters use separate model parameter edge lists).

3.4 Limitations of Model Dependencies

Although the current set of model dependencies including extensions to be described in Chapter 5 allows

a programmer to express a wide variety of relationships, it does not suffice to express any arbitrary rela

tionship. Composite objects as described in Section 2.1 provide natural navigation paths via their child

and parent pointers. These paths can be traversed in either direction, which is crucial for model depen

dencies since a model dependency is generated by inverting a model parameter. Such two-way navigation

paths do not exist between arbitrary objects. For example, consider the graphical arithmetic editor shown

in Figure 3.1. Each operand node can use the labeled box model relationships to properly position and size

its rectangular frame and text label. Similarly each operator node can lay out its circular frame and label.

Each arrow edge can use model dependencies to align its arrowhead correctly with its shaft. All of these

relationships are modelable since each can traverse a two-way navigational link.

Now consider the formulas that constrain the endpoints of each arrow edge. In particular, consider the

formulas that center the {x,y) coordinate of an arrow's tail within an operand node. Figure 3.5 illustrates

these formulas.

In this example, each arrow maintains a froin_node slot that points to the object from which its tail

should originate. (It also has a corresponding to_node that guides its tip.) The f rom_node slot references
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self.tail_x = self.from_node.left
+  (self.from_node.width)/2

self.tail_y = self. froin_node. top
+  (self.from_node.height)/2

Figure 3.5: Centering an arrow's tail within an operand node. The two formulas position the {x,y) endpoint
of the arrow's tail. The node is drawn on top of the arrow, so the part of the arrow underneath the node is
not seen. This invisible part of the arrow's shaft is indicated with a dotted line.
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an object that is not part of an arrow's composition hierarchy; this object is not a part, nor a sibling, nor

a parent of the arrow object. Consequently, the operand and operator objects do not contain a reciprocal

reference back to an arrow object; they are oblivious to arrows.

Since the reciprocal reference required to produce a model dependency edge from a model parameter

edge is missing, a model dependency cannot be established. The missing backpointer could be artificially

added to allow the dependency to be modeled, but the storage required for a backpointer is the same as the

storage required for an explicit dependency. Traditional explicit dependencies provide the better solution

here because they are faster—an explicit dependency provides a direct reference to the dependent constraint,

whereas a model dependency must traverse the application object's structure to find the dependent slot and

then examine its set of constraints to resolve the dependent constraint.

Consequently, a complete system must allow a programmer to also use explicit dependency constraints

where necessary. When a slot's value is changed, the invalidation algorithm follows both the slot's model

dependencies and its explicit dependencies.

Sometimes it is also prudent not to use model dependencies in certain situations where they otherwise

would apply. Observe there would be no advantage in creating a model dependency graph for an object

that is never instanced since there is no space advantage in substituting a model dependency for only one

explicit dependency. In fact, due to the model dependency time penalty noted above, such a substitution

would slow down the constraint system.

3.5 Coexistence with Explicit Dependency Constraints

Using the techniques described in this dissertation, model dependencies can be accommodated by an exist

ing constraint system without altering the constraint solver's mechanism for creating explicit dependencies.

Standard non-modeled constraints still set up explicit dependencies. Model dependencies may coexist with

normal explicit dependencies; it is possible for one slot to manage both model and explicit dependencies

simultaneously. A standard formula attached to one slot Vi and a modeled formula Fm attached to an-
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: n = m,)

4: V^ = g(V,)

Fs -f.

>^3

Figure 3.6; A slot with both explicit and modeled dependents. Fs is a standard formula applying function
/ to slot Vs, and Fm is a modeled formula applying function g to slot 1^3. The solid arrow directed to
constraint Fs represents an explicit dependency. The dotted arrow directed to constraint Fm represents a
model dependency.

other slot y2 niay both reference the same slot 1^3 in the right hand side of their constraint equations (see

Figure 3.6). Both Fs and Fm will establish explicit dependencies for slot 1^3 when the prototype object is

created. When that object is instanced, the new instance object will establish explicit dependencies based on

Fs's constraint equation but will model the dependencies created by F^'s equation. The procedure responsi

ble for invalidating constraints must consider both a slot's explicit dependencies and model dependencies.

This invalidation algorithm is described in Chapter 4.

Note that we are assuming that a given constraint must either generate all model dependencies (when a

model constraint is copied into an instance) or all explicit dependencies (as standard constraints normally

do). Chapter 5 relaxes this restriction, thereby allowing a constraint to generate both explicit and model

dependencies.

3.6 Editing Model

The algorithms described by this dissertation handle editing operations in the following fashion. All edits

made to an object before it is instanced are reflected in the object's model dependency graph. In particular,

the following edits will be reflected:

• parts that are added to the object

• parts that are removed from the object
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• formulas that are added to slots

• formulas that are removed from slots

Any further editing operations on a prototype after it has been instanced are not reflected in its model

dependency graph. Thus changes to the prototype made after it is instanced that affect dependencies, such as

adding, removing, and/or replacing parts and adding, removing, and/or replacing formulas, are not inherited

by any of its instances. This behavior, while it may seem surprising, is consistent with the way Amulet,

the system in which model dependencies were implemented, actually works. In particular. Amulet does not

propagate changes to a prototype's parts or formulas to any existing instances.

Of course, any changes made to the instance before it is instanced will become part of its model depen

dency graph. The effects of editing an instance that uses model dependencies are covered in Section 4.7.
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Chapter 4

Implementation

This chapter describes the implementation of the basic model dependency scheme, and the next chapter

describes some extensions that were made to the basic scheme.

The implementation of model dependencies unfolded in several steps:

1. Experiments were performed in a very-high-level object-oriented interpreted language, Python [37],

to verify the viability of the model dependency concept.

2. The decision was made to modify an existing constraint system instead of developing one from

scratch. Reasons for this include:

• An existing system already has in place such features as display management, graphical objects,

and user input mechanisms. This infrastructure is beyond the scope of this research, but these

features are necessary to build interesting applications that are representative of the problem

domain.

• An existing system has an established base of users and developers and consequently a variety

of existing applications that can be used to test the correctness and performance of the model

dependency implementation.
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• An existing system is more likely to have a mature, tuned constraint system. Tests that provide

favorable results for model dependencies would be more reassuring on an existing system than

those on a self-built system where model dependencies might look good because the explicit

dependency system is poorly implemented.

• The model dependency paradigm can coexist with the dependency mechanisms available in

standard constraint systems. Adapting an existing system supports this claim more strongly

than building a complete system from scratch.

3. The final implementation platform was chosen. Amulet [30], a C++-based toolkit used for research

and development of graphical interfaces, was selected since:

• it includes a dataflow constraint system like the one discussed here

• its source code is readily available and is fi-ee

• its architecture is designed to permit its features to be extended, and its developers encourage the

system's modification by others to further the research in the areas of constraints and interactive

techniques

• it is available on the major computing platforms: Unix X, Microsoft Windows 95/NT, and Apple

Macintosh, ensuring that the results of this research will be immediately accessible by a wide

audience

4. Each constraint formula in the Amulet toolkit and a wide variety of its applications was examined.

This investigation showed that over 50% of all the formulas exclusively used parameters that could

be modeled using the SELF, CHILD, PAREMT, and SIBLING relationships. This provided evidence that

the model dependency scheme could be beneficial.

5. The SELF, CHILD, PARENT, and SIBLING model dependency edges were implemented in Amulet.

6. The model dependency scheme was extended in order to model more dependencies. Chapter 5 details
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the nature of the extensions and the benefits they provided. This chapter focuses on the implementa

tion of the fundamental model dependency scheme.

4.1 Basic Data I^pes

Since model dependencies were implemented in C++, the implementation described in this chapter has

an object-oriented flavor. All the data types used in the implementation are presented as objects. The

algorithms are presented as a set of methods, although Algol-like pseudocode rather than C++ is used to

enhance readability. The primary classes of interest are

• Object. This class implements the prototype-instance application objects used by application pro

grammers. Table 4.1 describes the Object fields and methods used in the algorithms described in

this chapter. The actual slots of an application object are stored in the slots field of an Object. This

field is an associative array where individual elements are accessed via their slot name.' Each object

also has a parts list which can be empty.

• Slot. This class is used to implement a slot of an Object. In addition to its value field, a Slot

has fields specifically used by the algorithms in this chapter. Its fields and methods are described in

Table 4.2.

• Fomtula. This implementation object represents a formula defined by the application programmer.

It includes a pointer to a function that computes a value. If it is a modeled formula, it will also include

a pointer to the required model parameters. Its fields and methods are described in Table 4.3.

• Constraint. This class is used to implement a constraint object. Constraint objects are created

when a formula is assigned to a slot. Table 4.4 describes the relevant fields and methods associated

'in the actual implementation slot keys are used, not character string names. A macro is defined so the applications programmer
can use symbolic names such as left, but these are converted to integer values; for example, left maps to 100. For this discussion
it is convenient to think in terms of slot "names," as an applications developer would, keeping in mind that manipulations are more
efficient with slot keys than with character strings.
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Table 4.1: Definition of Obj ect fields and methods used by the algorithms in Chapter 4. The boldface items
provide support for model dependencies.

Obj ect Fields and Methods

Field Meaning

parts the set of objects that are children of this composite object; using the
notation of associative arrays, if object obj has a child named p, then in
the algorithms presented here obj .parts [p] is the child object named

P

slots the set of slots for this object; using the notation of associative arrays,
if object obj has a slot named s, then in the algorithms presented here
obj. slots [s] is the slot object named s

parent the object's parent; this field is null if the object has no parent
part_naine the name of this object, if it is a part; this field is null if the object has no

parent

prototype the object's prototype; this field is null if the object has no prototype
model-subtree the model dependency graph storing this object's SELF and CHILD model

dependency edges
model-supertree a set of model supertree graphs for each of the object's parts. This field is

treated as an associative array; that is, inodel_supertree [ label ] would
return label's model supertree

commonjnodel-subtree a set of model dependency edges shared by all children (see Section 5.4)

Method Meaning

create jnodel.

dependency.graph()

creates a model dependency graph for the object (see Algorithm 4.3)

inherit,

constraints()

inherits constraints from the object's prototype (see Algorithm 4.8)

Table 4.2: Definition of Slot fields and methods used by the algorithms in Chapter 4. The boldface items
provide support for model dependencies.

Slot Fields and Methods

Field Meaning

value the value of the slot; the actual data of interest

object the object to which this slot belongs
name the slot's name

valid true, if the slot's constraint is up to date; otherwise, false
explicit_

dependencies

the set of explicit dependencies associated with the slot

constraints the set of constraints that can be used to compute the value of this slot

Method Meaning

invalidate() marks the slot invalid and each dependent invalid (see Algorithm 4.4)
get jnodel.

dependencies()

returns the slot's model dependencies (used in Algorithm 4.4)
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Table 4.3: Definition of Formula fields used by the algorithms in Chapter 4. The model-parameters list
provides support for model dependencies.

Formula Fields and Methods

Field Meaning

function a pointer to the function that computes this formula's value
model-parameters the formula's set of model parameters

Table 4.4: Definition of Constraint fields and methods used by the algorithms in Chapter 4. The boldface
items provide support for model dependencies.

Constraint Fields and Methods

Field Meaning

valid true, if the constraint is up to date; otherwise, false
slot a pointer to the slot computed by this constraint
modeled true, if the constraint was created from a formula with a non-empty set

of model parameters; otherwise, false
generate. true, if the constraint should create explicit dependencies, even if it is
dependencies modeled; otherwise, false

needs 4parent true, if one or more of the constraint's model parameters defines a path
through the parent; otherwise, false

formula a pointer to the formula object that computes this constraints's value

Method Meaning

invalidate() marks the constraint invalid and the slot that the constraint computes
invalid (see Algorithm 4.4)

create_instance{) make a copy of the constraint
evaluate() calls the constraint's formula function
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with Constraint objects. Note that constraint objects share formula information by pointing to the

same formula object. When a constraint creates an instance of itself, it simply creates an instance of

a constraint object and copies its formula object pointer to the instance.

• Hodel^dge and its subclasses. The details of this data type are discussed in Section 4.2.

• Model J)ependency-6raph. The details of this data type are discussed in Section 4.3.

Figure 4.1 provides a concrete example illustrating the relationships among Objects, Slots,

Constraints, and Formulas. This figure shows an abbreviated picture of the implementation of the la

beled box from Figure 2.1.

4.2 The Model Edge Type

While the Constraint, Formula, Object, and Variable types are built into Amulet's constraint sys

tem and need only slight modification to accommodate model dependencies, the Model_Edge class and its

subclasses are new types created specifically to implement model dependencies. Instances of Model_Edges

are used to specify the model parameters of formulas and the model dependency edges in model depen

dency graphs. The class hierarchy for model edges is shown in Figure 4.2. Model_Edge is an abstract

superclass that defines the interface to which all model edges must conform. Any Model_Edge object must

be able to

• generate an appropriate set of model dependency edges and add them to the appropriate model de

pendency graph (install {)),

• take a slot, follow a path through a composition hierarchy and produce the constraint that depends on

that slot (resolve ()), and

• create a new Model_Edge of similar type (create ()).
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Figure 4.1: The runtime data structures implementing a portion of a labeled box application object. The
root object of the composition hierarchy is represented by the box at the upper left comer of the diagram.
It has two children in its parts list, a label and a frame. It also has a pointer to a list of its slots. Neither
the label nor the frame child has any children of its own. Details of the label's width slot show that its
value is determined by exactly one constraint, C2 (the only constraint in its constraints list), and that
it affects constraint C3 (one of the constraints in its explicit-dependencies list). Model dependencies
eliminate this explicit dependency, but it is shown here for illustrative purposes. Constraint objects are fairly
lightweight and are of constant size; formula objects, which can be shared by many constraint objects, are
responsible for storing common information that requires more storage, like model parameter lists.
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Model.Edge

install()

resolve{)

create{)

Self_ModeLEdge

slotname

Parent_ModgLEdge

slot_naitie

Chad,ModcLEdge

child_name

slot^name

Siblipg_Model_Edge

sibling^name

slot_name

Model,Dependency_Edge

edge

formula^signature

Figure 4.2: The class hierarchy for model edges. Model-Edge is an abstract base class that merely defines
the Model-Edge method interface. Each subclass adds field(s) and defines the methods to specialize edge
behavior. The slot-name field indicates the parameter slot for a parameter edge or dependent slot for a
dependency edge. The child.name and sibling-name provide the required additional path information for
CHILD and SIBLING edges. Observe that a Model-Dependency-Edge is a Model-Edge with the addition of
a Model-Edge reference (edge) and a formula.signature field. The Model-Dependency-Edge methods
delegate their work to the MODEL-EDGE pointed to by the edge field; therefore any subclass of Model-Edge
can also be used as a model dependency.
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The behavior of the install {) methods for each subclass is described in Section 4.4. The resolve ()

methods are considered in Section 4.5. The create () method is used by the install () method to create

model edges.

The subclasses Self_Model_Edge, Child_Model-Edge, Parent_Model.Edge, and Sibling-

Jlodel-Edge, specify a model parameter for a modeled constraint formula. All model parameter edges

create an appropriate Model_Dependency_Edge when their install () method is invoked.

The subclass Model_Dependency_Edge specifies a model dependency edge. A model dependency

edge is like a model parameter edge in that it specifies a path to a slot. Initially, it appeared that the

Model_Edge subclasses could be used for both model parameters and model dependencies. However,

as noted in Section 3.3, a model dependency requires a formula signature in addition to a path. Since the

formula signature is an additional piece of information, each type of model dependency edge could subclass

the model edge that describes its path. For example, a Child_Model_Dependency_Edge might subclass

Child_Model_Edge. Unfortunately, this solution requires that two new subclasses be defined each time a

new model edge type is added to the system (the model edge class and the dependency edge that subclasses

this model edge).

The solution that was chosen instead defines a single Model_Dependency_Edge class and makes it a

subclass of Model_Edge. The Model_Dependency_Edge class has two fields, an edge field that points to

the appropriate model edge, and a f ormula_signature field that points to the formula signature. (Since the

pointer to a formula's list of parameter edges is unique, it is used as the formula signature.) The resolve ()

message is delegated to the model edge. The install () message could also be delegated to the model

edge, but it is actually defined to do nothing because the install () method is only meant to be used with

model parameter edges.

This solution has two elegant characteristics:

1. The inheritance relationship allows a Model_Dependency_Edge to behave like a Model_Edge.

2. The composition relationship (each Model_Dependency_Edge has a pointer to a Model_Edge) sim-
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plifies the Model_Edge class hierarchy because there is no need to define a separate dependency edge

class each time a new model edge type is added to the system.

As will be seen later in this dissertation, the hierarchy is extensible. If the toolkit developer wishes to

implement a GRANDPARENT model edge, for example, all that need be done is subclass Model_Edge, add

any appropriate fields, and customize the new type's install () and resolve () methods.

4.3 Division of Responsibility

The four basic edge relationships fall into two distinct groups. The SELF and CHILD relationships can be

installed and resolved independently of a parent, so these relationships are called parent-independent rela

tionships. In contrast, both PARENT and SIBLING model edges can be resolved correctly only if a parent

object is present, so these relationships are called parent-dependent relationships. As Figure 4.3 illus

trates, parent-independent relationships represent subtree relationships, and parent-dependent relationships

represent supertree relationships.

Note that the PARENT and SIBLING relationships are intrinsic not to the object but rather to the composite

object to which they belong. For example, consider the SIBLING relationship from B. x to C. y in Figure 4.4

(for example, C. y = C. parent. B.x). If part B is removed from the composite object and replaced with

another part named B, the new part will assume the SIBLING relationship (that is, C. y will now depend on

the new part's x slot). Consequently, the SIBLING relationship is not intrinsic to part B but rather to the

composite object to which it belongs.

Due to the different nature of these two groups of edges, they are managed differently. An object's

SELF and CHILD model dependencies are stored in its prototype while its PARENT and SIBLING model

dependencies are stored in its parent's prototype. In other words, the portion of the model dependency

graph stored in the prototype of an object manages only SELF and CHILD model dependencies. It is known

as the model subtree graph, or just model subtree, since it represents dataflow relationships within the

object itself or to its parts below. The prototype also holds individual model constraint graphs for each
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Model subtree Model supertree

Figure 4.3: Subtree vs. supertree relationships. SELF and CHILD relationships refer to slots in object v itself
or its children and hence are called subtree relationships. PARENT and SIBLING relationships refer to slots
in object v's parent or siblings and hence are called supertree relationships. The path for a subtree edge
does not pass through the parent while the path for a supertree edge does.

A

B

SIBLING ,

Figure 4.4: Sibling relationship
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of its parts. These graphs store PARENT and SIBLING dependencies for slots in the parts. They are called

model supertree graphs, or just model supertrees, since they represent dataflow relationships to the parent

object or to other children of the parent. Figure 4.5 shows the collection of model constraint graphs for the

labeled box object.

When a slot is modified, the prototype's model subtree is consulted to resolve SELF and CHILD model

dependencies, and then the model supertree for that object, stored in the parent's prototype, is consulted to

determine if any PARENT and SIBLING dependencies exist.

This distributed responsibility for model dependency maintenance allows parts to be dynamically added

to or removed from composite objects. If a composite object is created with one or more missing parts, it

is still possible to create a model supertree for the missing parts. In Figure 4.4 for example, even if part B

is missing, the model supertree for B can be created and the edge denoting the sibling relationship between

B. X and C. y can be stored in the graph. When the missing part B is later added to A, it will assume all the

PARENT and SIBLING dependencies associated with that part.

Observe that this distributed approach also handles the case where two instance objects with the same

prototype are added to different composite objects (that is, composite objects with different prototypes).

Since the two parts have identical structure their SELF and CHILD dependencies will be identical, and hence

they can share their model subtree graph. The PARENT and SIBLING dependencies for each instance are

different since they belong to parents with different types, so they cannot share a model supertree graph.

This is not problematic because the parent's prototype stores the model supertree graphs.

Examples further illustrating the benefits of the modular nature of this distributed model dependency

graph scheme can be found in Section 4.7.

4.4 Model Dependency Installation

As noted at the beginning of this chapter, a model dependency graph is created dynamically for a prototype

object the first time the prototype is instanced. The parameter edge list for each model constraint in the
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Figure 4.5: The labeled box's model constraint graphs. C,- refers to the formula signature associated with the
corresponding constraint in Figure 2.2. Note that the model dependencies for a formula can be distributed
across two different graphs, as is the case for label's C2 constraint. C2 has two references to its parent
(parent.left and parent.width) and two references to itself (self .width and self .parent). The
parent references get resolved into CHILD edges that are placed in the parent's model subtree. The self
references get resolved into SELF edges and are placed in the label's model subtree.
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prototype and its parts is examined and used to generate an appropriate set of model dependencies as

described in Section 3.2. Table 4.5 shows the model dependency edge that should be generated by the

install () method of each Model_Edge subclass. (Table 4.5 is a refinement of Table 3.2; it indicates

whether the model dependency edge is stored in the model subtree or the model supertree.) Algorithms 4.1

and 4.2 show the install () method for two subclasses, Self_Model_Edge and Sibling_Model_Edge.

The install method requires a reference to the object containing the constraint and the slot determined by

the constraint so that it can locate the appropriate model dependency graph and invert the parameter edge.

Each model dependency edge is allocated from a registry to avoid duplicating edges. In particular,

the create () method for each Model_Edge subclass uses the registry when it is called by the install ()

method. For example, the (SELF, left) edge above may be represented in the model dependency graphs

of many prototypes or appear multiple times in the same model dependency graph. The registry will allocate

this edge only once the first time it is needed, and all subsequent requests for an edge like this one return a

pointer to the original (SELF, left) edge.

Algorithm 4.3 formalizes the procedure used to create a model dependency graph. It is invoked the first

time a prototype object is instanced. As Algorithm 4.3 shows, the creation of an object's model dependency

graph requires an examination of every slot in the object and, recursively, every slot of all its descendent

parts. This slot examination requires that each constraint used to compute that slot's value also be exam

ined. Finally, if the constraint is a modeled constraint, each of its model parameters must generate a model

dependency edge. This comprehensive self-examination makes the model dependency graph creation pro

cess the most time consuming facet of the model dependency implementation. The time to perform the

triply-nested loops for each object, however, is limited by the following observations:

Innermost loop: In practice most formulas rarely have parameter lists longer than five edges.

If the model dependency graph is implemented as a hashtable keyed on a slot's name,

each edge's install () method call requires on average only a small amount of constant

time to execute (Algorithms 4.1 and 4.2 are representative of the install () methods).
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Method Self_Model_Edge.install(Object obj, Slot sit. Signature sig)
1  graph •«- obj .inodel_subtree
2  new_edge ■«- Self_Model_Edge. create (sit)
3  new_dependency Model_Dependency_Edge.create(new_edge, sig)

—slotJiame is the parameter vertex on which sit depends.
— Hence the new (SELF, sit) dependency
—edge should be added to slotJiame 's list in the model dependency graph.

4  graph. insert_edge (self. slot_naine, new_dependency)

Algorithm 4.1: Installation method for the Self-Model.Edge type. The insert-edge () method for a
model dependency graph adds a new model dependency edge to the set of edges for a given vertex.
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Table 4.5: Model dependency edge installation for the four fundamental edges. This is a refinement of
Table 3.2; it distinguishes between the model subtree and model supertrees as targets for the parameter
vertices.

Variable to

which formula

is attached

Parameter edge Parameter vertices Dependency edges

A.v (SELF, w) A.w (SELF, v)
,  , , A V w

£ A.moael_subtree

B.v (PARENT, w) A. w

B .parent

(CHILD, B, v) ^
€ A.model_subtree

(SELF, v)

£ B. inodel_subtree ^

L W

1

•  parent

A.v (CHILD, B, w) B.w

k.B

(PARENT, v) £

B.modeI_supertree

(SELF, V)

£ A.inodel_subtree p

^ V 'V ^
k

1

/

' w

C.v (SIBLING, B, w) B.w

C .parent

k.B

(SIBLING, C, v) £
A BB.model_supertree / \

(SELF, v) / \ '
£ C.model_subtree Bw C v' parau
(CHILD, C, v)

£ A.model_subtree
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Method Sibling_Model_Edge.install(Object obj, Slot sit, Signature sig)
— To better explain the process, let object A have children
—B and C, and let C.v depend on B.w. (See Table 4.5.)
—So the formula is computing C.v and the model parameter to
—install (that is, the parameter edge for which this method
—was called) is (SIBLING, B, w).
—Thus, this edge's fields correspond to sibling Jiame = B and slotjiame = w.
—obj.parent = A, obj.partJiame = C, and sit = v.
—Three model dependency edges must be installedfor this one
—parameter edge.

1  parent ̂  obj.parent
—If the object has no parent, then the installation cannot continue.

2  if parent ̂  null:
—First, add the SIBLING model dependency from one part to another: from B.w to C.v
—This causes C.v to be recomputed if its sibling's slot changes
—It creates the edge (SIBLING, C, v) for vertex w in B's model supertree

3  graph ̂  parent .inodel_supertree [self. sibling_naine]
4  new_edge •«- Sibling_Model_Edge. create (obj .part_naine, sit)
5  new_dependency •«- Model_Dependency_Edge.create(new_edge, sig)
6  graph.insert_edge(self.slot_naine, new_dependency)

—Next, the part slot in the parent must have a CHILD model dependency to its
—child's dependent slot: from A.B to C.v
—This causes C.v to be recomputed if it gets a new sibling
—It creates the edge (CHILD, C, v) for vertex B in the A's model subtree

7  graph ■f- parent .inodel_subtree
8  new_edge •f- Child_Model_Edge.create(obj.part_name, sit)
9  new_dependency ^ Model_Dependency_Edge.create(new_edge, sig)

10 graph. insert_edge (self . sibling_name, new_dependency)
—Finally, a SELF dependency must be added to the parent slot's dependency list:
—-from C.parent to C.v
—This causes C.v to be recomputed if it gets a new parent
—It creates the edge (SELF, v) for vertex parent in the C's model subtree

11 graph -e- obj .model_subtree
12 new_edge Self_Model_Edge.create(sit)
13 new_dependency-f-Model_Dependency_Edge.create(new_edge, sig)
14 graph.insert_edge(parent, new_dependency)

Algorithm 4.2: Installation method for the Sibling Jilodel-Edge type. The siblingjiame field selects the
appropriate model supertree; slot jiame is the parameter vertex on which sit depends, so the dependency
goes from slot_name to sit.
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Method Obj ect.create_model_dependency_graph{)

1  for each slot s € self, slots :

2  for each constraint cn € s. constraints :

3  if cn.modeled = true :

4  for each parameter param £ cn. formula.model-parameters :
5  param. install (self, s, cn. formula.model_parameters)
6  for each child pt € self, parts :
7  pt.create_model_dependencies_graph()

Algorithm 4.3: Model constraint graph creation algorithm. Observe that the pointer to the model parameter
list serves as the formula signature.
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Middle loop: Generally the number of constraints associated with a slot is small, usually only

zero or one.

Thus in practice the two inner loops are bounded by constants, and so the expense of the model dependency

graph creation method is mostly dependent on the number of slots in the composition hierarchy.

Fortunately, a model dependency graph is created only when an object is instanced for the first time. In

many common applications like the one shown in Figure 3.1 where a prototypical object is used to mass

produce program elements, the relatively expensive method detracts very little from the program's overall

performance.

4.5 Resolution of Literal Dependencies

Once the model dependencies are installed, an instance can use them to derive explicit dependencies. When

a slot is changed, the resolution algorithm consults the model subtree and supertree graphs containing

that slot's name and uses the stored model paths to traverse the object's composition hierarchy to find the

dependent slots.

As Section 2.2 mentioned, there may be multiple constraints that determine a slot. When the dependent

slot is located, its set of determining constraints is searched to find the one with a formula signature that

matches the formula signature stored with the model dependency edge. If a matching constraint is found, it

is invalidated.

Algorithm 4.4 formalizes the invalidation process. The polymorphic resolve {) method is customized

for each model edge so that the correct path from an invalidated slot to a dependent slot is followed.

Algorithm 4.5 shows how a Self_Model_Edge and a Sibling_Model_Edge are resolved into a dependent

constraint.

To illustrate the invalidation and resolution algorithms, let box be a labeled box and let box. label be

its label part. Suppose the label's width slot is invalidated (this could occur, for example, as a result of

editing the label's text slot). The following actions will be performed:
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Method Constraint.invalidate()

1  if self. valid = true :

2  self.valid •«—false

3  self. slot, invalidate!)

Method Slot.invalidate()

1  if self. valid = true :

2  self, valid •<- false

3  for each constraint cn £ self, explicit.dependencies :
4  cn.invalidate!)

5  model_dependencies t— self. get_model_dependencies!)
6  for each model dependency dep € model-dependencies :
7  cn ■<—dep.resolve!self, null)
8  if cn 7^ null;
9  cn.invalidate!)

Method Slot. get_model_dependencies!) returns Set of Model Dependency Edges
—Retrieve the SELF and CHILD model dependencies from the prototype's model
—subtree and the PARENT and SIBLING model dependencies from the model supertree of the
—parent's prototype.

1  return self, object.prototype .model_subtree [self.name]
U self.object.parent.prototype.model_supertree[self.object.part_name] [self.name]

Algorithm 4.4: Invalidation algorithm for a constraint solver that incorporates model dependencies,
resolve!) is a method associated with a model dependency that uses the resolution procedure described in
Section 4.5 to return the appropriate constraint. The second parameter to resolve I) is a formula signature
that allows resolve!) to locate the appropriate constraint. Here null is passed as the formula signature
since the model dependency edge will substitute its own formula-signature attribute when it delegates
the call to its edge attribute. (See Algorithm 4.5).
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Method Model_Dependency_Edge.resolve(Slot sit, Signature unused)

returns Constraint

—The second parameter is ignored. Observe that slot.invalidate() in Algorithm 4.4
—passes null as the second parameter.

1  return self. edge.resolve (sit, self. fonnula_signature)

Method Self_Model_Edge.resolve(Slot sit. Signature sig)
returns Constraint

1  obj ■«— sit.object
—Locate dependent slot based on the path stored in this edge

2  dep_slot obj . slots [self. slot_name]
3  for each constraint on € dep.slot. constraints :
4  if cn.signature = sig:
5  return cn

6  return null

Method Sibling_Model_Edge.resolve(Slot sit. Signature sig)
returns Constraint

1  obj sit.object
—Locate dependent slot based on the path stored in this edge

2  parent •f- obj .parent
3  sibling parent.parts[self.sibling_naine]
4  dep_slot -i— sibling. slots [self. slot_name]
5  for each constraint cn £ dep.slot. constraints :
6  if cn. signature = sig:
7  return cn

8  return null

Algorithm 4.5: Resolution method for the Model-Dependency.Edge type. Self JVIodel-Edge. resolve ()
and Sibling Jlodel-Edge. resolve () are shown to illustrate the resolve () methods used by the model
edges. The Model.Dependency.Edge delegates the call to the appropriate model edge and inserts the
appropriate formula signature. These algorithms assume that the parent, sibling, and dep.slot objects
exist. The actual implemented algorithms check to see whether they get non-null objects before proceeding
(Line 2 in Self JIodel.Edge. resolve () and Lines 2-4 in Sibling Jvlodel.Edge. resolve ()). If they get
a null object, they return null.
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1. If any explicit dependencies of box. label. width exist, they will be invalidated in the usual manner

as described in Section 2.2. (Algorithm 4.4, Slot. invalidate () method. Lines 3 and 4.)

2. The subtree model dependencies are located in the model subtree for box. label (this graph is found

in the prototype object for label; see Figure 4.5). The model edge entry (SELF, left) is found

along with the formula signature of constraint C2. This model dependency is added to the set of

model dependencies that must be resolved. (Algorithm 4.4, Slot.get_iaodel_ dependencies()

method. Line 1.)

3. The supertree model dependencies are located in the model supertree for box. label (this graph is

found in the prototype object for label's parent; see Figure 4.5). The model edge entry (SIBLING,

frame, width) is found along with the formula signature of constraint C3. This model dependency

is added to the set of model dependencies that must be resolved. (Algorithm 4.4, Slot. get_model_-

dependencies () method, the second part of the statement in Line 1.)

4. Each edge in the set of model dependencies is resolved to a literal constraint. (Algorithm 4.4,

Slot. invalidate () method. Lines 7-9.)

(a) The model edge (SELF, left) is resolved. The edge's path directs the algorithm to the

box. label .left slot. (Algorithm 4.5, Self_Model_Edge. resolve () method. Line 2.)

(b) Constraint C2 is located in box. label, left's list of constraints and €2'$ signature matches the

one stored with the dependency edge. Therefore, the constraint is returned to

Slot, invalidate () to be invalidated. (Algorithm4.5,Self_Model_Edge. resolve () method.

Lines 3-5.)

(c) The model edge (SIBLING, frame, width) is resolved. The edge's path directs the algorithm

to the box.frame.width slot. (Algorithm 4.5, Sibling_Model_Edge.resolve () method.

Lines 2-4.)

(d) Constraint C3 is located in box. frame.width's list of constraints and C3's signature matches
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the one stored with the dependency edge. Therefore, the constraint is returned to

Slot.invalidate{) to be invalidated. (Algorithm 4.5, Sibling_Model_Edge.resolve{)

method. Lines 5-7.)

4.6 Constraint Installation

Thus far this chapter has described how model dependency edges can be generated from model constraints

and how model dependency edges can be resolved once they have been installed. This section and the

next section mark a transition to another aspect of the model dependency scheme, namely how model

dependency constraints get installed in objects and how model dependency constraints are handled when

the application edits an object by adding/removing constraints or adding/removing parts.

There are two ways that a constraint can be assigned to a slot:

1. The constraint is directly assigned to a slot by code in the application. This is constraint assignment.

2. The constraint is inherited from a prototype. This is constraint inheritance.

Constraint Assignment Constraint assignment is mainly used for redefining the behavior of some slots

of an object immediately after it has been instanced. When a formula is assigned to an object after it has

been created, the formula will not be modeled in the prototype's model dependency graph. Consequently it

needs to generate explicit dependencies. Section 4.7 describes other situations in which model constraints

must generate explicit dependencies.

A model constraint can be forced to generate explicit dependencies instead of model dependencies as

follows:

1. Invalidate the model constraint and set the constraint's generate_dependencies flag (see Table 4.4).

Setting this flag forces the constraint to generate explicit dependencies.

2. The next time the constraint is evaluated, it will notice that its flag for generating explicit dependen

cies has been set and it will generate explicit dependencies, just like a standard constraint.
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Amulet normally establishes explicit dependencies by the process described in Algorithm 4.6. Before

a constraint is evaluated it pushes itself on to a global constraint stack. Whenever a slot is accessed via a

get () call, the stack is checked to see if it is non-empty. If a constraint appears on the top of the stack, then

this slot's value must have been requested by that constraint; therefore, this slot can add the top constraint

to its list of dependents. This procedure was modified to accommodate model constraints that conditionally

generate model dependencies. If the generate_dependencies flag is true when the constraint's formula

calls get () for a slot, then Slot. get () establishes the explicit dependency as in Algorithm 4.6. Otherwise,

Slot. get {) will not add the constraint to its list of dependents. The modified Slot. get {) method can be

found in Algorithm 4.7.

Constraint Inheritance. Constraint inheritance can be divided into two cases: 1) the constraint to be

inherited will use only SELF and CHILD model parameters and 2) the constraint to be inherited uses at least

one PARENT or SIBLING model parameter. In case I the constraint only generates dependencies involving

subtree objects. Since the model dependency graphs associated with these objects are guaranteed be in

place, the new constraint can refrain from generating explicit dependencies.

Case 2 is a little more subtle. If the new instance has a parent, then the PARENT and SIBLING model

dependencies generated by the constraint can be found in the parent prototype's model dependency graphs.

Thus, the instance's inherited constraint should not generate explicit dependencies. On the other hand, if

the instance has no parent, then explicit dependencies must be used since the model supertree graphs re

sponsible for holding the required PARENT and SIBLING model dependencies do not exist. In Figure 4.4,

if part C is instanced before it is added to the composite object A, then no model supertree for part C exists

to place the (SIBLING, C, y) model edge. Therefore, an inherited constraint must generate explicit de

pendencies if it uses any PARENT or SIBLING model parameters and its object has no parent. Consequently

when an object is created it must be told whether or not it has a parent. A new object will have a parent if

it is being created as a part of a composite object and it is not the root object. The object creation method
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Method Slot.getO retiimsValue

1  if self. valid = false :

—If the constraint stack is non-empty, establish a dependency to the top formula
—since it has requested this slot's value

2  if constraint.stack. empty () = false :

3  self, dependents self, dependents U constraint_stack. top {)
—Next, get the slot's value as usual

4  self.valid 4-true

5  self, value self, constraint, evaluate (self, object)
6  return self .value

Method Constraint. evaluate (Obj ect obj) returns Value

—Push this constraint on to the constraint stack so that a slot accessed by this constraint's
—formula will know that this constraint requested its value

1  constraint_stack. push (self)
2  self, valid ̂  true

—Pass the object to the function that computes this constraint's value
3  result self, formula, function(obj)

—Remove this constraint from the stack
4  constraint_stack.pop()

5  return result

Algorithm 4.6: Algorithm that permits the constraint system to install explicit dependencies.
constraint-Stack is a global stack of constraints. Its push () method pushes an item on to the top of
the stack. Its pop () method removes an item from the top, while its top () method simply returns the top
element of the stack without removing it.

Method Slot.getO returns Value
1  if self, valid = false :

—If the constraint stack is non-empty and its top item expects explicit dependencies,
—establish a dependency to the top formula
—since it has requested this slot's value

2  if constraint-Stack. empty () = false
and constraint-Stack.top0.generate.dependencies = true :

3  self, dependents •«- self, dependents U constraint_stack. top ()
—Next, get the slot's value as usual

4  self, valid •<-true

5  self, value <- self, constraint. evaluate (self, obj ect)
6  return self, value

Algorithm 4.7: Modified Slot. get () that permits the constraint system to install explicit dependencies
conditionally for modeled constraints
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can supply this information to the constraint creation method via a parameter. Algorithm 4.8 formalizes the

constraint inheritance algorithm.

4.7 Edits After an Instance has been Created

As seen in Section 4.6, when a new model constraint is assigned to a slot, that constraint must generate

explicit dependencies. This constraint assignment is one example of editing an object after it has been

instanced. The model dependency scheme must be resilient in the face of editing operations. The following

edit operations are commonly used in prototype-instance systems and must be handled correctly:

1. a constraint is assigned to a slot

2. a constraint is removed from a slot

3. a part is added to a composite object

4. a part is removed from a composite object

In Case 1 it is necessary for model constraints to behave like explicit dependency constraints. To handle

Case 3 the model dependency graph is augmented to reflect any model dependencies the new part may

require. In Cases 2 and 4 the resolution mechanism must behave gracefully when faced with missing

constraints.

Constraint assigned to a slot. This situation is covered in Section 4.6. A model constraint assigned to

a slot behaves like a standard constraint and generates explicit dependencies.

Constraint removed from a slot. A constraint can be removed from a slot in two ways: 1) the constraint

is replaced by an ordinary value, or 2) the constraint is replaced with a different constraint. In either case

the original constraint is no longer used to compute that slot's value. The second case is simply constraint

removal followed by constraint assignment, so only the first case needs to be considered. Constraint removal

does not pose a problem to the model dependency resolution process since a dependent constraint is found
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Method Object.inherit_constraints(Object prototype, Boolean has_parent)
1  for each slot s € prototype. slots :
2  s.constraints ̂  0

3  for each constraint cn € s. constraints :

4  inherited_cn i- cn.create_instance()

5  if cn .modeled = true :

6  if cn. needs.parent and has.parent = false :
7  inherited_cn.generate_dependencies ■«—true
8  else
9  inherited_cn.generate_dependencies ■«—false

10 s.constraints ^ s.constraints U inherited_cn
11 for each partpt € prototype.parts :
12 pt.inherit_constraints(pt, true)

Algorithm 4.8: Constraint inheritance algorithm, create.instance is a method of the Constraint class
that creates a copy of a given constraint, has.parent is false in the initial call in the recursive chain because
the root object does not have a parent. During the recursion, has.parent is true because the remaining
objects are parts which do have parents.
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by matching a formula signature stored with the model dependency edge. Although one or more model

dependency edges will still point to the slot from which the constraint was removed, their formula signatures

will no longer match the formula signatures of any of the slot's constraints. When these edges are followed

during constraint invalidation, the edge resolution methods will return no constraint (that is, null) as shown

in Algorithm 4.5. The invalidation procedure will then ignore this edge (in Algorithm 4.4, line 8 of the

Slot. invalidate () method checks if the edge resolution returns a null constraint and does nothing if a

null constraint is retimied).

In the labeled box example, consider what happens if the formula computing frame.width, C3, is

removed. This would occur if the user or programmer fixed the width after the box object was created.

Now when label .width changes, the model dependency resolution will follow the path to frame.width

but will not find the proper formula signature for C3 in the list of constraints for that slot since the constraint

has been removed. The resolution method will therefore return null, and no action will be taken with

regards to frame .width, which is the correct behavior.

Part added to a composite object When a part p is added to object obj after obj has been instanced,

there is no guarantee that all the model dependencies needed by p's model constraints will be present.

Specifically, any of p's formulas with PARENT or SIBLING model parameters will not be represented in

the model dependency graph. To see why, suppose the root of the prototype labeled box composite object

is created from some appropriate prototype (for example, from a composite object prototype). Next, the

frame component is created and added as a part to the labeled box prototype. If at this point the labeled

box is instanced, then the label part will not be present; nonetheless, a model dependency graph will be

created for the labeled box.

It is important to notice in this example that since the formula associated with frame. width has a model

edge parameter (SIBLING, label, width), a (SIBLING, frame, width) model dependency edge can

be created and placed in a model supertree graph named label, managed by frame's parent even though the

label part does not yet exist. If the label part is subsequently added to a labeled box instance, the model
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dependency in label's model supertree is already present and can be used to derive a literal dependency to

frame. width. Note that the responsibility for the creation of the model dependency is that of the dependent

object, not the missing part.

The CHILD model dependencies from the parent's left and width slots to label. left will not be

present in the labeled box's model subtree since the model dependency graph creation method (Algo

rithm 4.3) will not examine the C2 constraint in the missing label. If the label part is subsequently added,

the C2 constraint (which has two PARENT parameters) computing label.left will not be invalidated by

the labeled box's left and width slots unless either 1) constraint C2 establishes explicit dependencies or

2) C2's model dependencies are added to the model dependency graph.

The first approach requires the new part's constraints to generate explicit dependencies; this approach

is analogous to Case 1 above where a new constraint is assigned to a slot. Thus, the model dependency

graph for the parent can remain unchanged, and the unrepresented model dependencies will be covered by

explicit dependencies. This approach unfortunately has a subtle problem that can lead to incorrect behavior.

Suppose part p is added to obj after obj has been instanced and, therefore, its model dependency graph

has already been created. The object obj will behave correctly since any model dependencies needed on

behalf of p's constraints will be covered instead by explicit dependencies. If, however, after p has been

added obj is again instanced to create obj', obj's model dependency graph is not updated to reflect the

new part p. The object creation algorithm, however, assumes that all the necessary model dependencies for

all the components of obj are in place and directs all model constraints within obj' not to establish explicit

dependencies. Thus, obj'. p will contain slots that are not properly computed and kept up to date.

The solution is to add the missing model dependencies to the existing model dependency graph when

the new part is added. The new part can then use the newly installed model dependencies instead of explicit

dependencies, and any future instances will behave correctly since the augmented model dependency graph

will cover any needed model dependencies. This solution means that any instances created before the

new part was added will appear to be "missing" a part with respect to the augmented model dependency
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graph. As shown in the discussion of missing parts below, model dependencies to parts that do not exist are

properly handled by the constraint solver.

Adding a part to a composite object will not affect the existing model supertree for that part since

none of that part's constraints can use model parameters that would produce model dependencies in that

part's model supertree. The part's model supertree stores only PARENT and SIBLING model dependencies;

the PARENT dependencies result from CHILD parameters in constraints used by its parent, and SIBLING

dependencies result from SIBLING parameters in constraints used by its sibling(s). Adding a part may

affect its parent's model subtree or the model supertree for one or more of its siblings, however. The routine

that adds a new part to an object must also ensure that all the model dependencies required for that part are

added to the model dependency graph.

While the model dependencies scheme must correctly handle this situation of part addition after instanc

ing, it rarely occurs in practice. Generally a prototype is constructed as a template from which a collection

of "working objects" is created. When extended functionality is needed (for example, new parts are neces

sary), the original prototype is usually instanced to form a new object from which the new working objects

are created. Of the set of Amulet applications tested in Section 4.9, none added a part to an object after that

object was instanced.

Part removed from a composite object. When a part is removed from a composite object, any model

dependencies that point from parent or sibling slots to slots within this removed part are now "dangling."

The standard constraint system takes care to remove any dangling explicit dependencies, but dangling

model dependencies cannot be removed since other instances use the same model dependency graph. These

other instances may not have had their corresponding part removed, so the model dependencies to this part

must still be retained. As in the case with constraint removal, removing a part does not disturb the model

dependency resolution process because if a dependent slot cannot be located by following the path stored in

the model dependency edge, then no dependent constraint is returned. Hence a small amount of unnecessary

work is performed to discover that the dependent slot no longer exists, but no behavioral damage is done.
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To illustrate, consider the labeled box with the Next text label in Figure 4.6. Assume it has been created

from a labeled box prototype so the model dependency graph of Figure 4.5 is already in place. Now, remove

the label part. Moving this box, thereby adjusting its left slot, should affect the left slot of its label

part, according to its model dependency graph. However, resolution will find no label part, and so no

constraint will be invalidated, which is the correct behavior.

Now suppose we replace the text label in Figure 4.6 with a bitmap object, the right pointing arrow.

(Observe that this exchange is simply removing one part and then adding another.) The bitmap part assumes

the label part name. A bitmap object has slots keeping track of its position, size, and an array of pixel

color values that constitute its image. Notably, it has a width slot. If the bitmap is resized and its width

changes, its sibling frame will have its width slot recomputed since the model supertree for a part named

label still exists in label's parent. This behavior is correct. Observe once more that the label part is not

responsible for creating or managing the dependency to its frame sibling. That dependency information is

kept in the parent where relationships among siblings can be more easily managed.

Continuing the bitmap-for-text part exchange, the old text label part had a formula for left that

depended on its parent's left and width; therefore, the labeled box's model subtree has two (CHILD,

label, left) edges, one associated with its left vertex and the other with its width vertex. Assume

the new bitmap label has no such formula associated with its left slot. If the labeled box's width

value changes, the resolution algorithm will locate the new label's left slot, find no attached constraint

(specifically no attached constraint with the expected formula signature), and therefore do nothing. This

behavior is correct.

Next

Figure 4.6: Replacing a text part with a bitmap object.
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Finally, suppose the old label part that was removed from the labeled box to make room for the bitmap

object is now added to a new composite object. (As described above, its supertree-dependent formulas must

now establish explicit dependencies, but any subtree dependencies are still valid.) If it is given the same

part name (label), then there is a small chance that it is replacing another part that was also named label

and the old label part used exacdy the same formula to compute exactly the same slot as label does. In

this unlikely event, duplicate dependencies, explicit and model, will map from the same slot to the same

constraint. This causes a small duplication of effort since the duplicate edges will both invalidate the slot

when one is sufficient to do the job. However, the behavior of the application will be unaffected. This

duplication should occur rarely in practice.

Discussion. In sum, the model dependency resolution scheme is resilient in the face of edits. If the

dependent slot cannot be found, then the composite object's structure has changed (for example, the part

has been removed or replaced with another part) and no constraints are invalidated. Note that this strategy

allows the model dependency scheme to work even when an individual instance alters its structure.

The formula signatures also permit the model dependency scheme to work properly when model con

straints are removed from slots in instances. If the resolution process finds a dependent slot and that slot

does not contain a constraint with a signature matching the one stored in the model dependency graph, then

the constraint must have been removed. In this case no invalidation is performed and the results agree with

non-modeled behavior. (However this model dependency look-up does take some time that would not be

spent if explicit dependencies were used instead.)

Finally, it should be noted that this resiliency in the face of edits is only required by the prototype-

instance model. A class-instance model statically specifies an object, and the class may not be dynamically

edited. Hence, the model dependency scheme works equally well in a class-instance model.
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4.8 Conditional Formulas

Formulas involving conditional access of slots can introduce dependencies under the model dependencies

scheme that would not appear if only explicit dependencies were used. To see how, consider the following

formula:

self.width = if self.parent.visible then self.parent.width
else 2

Here the width slot of an object is computed from its parent's width slot, but only if its parent is visible.

Consider the consequences of assigning this formula to the width slot of an object obj. If explicit depen

dencies are being used and obj's parent is visible when this formula is executed, then dependencies will be

formed from obj .parent.visible to obj .width and from obj .parent.width to obj .width. If obj's

parent is not visible when this formula is executed, then only the first dependency will be created.

If the formula is modeled, both right hand slots must be specified as model parameters since:

1. model dependencies are created from model parameter specifications supplied with the model for

mula definition (see Section 3.2) and

2. it is impossible to determine at compile time which branch of the conditional will be true; in fact, the

active branch may vary during the program's execution.

Compared to a system using only explicit dependencies, a model dependency system with conditional

modeled formulas will likely have "spurious dependencies" (that is, dependencies that should be inac

tive). The system will work conectly, but some constraints may be evaluated unnecessarily. With the

above formula applied to obj, if obj .parent .visible is false, then the constraint will be recomputed if

obj .parent .width changes. Since such an explicit dependency would not exist, the constraint would not

be re-evaluated in a non-modeled system.

Section 5.8 indicates that the number of spurious invalidations in most applications is small, so this

unavoidable effect is tolerable.
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4.9 Results

The basic model dependency scheme described in this chapter was implemented in Amulet. Once the im

plementation was completed the code was instrumented so the number of model and explicit dependencies

could be counted. The main criterion for evaluating the merit of model dependencies is the number of

explicit dependencies saved. Amulet's object system is quite heavyweight; it supports a large number of

features beyond those provided by most constraint systems. This makes it an ideal research tool in gen

eral, but it makes judging the success of model dependencies difficult when raw heap space is measured.

Counting dependencies instead of raw memory provides a more accurate picture of how well model de

pendencies work. As an added benefit the results are truly platform independent; a particular operating

system's memory management strategies will not flavor the results. There was a tradeoff involved in doing

the implementation in Amulet. Most constraint solvers are implemented in far more streamlined systems

where the results would have led to significant reductions in heap space. Unfortunately, the source code for

these systems is typically not publicly available nor is it meant to be extended by other researchers. Amulet

by design meets both of these criteria.

Henceforth, the term Basic Model Amulet will refer to the modified version that supports the basic

model dependency scheme described in this chapter; Original Amulet will refer to the original version.

Basic Model Amulet was tested on a number of existing Amulet applications and on three specialized

benchmark programs. The applications included the samples found in the Original Amulet distribution and

several other contributed programs. Table 4.6 describes the applications and benchmarks. Pictures of the

graphical applications are shown in Figure 4.7. As indicated, some of the applications were crafted by

the designers of Amulet itself, some were written by graduate students as class projects, and some were

created by the author. They thus represent a range of application programmer expertise, from those expert

at using constraints to those just learning how to use constraints. No alterations are required to get existing

applications to compile and run under Basic Model Amulet. However, to maximize the advantages of Basic

Model Amulet the formulas in these test programs were modified to take advantage of modeled constraints.
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Table 4.6: Applications used for evaluating model dependencies.
Application/
benchmark

Description Source

Checkers The traditional board game Amulet distribu

tion

Circuit Designer Used to build digital logic networks Amulet distribu

tion

Gilt An interface builder that permits the construction of a
graphical user interface by direct manipulation

Amulet distribu

tion

MathNet Represents arithmetic expressions with a dataflow
graph

The author

Network Simula

tor

Simulates message passing in various network config
urations

Graduate student

Testwidgets Extensive test of menus, dialog boxes, scroll bars, etc. Amulet distribu

tion

Tree Editor Graphically represents binary trees for visual program
debugging

Graduate student

Labeled Box A benchmark that creates 500 labeled boxes similar to

the one described in Chapter 1
The author

Dense Dependen
cies

A benchmark that creates 75 objects. Each object has
26 slots, 25 of which are determined by formulas. The
25 formulas establish 325 dependencies for each ob
ject

The author

Empty An application that does nothing but initialize the base
Amulet system. No new objects are added to the sys
tem. This application indicates the "baseline" depen
dency requirements for any Amulet application.

The author
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Figure 4.7: Application snapshots. MathNet can be seen on Page 19. The Labeled Box and Dense De
pendencies benchmarks are non-graphical. The Empty benchmark creates the underlying base Amulet
graphical objects necessary for any graphical application, but it does not create a window.
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To ensure that Basic Model Amulet does not alter the behavior of an application, the behavior of these

modified versions was compared to the original programs running under Original Amulet. In all cases the

modeled versions behaved identically to the original versions.

The numbers of explicit dependencies generated by both the standard version and modeled version were

then compared. Figure 4.8 summarizes the results of the experiments.

As Figure 4.8 reveals, the results were not encouraging. While over 50% of all formulas exclusively use

the four model relationships, on average these formulas only generate approximately 20% of the dependen

cies in an application. This poorer-than-expected result prompted a more in-depth analysis of the nature of

the formulas and the dependencies they produce. While the basic model dependency scheme presented in

this chapter does work (explicit dependencies are eliminated), it has some limitations that greatiy reduce its

effectiveness. Chapter 5 describes how the basic scheme was extended to overcome some of these limita

tions thereby resulting in a system that was able to eliminate a large percentage of explicit dependencies in

the tested applications.
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Figure 4.8: Modeled results for a cross section of Amulet applications. The height of the bars reflect the
percentage of explicit dependencies removed. The average for actual applications (that is, excluding the
benchmark Labeled Box, Dense Dependencies, and Empty applications) is 20.6%. The average for all ten
applications and benchmarks is 32.0%.
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Chapter 5

Extensions to the Basic Scheme

The scheme described in Chapters 3 and 4 provides the fundamental framework for the model dependency

concept. Unfortunately, as noted at the end of the last chapter, experiments revealed that while over 50%

of all formulas exclusively use the four fundamental relationships, on average these formulas only generate

approximately 20% of the dependencies in an application. It became apparent that a small percentage of

formulas were generating a large number of non-modelable dependencies. An analysis of the dependen

cies generated in Amulet applications revealed a number of common situations that the basic scheme was

missing:

• Mixed dependency formulas. Many formulas could not be modeled because only one or two of their

parameters could not be modeled. Allowing formulas to be "partially" modeled would substantially

increase the number of model dependencies.

• Prototypes using model dependencies. The basic scheme assumes that an instance uses model

dependencies stored in its prototype's model dependency graph. The prototype itself should also be

able to use these same model dependencies thereby reducing the number of explicit dependencies it

maintains.



5.1. MIXED DEPENDENCY FORMULAS ]2

• Formulas with missing part names. A large number of dependencies are generated by unnamed

children. The CHILD model dependency in the basic scheme requires the name of the child to locate

the dependent slot. Most often the child is unnamed because the dependency is to all the children of

an object. A model relationship that captures this notion of "to all the children" would be beneficial.

• Formulas with a varying number of parameters. Some formulas depend on information from all

their children. These formulas are so general that the names and number of children are not specified.

The model dependency would be a PARENT edge in each child's model supertree. However, the

formula is too general for the basic scheme to produce the appropriate model supertrees; in fact, the

formula should work properly even as parts are added or removed after the model dependency graph

has been created. A model relationship that captures this notion of "from all the children" would be

beneficial.

• Formulas depending on shared global resources. Some explicit dependencies result from access

to a global resource such as the device context of a window in a graphical interface. If a large number

of objects reference this resource and it is changed infrequently, we may be willing to examine all

the objects in the interface in order to discover which slots should be invalidated. In other words, a

model relationship that captures this notion of "to all objects" would be nice.

This chapter describes how the model dependency scheme was extended to accommodate these five cases.

5.1 Mixed Dependency Formulas

The basic model dependency scheme allows a formula to be modeled only if all of its parameters can be

modeled. This restriction eliminates every formula with at least one parameter that cannot be modeled.

This significantly reduces the effectiveness of the basic scheme because it is quite common for a formula

to have a number of modelable parameters and only one or two non-modelable parameters. For example,

consider the following simple formula:
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self.left = self.parent.left + self.next.left

The first parameter self .parent. left can be modeled, but self .next refers to an object that is possibly

not part of the composite object hierarchy. Consequently the formula cannot be modeled even though

three of its four parameters are modelable (self .parent, self .parent, left, and self .next are all

modelable). In other words, the formula will generate four explicit dependencies just because one cannot

be modeled.

Ideally, if labeled box B\ uses the above formula to compute its left slot and labeled box B2 is the object

referenced by Bi .next, then an explicit dependency should be established from 52-left to Bi .left,

but the 5i .parent. left, —>• 5]. left, Bi .parent Si. left, and Si .next -> Si. left dependencies

should be modeled. A finer-grained approach was therefore adopted that permits formulas to establish

mixed dependencies.

Implementation. Mixed dependencies are implemented by requiring each slot reference within a for

mula to indicate if the constraint system should establish an explicit dependency on the slot's behalf. Al

gorithm 5.1 illustrates this scheme. The original Amulet constraint system already passed a flag to a slot

that suppressed the creation of an explicit dependency, so this implementation did not have to add an extra

parameter for slot access.

Method Slot.get(Boolean use_model) returns Value

1  if self, valid = false :

—If a dependency should be established or the top of the constraint stack
—is flagged to generate a dependency, then establish a dependency to the top formula
—since it has requested this slot's value

2  if constraint.Stack, empty 0 = false:
3  cn = constraint-Stack.top 0

4  if usejnodel = false or cn. generate.dependencies = true :
5  self. dependents ̂  self, dependents U constraint_stack. top ()

—Next, get the slot's value as usual
6  self, valid true

7  self.value •(— self, constraint, evaluate (self, object)

8  return self, value

Algorithm 5.1: Algorithm that permits the constraint system to install explicit dependencies. A Boolean
parameter is passed to get () that indicates whether or not an explicit dependency should be created.
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Results. Pemiitting a constraint to establish a combination of model and explicit dependencies in

creased the average number of removed explicit dependencies from 19.7% to 47.4%. This represents 27.7%

more dependencies removed than the basic scheme. Figure 5.1 shows the results for the ten applications

and benchmarks tested.

5.2 Modeling a Prototype's Dependencies After it is Instanced

One straightforward extension was motivated by the observation that once a prototype P has been instanced

and a model dependency graph for its instances has been created, F no longer needs to use its prototype's

model dependency graph to derive its own model dependency information; it can use the model dependency

graph created for its instances. The algorithm that creates the model dependency graph G for F's instances

(shown in Algorithm 4.3) uses the model parameters of P's formulas to direct the construction; thus, G

provides a more accurate representation of P's dependencies than the model dependency graph stored in

P's prototype (which P must use until G is created). Therefore, any dependencies that can be modeled

for P's instances can also be modeled for P itself. The net result is that P may be able to model some

dependencies that it previously could not when it used its prototype's model dependency graph.

Implementation. When an object ob j is instanced for the first time, a model dependency graph G for

obj is created as before. Two additional steps are performed during this object creation process:

1. obj's model dependency graph pointer is redirected fi-om its prototype's model dependency graph to

the newly created G, and

2. all explicit dependencies that are attached to model constraints within obj are removed, since many

of them are now modeled by G. The constraints are then invalidated so they will be re-evaluated and

establish explicit dependencies where necessary.

Note that this effort is expended at most once for each object, when that object is instanced for the first

time.
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Figure 5.1; The reductions of dependencies when mixed dependency formulas are used. The average
for actual applications (that is, excluding the benchmark Labeled Box, Dense Dependencies, and Empty
applications) is 47.4%. The average for all ten applications and benchmarks is 56.6%.
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Results. This change was not difficult to implement, and it increased the number of removed explicit

dependencies by about 2.4%, from 47.4% to 49.8%. Figure 5.2 shows the results for the ten applications

and benchmarks tested.

5.3 TOJ^L.CHILDREN Model Dependency

Amulet supports map objects which are special kinds of composite objects that generate multiple graphical

parts from a single prototype object. Map objects are used when all the children of an object are similar

enough to be created from one prototype. One example might be a grid object in which all of its components

are rectangles (see Figure 5.3). Each rectangle has the same color, line_style, height, and width, but

each rectangle has its own unique position. This position is given as a (left, top) offset from the parent

grid's (left, top) location. All the rectangles together form the grid surface of the grid object. The

common characteristics can be collected into a grid element prototype, known as the item prototype, and

the individual position information can be stored in an array. To create the parts of the grid, an instance of

the item prototype is created for each element in the position array. Each grid element has an index slot

that indicates its order in the list of grid parts. Each grid element uses this index to look up the element's

position in the position array; specifically, each grid element can use formulas to specify its position relative

to the grid's top left comer:

self.left = self.parent.left + self.parent.position_array[self.index].left

self.top = self.parent.top + self.parent.position_array[self.index].top

Now if the grid object is moved, each grid element component will correctly reposition its (left, top)

coordinates to maintain the visual appearance of the grid's surface.
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Figure 5.2: The reductions of dependencies when the prototype's dependencies are modeled. The average
for actual applications (excluding the benchmark Labeled Box, Dense Dependencies, and Empty applica
tions) is 49.8%. The average for all ten applications and benchmarks is 58.9%.
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The grid object made up of 81 grid item instances

All grid items share the same

size, line style, etc.

Grid item prototype

Each grid item has unique position

Figure 5.3: A grid object implemented as a map object. Each grid element has a unique value for its left
and top slots, but it inherits all other slots like width, height, and line.style from its prototype. The
grid elements are generated from a list of (left, top) pairs. This list is stored in the composite grid
object's position_array slot; this array is passed as a parameter to the grid object's creation routine.
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Map objects are used extensively in graphical applications. For example, the selectable menu items in

the drop-down menu in Figure 5.4 are map components; the text labels are provided in an accessory data

structure when the menu is created.

The map dependency relationship closely corresponds to the basic CHILD relationship. Unfortunately,

the children of a map object are generated automatically from the item prototype and are unnamed. A

CHILD model dependency edge is a 3-tuple that includes the part's name. This name is necessary so that

the resolution algorithm can locate the dependent slot and its constraint. Since maps are widely used

in graphical applications, the basic scheme's inability to handle unnamed parts forces a large number of

potential model dependencies to be explicitly represented.

What is needed is a model edge that represents a dependency from a slot in a parent to a particular slot

in all of its children. The TO_ALL_CHILDREN relationship was developed to address this need. It is similar

to the CHILD dependency. It is represented as a 2-tuple (TO_ALL_CHILDREN, slot). Unlike the CHILD model

edge which is a 3-tuple, no named part is required since the dependency is to all children of the object.

Figure 5.5 illustrates the TO_ALL_CHILDREN dependency. Observe also that only one model dependency

edge is needed to model multiple CHILD dependencies within the same object; thus, the TO_ALL_CHILDREN

edge saves a little model dependency storage in addition to the larger explicit dependency storage savings.

A TO_ALL_CHILDREN edge is created when a PARENT model parameter is specified for a formula in a

map item prototype object. Thus a PARENT model parameter may produce either a CHILD model dependency

or a TO_ALL_CHILDREN model dependency depending on the context of the object in which it is specified.

If a PARENT model parameter is specified within a named part, a CHILD model dependency edge is created;

if it is specified within a map item prototype, a TO_ALL_CHILDREN model dependency is created.

Implementation. TO_ALL_CHILDREN edges are represented by the To_All_Children_Model_Edge

class, a subclass of Model_Edge.

These TO_ALL_CHILDREN edges are stored in the model subtree along with the SELF and CHILD model

edges. The To_All_Children_Model_Edge. resolve () method returns a list of constraints to invalidate.
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Figure 5.4: A typical drop-down menu implemented as a map object. The labels "Open... "Save As...
etc. are provided in an accessory data structure when the menu is created. The label's position within the
data structure determines its position within the drop-down menu.
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Figure 5.5: The TO_ALL_CHILDREN relationship. The v slot of object A influences the x slot in all of its parts
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It builds this list by iterating over all the children of an object and finding eligible constraints for each child

in a manner similar to the basic Child_Model_Edge.resolve() method. Algorithm 5.2 formalizes the

To_All_Children.resolve{) method.

Potential for Duplicate Model Dependencies. Sometimes the item prototype is stored as a named child

within a map object. This leads to duplicate model dependencies since any CHILD dependencies within the

item prototype will be resolved twice: once for the item prototype when it is considered as a named child,

and again when that same item prototype object is visited by the TO_ALL_CHILDREN resolution routine.

Fortunately the duplication has no effect on program behavior since it simply causes the constraint system

to try to invalidate the same constraint twice. The second time the constraint system tries to invalidate the

constraint, it will see that the constraint has already been invalidated, and it will do nothing. The extra effort

spent on the second invalidation is negligible.

Results. The TO_ALL_CHILDREN relationship significantly decreases the number of explicit dependen

cies. The total savings increases from 49.8% to 68.1%, a gain of 18.3%. Figure 5.6 shows the results for

the ten applications and benchmarks tested.

5.4 FROMJ^LL.CHILDREN Model Dependency

The previous section handled the situation where all the children depend on a slot in the parent. Conversely,

some situations demand that a slot be computed fi-om the value of a particular slot found in all of its children.

For example, if a composite object is added to a window or its appearance is modified, the display manager

must (re)draw it. Typically, the display manager will compute the smallest rectangle that encloses all the

parts that comprise the object and only redraw that portion of the screen. To assist the display manager in

this regard the composite object often maintains formulas in its width and height slots that automatically

compute its width and height. For example, the width formula might be written as:
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Method Constraint_Set.invalidate()

1  for each constraint cn € self, set:

2  cn.invalidate 0

Method To_All_Children_Model_Edge.resolve(Slot paraineter_slot, Signature sig)

returns Constraint

—The parameter jslot parameter is the slot that changed
—constraint^et is of type ConstraintSet, a subclass of Constraint

1  constraint_set.set 0

2  obj •«—paraineter_slot.object
3  for each part p € obj .parts :

—The slot name stored in this dependency edge determines the target dependent slot
4  dep.slot 4- p. slots [self. slot_naine]
5  for each constraint cn G dep_slot. constraints :

6  if cn. signature = sig:
7  constraint-set. set •(— constraint.set. set U {cn}
8  return constraint_set

Algorithm 5.2: The To_All-Children_Model-Edge resolve method. The resolved methods of all
Model-Edge subclasses must return a single constraint, but the To-All.Children-Model.Edge must actu
ally return a collection of constraints. To reconcile this difference, the Constraint-Set class is introduced.
The Constraint-Set is a subclass of Constraint; therefore, it responds to the same messages that the
Constraint class does. It has a set field that points to a set of constraint pointers. The Constraint-Set
invalidate () method simply delegates the invalidation message to each element of its set field. Note
that this design permits an element of a Constraint-Set object's set field to itself be a pointer to a
Constraint-Object allowing for nested constraint sets. This Constraint-Set class is also used in Sec
tion 5.5. Also note that the resolve method gracefully handles children that do not depend on the slot. For
these children no constraint gets added to the constraint set.
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Figure 5.6: The reductions of dependencies including TO_ALL_CHILDREN. The average for actual applica
tions (excluding the benchmark Labeled Box, Dense Dependencies, and Empty applications) is 68.1 %. The
average for all ten applications and benchmarks is 73.2%.
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width = {

p = self.first_part

left = p.left

right = p.left + p.width
for each part p of self:

if p.left < left:

left = p.left

if p.left + p.width > right:
right = p.left + p.width

return (right - left)

}

The width of an object is therefore determined by the left and width slots of all its children. Amulet uses

a formula similar to this one for determining the width of all its graphical objects.

At first glance it appears that the formula should be able to use CHILD model parameters to specify the

dependence on each child's left and width slots. However, the CHILD model parameter must be explicitly

declared for each child and must include the child's part name. For a number of reasons, these restrictions

preclude the width formula from using CHILD model parameters in their existing form:

1. Automatic child generation: If the object's children are automatically generated, as happens for ex

ample in a map object, the width formula will reference a variable number of parts. However, the

basic model dependency scheme requires a fixed size parameter list.

2. Unnamed parts: The width formula may reference one or more unnamed parts but the CHILD model

parameter requires a part name.

3. Use in different objects: The width formula is meant to be used in different composite objects. Even

if each object had a fixed set of named parts, the width formula could not specify the correct set of

CHILD parameters for each object since the names and number of children vary from object to object.

Hence a programmer would be forced to write a specialized width formula for each new type of

object.
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What is needed is a model edge that represents a dependency from a given slot in every child to a slot in

their parent. The FROM_ALL_CHILDREN model parameter was developed to address this need. It is a 2-tuple

(FROM_ALL_CHILDREN, slot) and generates one PARENT edge for each child. Figure 5.7 illustrates the edges

that are generated.

Implementation. The FROM_ALL_CHILDREN relationship is represented by the Froin_All_Children_

Model_Edge class, a subclass of Model_Edge. A Froin_All_Children_Model_Edge is used as a model

parameter to a formula that, like the above width formula, must examine a slot in all of its children. When it

is installed, a Froin_All_Children_Model_Edge produces a Parent_Model_Edge, but this PARENT edge

is placed in a distinct subgraph of the model dependency graph called the common model supertree. A

common model supertree stores the PARENT dependencies that are shared by all children. Two relevant

points motivated the introduction of a new type of model dependency subgraph:

• It is not sufficient to place a PARENT dependency edge in each of the existing model supertrees since

model subtrees are associated only with named children present when the parent's model dependency

graph was created. The PARENT model dependencies in the common model supertree would apply to

all children of the composite object, named and unnamed.

• Even in situations where all the children are named and are represented by their own model supertrees.

A

P P •  • Pr»

Figure 5.7: An example of the PARENT model dependency edges generated by the FROM-ALL.CHILDREN
relationship. The formula that determines slot v in object A uses the FROM-ALL.CHILDREN parameter to
indicate that it references the x slot in all of A's parts Pi.. .?„. The constraint system in turn creates PARENT
model dependency edges from the x slot in each part to slot v.



5.4. FROMJiLL.CHILDRENMODEL DEPENDENCY 86

placing the PARENT model dependencies common to all children in one graph avoids duplicating the

edge. Like the TO_ALL_CHILDREN edge described in Section 5.3 and as shown in Figure 5.7, one

PARENT edge stored in the common model supertree represents multiple model dependency edges

within the same object and therefore saves model dependency storage in addition to explicit depen

dency storage.

Figure 5.8 shows the complete collection of subgraphs that make up a model dependency graph. A model

dependency graph may have at most one model subtree, at most one common model supertree, and as many

child-specific model supertrees as are necessary.

To install an edge in the common model supertree, a Froin_All_Children_Model_Edge parameter

edge must be specified in a formula. The system cannot infer one by examining each child and deduc

ing common model PARENT dependencies. The Froin_All_Children_Model_Edge.install () method,

shown in Algorithm 5.3, adds the proper edge, creating the common model supertree if necessary.

Results. The FROM_ALL_CHILDREN relationship provides a modest decrease in explicit dependencies,

saving an additional 5.8%. The cumulative savings is therefore boosted to 73.9%. Figure 5.9 shows the

results for the ten applications and benchmarks tested.

Method Froin_All_Children_Model_Edge.install(Object obj,

Slot dependent_slot, Signature sig)
1  graph ̂  obj.parent.prototype.coinmon_model_supertree
2  new_edge <— Parent_Model_Edge.create{dependent_slot)

3  new_dependency -f- Model_Dependency_Edge.create{new_edge, sig)

—Note that the first argument to the next method call is this parameter edge's slot name
—which is the source of the new dependency edge. The new dependency edge is stored
—with this slot name in the common model supertree.

4  graph.insert_edge(self.slot_name, new_dependency)

Algorithm 5.3: The Froin_All.Children install method
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Figure 5.8: The collection of subgraphs that constitute a prototype's model dependency graph.
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Figure 5.9: The reductions of dependencies including FROM_ALL_CHILDREN. The average for actual appli
cations (excluding the benchmark Labeled Box, Dense Dependencies, and Empty applications) is 73.9%.
The average for all ten applications and benchmarks is 77.5%.
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5.5 Model Dependencies for Global Objects

The extensions to model dependencies that have been described thus far in this chapter exploit the local

part hierarchy of a composite object. The last extension to be described in this chapter takes advantage

of the fact that many formulas may reference the same global object stored at the root of a composite

object. For example, computing some properties of a graphical object may require access to lower-level

system information involving the graphical device context of the screen. Such information includes screen

resolution, number of available colors, and font size, and may be used to compute the width and height of an

object, the way an image is displayed, and the way that a text object is displayed, respectively. This means

that a dependency must be established from the device context to selected slots in almost every graphical

object in the application. Figure 5.10 shows how all objects might depend on a slot, such as the device

context slot in the root object in the hierarchy.

Since all graphical objects are ultimately part of some window which ultimately is part of the screen,

the composite object notion is still viable. In this case, if the device context slot of the screen is changed,

every window and graphical object in the application can be notified by recursively visiting all components

of the interface. This process is expensive, but in practice device context changes are rare so the tradeoff of

the elimination of a large number of explicit dependencies for a rarely executed, relatively time-consuming

process is a good one.

Implementation. A new Global_Model_Edge class is subclassed from Model_Edge to implement

model dependencies for global objects. The GLOBAL relationship is expressed in a model parameter by

specifying a triple (GLOBAL, object, slot), where object is the global object accessed in the formula,

and slot is the particular slot within that object that is accessed. A Global_Model_Edge dependency edge

is created from this model parameter and is stored in the model subtree of the specified global object. The

install () is shown in Algorithm 5.4. Only one GLOBAL model dependency edge needs to be created since

a GLOBAL model dependency edge does not need to store any state information. The edge (GLOBAL) stored

at vertex v in graph G means that changing slot v in an object obj that has model dependency graph G may
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N N

O

Figure 5.10: A situation where all objects depend on a slot in the root of the composition hierarchy. The
dashed edges indicate the dependency dataflow. Each edge originates from the same slot in the root object
and ends at the same slot in each object.
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Method Global_Model_Edge.install(Object obj, Slot sit, Signature sig)
—The obj parameter is the global object accessed by the formula

1  graph obj .inodel_subtree

—Note that only one GLOBAL model edge object is required since no
—other information needs to be stored except the fact that
—the edge is a GLOBAL dependency.
—The global jnodeljedge object passed to the
—ModelJ)ependencyEdge.Create() method is this single GLOBAL edge object

2  new_dependency •<— Model_Dependency_Edge. create (global_inodel_edge, sig)
—Note that the first argument to the next method call is this parameter edge's slot name
—which is the source of the new dependency edge. Hence the new GLOBAL dependency
—edge should be added to slotjiame's list in the model dependency graph.

3  graph.insert_edge(self.slot_name, new_dependency)

Method Global_Model_Edge.resolve(Slot paraineter_slot)

returns Constraint_Set

1  constraint_set. set ■«— 0
—Determine the object in which the slot resides

2  obj ^ paraineter_slot.object
3  obj.collect_global_dependencies(constraint_set, paraineter_slot)
4  return constraint_set

Method Object.collect_global_dependencies(Constraint_Set cn_set,
Slot parameter_slot)

1  for each child p G obj . parts :
2  for each slot s € p. slots :
3  for each constraint on 6 s. constraints :
4  for each model parameter param G cn. formula. model-parameters :
5  if param. type = Global_Model_Edge

and param. slot-name = parameter-slot.name :
6  cn_set. set ^ cn_set. set U {cn}
7  p.collect_global_dependencies(cn_set, parameter_slot)

Algorithm 5.4: Algorithms to install and resolve Global-Model-Edge dependencies. Every descendent of
the root of the composite object is visited. Each slot of every object is examined. All the constraints comput
ing those slots are examined. If the constraint is modeled and therefore has model parameters, each parame
ter is checked to see if 1) it is a Global-Model-Edge parameter, and 2) its slot matches the slot passed to the
Global-Model-Edge. resolve () method. If both criteria are met, then the constraint is added to the set of
constraints that must be invalidated. The Constraint-Set class, a subclass of Constraint, is described in
Algorithm 5.2. An initially empty Constraint-Set object is passed to collect-global-dependencies()
by reference so the method may modify its contents.
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affect any slot in all objects below obj in the composition hierarchy. Any slot that has a formula which

references the slot in this global object will be affected, but most generally will not. Algorithm 5.4 shows the

resolve () method for the Global_Model_Edge class. Before the resolve () method adds a constraint to

the set of constraints to be invalidated it must first examine the constraint's list of model parameters (stored

in the model formula responsible for this constraint). If a GLOBAL model parameter containing slot v is

found, then the constraint is added to the list of constraints to invalidate.

Results. The GLOBAL relationship provides a modest decrease in explicit dependencies, saving an addi

tional 4.0%. The cumulative savings including all the implemented extensions for typical Amulet applica

tions (excluding the special benchmarks) is 77.9%. The results for the tested applications and benchmarks

appear in Figure 5.11. Figure 5.12 illustrates the savings obtained by each of the extensions.

Approximately 78% of the dependencies were consistently eliminated by the model dependency scheme

for the applications tested. As the primary criterion for judging the success of the research, explicit depen

dency removal results show that the model dependency scheme presented in this dissertation performs quite

well. Henceforth the term Model Amulet will refer to the Basic Model Amulet system augmented with the

extensions presented in this chapter.

It is important to note that the extensions presented in this chapter require only one change to the

mark algorithm of Algorithm 4.4. The get_model_dependencies () method of Algorithm 4.4 needs to be

modified as shown in Algorithm 5.5 so that model dependencies are also retrieved fi-om the common model

supertree of the parent's prototype.

5.6 Additional Extensions

A systems-level programmer may find other avenues for creating custom model dependencies that extend

the currently supplied collection. For example, an application may make frequent use of a formula with

GRANDPARENT parameters. While not directly supported by the current implementation, this relationship still

can be handled within the context of composite objects. In particular, the Model_Edge hierarchy, shown
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Method Slot. get_model_dependencies () returns Set of Model Dependency Edges
—Retrieve the SELF and CHILD model dependencies from the prototype's model
—subtree, the PARENT and SIBLING model dependencies from the model supertree of the
—parent's prototype, and the PARENT dependencies due to FROMALL.CHILDRENparameters
—from the common model supertree of the parent's prototype.

1  return self, obj ect.prototype. model_subtree [self, name ]

U self, object .parent .prototype .model_supertree [self, object .par t_name] [self, name]
U self, object .parent .prototype. common_model_supertree [self .name]

Algorithm 5.5: Modified get_model_dependencies () method. This minor modification to the method
found in Algorithm 4.4 allows the mark algorithm to properly handle the common model supertree depen
dencies used by the FROM_ALL_CHILDREN relationship.
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Figure 5.11: The reductions of dependencies contributed by all the extensions. The average for actual
applications (excluding the Labeled Box, Dense Dependencies, and Empty applications) is 77.9%. The
average for all ten applications and benchmarks is 81.2%.
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Figure 5.12: The average percentage reductions of dependencies contributed by the extensions. Both the
incremental and cumulative effects are shown. The percentages are based on an analysis of actual Amulet
applications and exclude the benchmarks.
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with the current extensions in Figure 5.13, can be extended by a toolkit developer with an understanding of

how model dependencies work. The toolkit developer would define an appropriate edge class and then write

custom resolve () and install () methods for the desired edge. In general, the typical applications-level

programmer would not create new types of model dependencies.

5.7 Time Complexity of Model Dependency Resolution

This section examines the time required to invalidate a model dependency. Explicit dependencies can be

invalidated in C>( 1) time because the mark phase follows a pointer directly to the constraint to be invalidated.

As the following analysis shows, the typical model dependency edge can also be invalidated in 0(1) time.

The time complexity for model dependencies has two components:

1. locating the model dependencies in the model dependency graphs , and

2. resolving each model dependency into a constraint to be invalidated.

Locating Model Dependencies. A slot's model dependencies can be found in three different model

graphs: 1) the model subtree, 2) the model supertree, and 3) the common model supertree. The model

subtree and common model supertree require 0(1) time to locate since explicit fields point to these graphs

in the object's prototype and in the parent's prototype. The model supertree has to be retrieved from the set

of model supertrees in the parent's prototype. If the set is implemented as a hashtable, the retrieval will on

average require 0(1) time. Since an object's named parts are normally bounded by a small constant, a list

is often a better choice for this set. In this case, the access is still 0(1). In each model graph, the slot and

its list of model dependencies must be located. Typically the graphs would be implemented as hashtables

keyed on a slot name, so finding the slot and its model dependencies should require on average 0(1) time.

Overall, locating model dependencies should require 0(1) time.

Model Dependency Resolution. Resolving a model dependency into a constraint involves three steps:

1) locating the dependent part by traversing the composite object's part hierarchy, 2) locating the dependent
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Figure 5.13: The extended class hierarchy for model edges including the To_All-ChildrenJfodel_Edge,
Froin_All_ChildrenJIodel.Edge, and GlobalJIodel-Edge classes. Notice that the GlobalJIodel.Edge
class uses no fields, so a single Global_Model_Edge object can be created and used wherever a GLOBAL
edge is needed.
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slot, and 3) locating the constraint on the dependent slot's constraint list.

The length of the traversal is determined by the types of model dependency edges. The four basic

edges and the FROM_ALL_CHILDREN relation all require at most two hops in the object hierarchy. For

example, a SIBLING edge goes to the parent and then an appropriate child. Hence these edges require

0(1) time to locate the dependent part. TO_ALL_CHILDREN visits each of an object's children. However, if

explicit dependencies were used instead, there would have to be one explicit dependency for each child. In

other words, if there are m children, the TO_ALL_CHILDREN edge corresponds to m explicit dependencies.

Therefore, a TO_ALL_CHILDREN edge can locate a dependent part in 0(1) amortized time ijn children/m

explicit dependencies =1). The time to locate the dependent children for the GLOBAL model edges depends

on the number of objects in the system. If there are n objects in the system then 0{n) objects must be

searched. The number of explicit dependencies replaced by this model dependency could be as low as zero

or as high as 0(n), so the time cannot be amortized. Hence, the time to locate all the dependent children

is 0(n). Fortunately, a global object containing a slot such as a device context is almost never modified

(indeed, it is almost unheard of), so the time complexity is acceptable. Also in practice a GLOBAL model

edge eliminates 0{n) explicit dependencies since each object in the interface typically has at least one

dependency on a global object. Hence in practice a GLOBAL model edge can locate a dependent part in 0(1)

amortized time.

Once the dependent part is located the dependent slot must be found. The number of slots within an

object is usually bounded by a fairly large constant such as 30—40. Either a hashtable or linked list can be

used to locate a slot, so the time is 0(1).

Finally, the time to locate a constraint on a slot's constraint list depends on the number of constraints

on the list. The list's size is almost always bounded by a small constant (1 or 2 in most cases), so the time

to locate a constraint is on average 0(1).

With the exception of global model edges each of the three phases of dependency resolution requires

0(1) time, so the resolution time for each dependency is 0(1). Consequently the overall cost to invalidate
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one model dependency is 0(1), the same as the cost to invalidate an explicit dependency.

This time complexity means that while model dependencies will be more expensive than explicit de

pendencies, the speed difference should be limited by a small constant factor. As Section 6.2 indicates, this

small speed penalty is quite acceptable for most applications. One exception to this analysis is the global

model edge which in the worst case requires 0[n) time to invalidate, where n is the number of objects in

the interface. In practice the edge requires 0(1) amortized time to invalidate constraints and hence is only

slower than explicit dependencies by a constant.

5.8 Spurious Invalidations

As mentioned in Section 4.8, conditional formulas can result in spurious invalidations where a constraint

is invalidated by following a model dependency that, due to the current state of the application, would not

exist as an explicit dependency in a non-modeled system. Analysis of the dependencies that lead to spurious

invalidations reveals that on average about 5.5% of the total dependencies lead to spurious invalidations. In

other words, if a model dependency was replaced by an explicit dependency edge in each instance that it

models, 5.5% of the resulting edges would be unnecessary or, in our terminology, spurious. The spurious

invalidations lead to extra formula evaluations. Profiling has shown that on average the percent increase

in formula evaluations for modeled applications is 6.5%. In actual applications this time overhead for

spurious invalidations and formula evaluations is not significant. Since a dependency responsible for a

spurious invalidation is modeled and not explicit, it does not consume any space. The model dependency

edge must be present in the model dependency graph since the state of the application may change causing

the dependency's constraint invalidation to be essential rather than spurious.
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Chapter 6

Empirical Test Results

While the efficacy of model dependencies in terms of explicit dependency reduction is demonstrated in

Chapter 5, this chapter considers other criteria for success. Section 6.1 uses a specialized benchmark

to reduce the overwhelming resource burden imposed on Amulet graphical objects (see Section 4.9) and

measures the influence of model dependencies on system space and time resources. Section 6.2 addresses

interactive performance issues.

6.1 Performance on the Dense Dependencies Benchmark

As noted in Section 4.9, measuring raw heap space for most Amulet applications does not necessarily give

an accurate picture of the benefit of model dependencies. Graphical objects under Amulet consume an

enormous amount of space aside from space required by formulas and explicit dependencies. In particular,

slot objects consume a significant amount of space over and above that required by constraints. Since each

graphical object stores an average of 30-40 slots, the storage for slots dominates the storage for constraints

and their corresponding explicit dependencies in the tested applications.

The Dense Dependencies benchmark. Benchmarks can be devised that reduce the overwhelming

storage burden incurred by the total Amulet system. These benchmarks can be used to further validate the
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model dependency scheme by directly measuring the space and time performance of model dependencies.

One such benchmark is the Dense Dependencies program. It defines a Dense Dependencies object that is

derived directly fi-om the root object in Amulet's prototype-instance hierarchy. This simple object does not

inciu- as much overhead as Amulet's graphical objects because the only slots stored in the object are those

used by the benchmark.

Each Dense Dependencies object consists of 26 slots, 25 of which are determined by formulas. If

the slots are named then a formula Fi in slot Si references slots sq .. .5,_i (slot io does not

contain a formula). Hence all 25 formulas generate a total of 1 -H 2 -I-... -I- 25 = 325 dependencies. The

large number of dependencies per object compensate for Amulet's heavyweight base object system. The

benchmark performs the following activities:

1. The prototype Dense Dependencies object is defined and the formulas are assigned to their slots. The

formulas all involve the SELF relationship; consequently. Model Amulet can eliminate the explicit

dependencies.

2. A specified number of Dense Dependencies objects are created from the prototype.

3. In a loop executed 10,000 times, one object is chosen at random from the collection of objects. A

fixed slot, so. is modified, sq is guaranteed to affect all the formulas in that object.

This benchmark is useful for two reasons:

• It is non-interactive. It is not subject to the inconsistent pace of a human user.

• As the number of objects grows, the Amulet heavyweight object overhead is dwarfed by the storage

cost of the explicit dependencies. The raw heap measurements for this benchmark therefore give a

more accurate picture of 1) memory required for explicit dependencies versus memory required for

model dependencies and 2) the performance cost of spilling into virtual memory.

The Dense Dependencies benchmark therefore represents a fairly pure test of model dependencies'

effect on the system's space and time resources.
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Space. The amount of raw heap storage required by the benchmark was measured directly by examining

the memory consumed from the heap (all the graphical objects used by Amulet applications are allocated

dynamically from the heap). Figiue 6.1 summarizes the benchmark's behavior under both Original and

Model Amulet. The operating system used for testing restricts each running process to 64 Mbytes of virtual

memory. Original Amulet is limited to about 4,500 objects before virtual memory is exhausted. Model

Amulet can handle about 15,500 objects; thus, the modeled version can accommodate about 3.4 times more

Dense Dependencies objects.

In Amulet, each constraint dependency consists of a forward and backward edge, each of which requires

12 bytes of storage. Since each edge is allocated separately, the heap manager tacks on an extra four bytes

of bookkeeping code for each edge. The true cost of an Amulet explicit dependency is therefore 32 bytes.

Analysis of the heap space results reveals that the difference in storage between the two versions is exactly

(32 bytes) x (the number of objects) x (the number of dependencies per object). This simple comparison

is possible since all dependencies in the benchmark are modeled. In any given system the expected storage

savings from using model dependencies can be computed as follows:

s=cxdxa

where s is the expected storage savings, c is the storage cost of an explicit dependency, d is the number of

dependencies in the system, and a is the fraction of dependencies that can be modeled. For typical Amulet

applications, the results from Section 4.8 indicate that a = .78 is a reasonable estimate.

Time. Figure 6.2 compares the cumulative time it takes to perform the experiment in which a loop is ex

ecuted 10,000 times. Each iteration invalidates slot so and then all dependent formulas are re-evaluated. The

modeled version is consistently 1.42 times slower than the standard version up to about 1,500 objects. This

slowdown is understandable since an explicit dependency can invalidate a dependent constraint through a

direct reference while a model dependency must be resolved from the prototype's model dependency graph

given the actual object's structure. Section 6.2 reveals that this apparently large time discrepancy between
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Figure 6.2; Cumulative object manipulation times for the Dense Dependencies benchmark. The original
version of Amulet begins to use a significant amount of virtual memory at around 1,500 objects. The
modeled version can manage about 5,500 objects before virtual memory is required. Once virtual memory
is used in the modeled version, as the number of objects increases, the performance degrades at a slower
rate than in the original version. (On the system tested, the virtual memory limit for a process is 64 Mbytes.)
All applications were tested on a lightly loaded 200 MHz Pentium-based machine with 32 Mbytes of RAM
and 512 Kbyte L2 cache running BSD/OS 3.0 and Amulet V3.0 with no debugging and -03 optimization.
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the two versions is not in practice as detrimental as it seems (see Section 6.2).

Above 1,5(X) objects the standard version begins using virtual memory, and performance drops off

dramatically. The modeled version can manipulate up to 5,500 objects until virtual memory is accessed.

Model Amulet can therefore represent about 3.7 times more Dense Dependencies objects in core memory

than can Original Amulet. After the point of virtual memory access the performance degradation is more

gradual in the modeled version. When both versions are managing as many objects as virtual memory

permits (4,500 for the standard version vs. 15,500 for the modeled version), the modeled version is about

1.3 times faster.

Although the Dense Dependencies benchmark is a somewhat contrived benchmark, it is more demon

strative of what might be accomplished with model dependencies in many lighter weight constraint-based

systems. As shown by Figures 6.1 and 6.2, model dependencies achieve significant space savings and per

formance improvement in this benchmark, permitting a larger number of application objects to be managed

with better performance than with explicit dependencies.

6.2 Interactive Performance

None of the interactive applications that were available for testing manipulate a large number of objects.

One reason that existing applications do not manage a large number of constrained objects may be because

their designs are limited by the large storage requirements of each Amulet graphical object in addition to the

storage requirements of a large number of explicit dependencies. Since the number of objects was small,

none of the interactive applications required any virtual memory. As the Dense Dependencies benchmark

showed, the performance penalty for model dependency resolution for programs using only a small amount

of memory is about 42%. Model dependencies would be impractical for general use if they significantly

degraded the performance of small interactive applications.

Fortunately, interactive applications are not significantly affected by the extra time required to resolve

model dependencies. To the unaided eye, the versions using model dependencies do not exhibit any percep-
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tible loss of interactive performance compared to their explicit dependency counterparts. In fact, during a

three minute interactive session with the Testwidgets application the amount of extra time required specifi

cally for model dependency creation and resolution amounted to approximately 0.8 seconds. This result is

less surprising considering the following two points:

1. Previous studies have shown that redisplay time dominates the cost of all other operations in a graph

ical application [14, 41]. Thus, the time spent traversing dependencies is a tiny fraction of the time

required to execute an operation.

2. In interactive applications, typically the total number of slots that depend on a changed slot is

small [43].

Point 1 says that in normal constraint systems constraint satisfaction time is insignificant compared

to updating the display. This suggests that slowing the constraint satisfaction time by a factor of 1.42 as

indicated by the Dense Dependencies benchmark may have little overall effect. The second point says

that dependency trees are usually short and narrow. The Dense Dependencies benchmark executes 10,000

object manipulations and each manipulation affects 325 dependencies and forces the recomputation of 25

constraints (each of which uses an average of 12 individual arithmetic operations for its computation). The

re-evaluation work required for each interactive event in a typical application will generally be far less,

so while the Dense Dependencies benchmark is a good measure of the raw performance of model versus

explicit dependencies, it presents a worst-case scenario compared to typical graphical applications. When

a graphical (but still non-interactive) version of the Labeled Box benchmark was tested, which moved and

resized (by changing the label text) a large number of labeled boxes in a window, the modeled version was

slower than the original version by a factor of only 1.002. (The number of boxes was not so large as to

require either version to use virtual memory.) This time penalty of 0.2% is not perceptible to the human

user.
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Chapter 7

Related Work

This chapter considers related work from a variety of different angles. It first shows how dataflow con

straints fit within the constraint solving world. It then describes some of the past research that has been

done on optimizing the storage costs of dataflow constraints. Finally it discusses two related ideas, model

dependency graphs in syntax-directed language editors and flyweight patterns, that influenced and moti

vated the development of the model dependency scheme described in this dissertation.

7.1 Dataflow Constraints in Context

All constraint systems share the notion of programming as a declarative task. Relations among a set of pro

gramming objects are specified and the constraint solver finds a solution that satisfies these relations [23].

Constraint solvers can typically be classified as either domain-specific or domain-independent. A domain

specific solver can only satisfy constraints that are specified over a restricted domain, such as real numbers,

integers, or Booleans. A domain-independent solver can satisfy constraints that are specified over an arbi

trary domain. A linear equation solver is an example of a domain-specific solver [ 13]. A dataflow constraint

solver is an example of a domain-independent solver. Domain specific solvers can satisfy a greater range

of constraints within their domain because the constraint solver can use algorithms that exploit information
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about that domain. For example, a user can give a linear equation solver the pair of constraints

X + > = 10
X - 2y = 1

and the linear equation solver can use its knowledge of linear algebra to satisfy these constraints. In contrast,

a domain-independent solver cannot satisfy these constraints because it lacks the requisite domain-specific

knowledge. Nonetheless, domain-independent constraints have found greater use in graphical interfaces

because of their versatility, their simplicity, and their ability to express most of the relationships that arise

in graphical interfaces.

Multi-way, multi-output constraints. Multi-way, multi-output dataflow constraint systems have also

been developed for graphical interfaces, including ThingLab [3, 11, 36], Kaleidoscope [10] and Multi-

Garnet [35, 34, 39]. Multi-way constraints are more powerful than one-way constraints. Their primary

advantage is that they allow information to flow both ways in an equation, either from the left side to the

right side or from the right side to the left side. For example, they cleanly handle circular loops, such as

expressing the two-way relationship

a = b

As another example, they can express the relationship

right = left + width

and handle changes to right by changing either left or width. However, circular loops are rarely prob

lematic in one-way constraint systems and generally the programmer wants information to flow one way.

For example, position information in a composite object tends to flow from the root to the parts and the

programmer is not interested in a reciprocal relationship in which position information flows from a part to

the root.

Multi-way constraints are also less predictable than one-way constraints and harder to manage by the

programmer. First, multi-way constraints can lead to overconstrained systems. In this case one or more

constraints must be relaxed (i.e., not satisfied). Constraint hierarchies have been introduced to allow pro-
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gramtners to prioritize constraints so that less important constraints are relaxed before more important

constraints [4]. However, most graphical applications are actually underconstrained which creates a differ

ent problem, how to choose which variables should change and which variables should stay the same when

edits occur. For example, in the equation

right = left + width

what should the constraint solver do if right is changed? Changing left will cause the object to move

and changing width will cause the object to change size. Both changes provide plausible interpretations for

how the change to right should be handled. Stay constraints have been introduced to allow programmers

to specify which variables should remain unchanged [4]. In the above example, the programmer could

introduce stay constraints for all three variables, but give a higher priority to the stay constraints for right

and left. Hence when right is changed, the constraint solver would resize the object by changing the

object's width. However, sometimes the user expects the object to move instead of being resized so even

stay constraints are not a complete solution to the problem. Rosener proposed a number of ways to make

constraint hierarchies and stay constraints more flexible [32] but the fact remains that multi-way constraints

are more difficult to manage and more unpredictable than one-way constraints, and their perceived benefits

are often not commensurate with these drawbacks.

Constraint Logic Programming. A final related area is constraint logic programming [21]. When ap

plied to logic progranuning, constraints provide a generalization of the resolution principle used in standard

logic programming languages such as Prolog [33]. In fact, standard logic programming techniques are a

proper subset of constraint logic programming techniques. Particularly, unification is simply a special case

of constraint solving. One advantage of constraint logic programming is that it can mix constraint solvers

from different domains, thus achieving better coverage than a single domain-specific solver. Constraint

logic programming has never caught on in the graphical interfaces community because it lacks a notion

of state; thus, an incremental change in an application requires a complete re-execution of the program as

opposed to an incremental update of the program's state.
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7.2 Dataflow Constraint Optimization

Researchers have investigated various approaches to dataflow constraint storage optimization. These in

clude constant propagation, constraint plans that save storage by eliminating some constraints entirely, and

^constraints which reduce the cost of a constraint by encoding its dependencies in a compact manner.

Constant propagation. Constant propagation allows some constraints to be removed from the system

completely [26, 28]. If all the parameters of a constraint are constant, the constraint can be evaluated and

replaced with the constant result. The elimination of this constraint may permit the removal of other con

straints as well. Since constraints often have multiple dependencies, the savings in a fairly static system

where many slots have fixed values may be significant. Unfortunately one non-constant slot in a formula

will prevent it firom being eliminated, just as one non-modelable parameter prevents a formula from being

modeled in the basic model dependency scheme presented in Chapter 4. Consequently, constant propa

gation has little effect in a dynamic system where few slots have a fixed value. For example, a study of

Amulet applications suggest that constant propagation can eliminate 15-25% of constraints [43]. This re

duction is a good start, but other optimizations, such as the model dependency optimizations described in

this dissertation, must be used to obtain even more storage savings.

Constraint plans. Freeman-Benson eliminates entirely the storage required for constraint objects and

their dependencies by compiling a given constraint graph or subgraph into a plan [9]. A plan consists

of a single Smalltalk module and is created by analyzing the dependency graph dataflow, "unwrapping"

individual constraint methods, and sequencing the code segments that make up these methods into one

large procedure that becomes a method in the module. The parameters to that procedure are the slots in

the original graph whose values may be modified. The constraint plan approach is ideal for dependency

graphs with a static structure. In systems like Amulet with pointer variables, dynamic edits, and arbitrary

dependency edges, the required analysis may not be possible and dynamic recompilation of the modules

will almost certainly be required even if the analysis can be performed.

/iconstraints. Hudson and Smith reduce the physical storage required for dependencies in certain com-
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mon graphical layout relationships using a concept they call /^constraints [19]. Each constraint consists of

as little as 17 bits, which is enough to encode

1. an operation code (e.g., addition, subtraction),

2. a small set of predefined dependencies to other objects such as parent or f irst_child, and

3. a small predefined set of potential parameter variables, such as left or width.

Actual dependency edges in the constraint network are dynamically inferred as needed by consulting

/^constraint encodings and the composite object's physical structure. Heavyweight constraints that estab

lish explicit dependencies are used where /^constraints are insufficient to specify the desired relationships

completely.

//constraints share two important concepts with the model dependency paradigm:

1. Relations that can be encoded are restricted to the direct composite object relations involving SELF,

PARENT, CHILD, and SIBLING.

2. A programmer may use standard heavyweight constraints for dependencies that cannot be represented

in this encoding scheme.

Compared to model dependencies, however, //constraints have some serious restrictions:

1. //constraints can only be attached to a small set of layout slots. Model dependency constraints can be

attached to any slot.

2. The formulas may have at most one supplied slot parameter and at most one implied slot parameter

depending on the formula selected. Model dependency formulas allow an arbitrary number of model

parameters.

3. A //constraint dependency can only point to a restricted set of layout slots. A model dependency can

point to any slot.
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4. Named children and siblings are not supported. The child and sibling relations are limited to

FIRST_CHILD, LAST_CHILD, MAXIMUM_CHILD, MINIMUM_CHILD, PREVIOUS_SIBLING, and NEXT_-

SIBLING. Model dependencies are more general.

5. The formulas are limited to six different predefined layout operations. Model dependency formulas

consist of arbitrary code.

6. Mixed dependencies are not supported by /^constraints.

7. Once an encoding has been established, it does not appear that /iconstraints can be as easily extended

to handle additional dependency relations because the number of bits allocated for dependency rela

tions is fixed. For example, if three bits are allocated for dependency relations, only eight relations

can be modeled. To increase the representable dependency relations the number of bits must be in

creased, which requires the decoding software to be rewritten. With model dependencies, additional

model edges can be created by a systems programmer by subclassing the Model_Edge type.

An analysis was undertaken to compare the dependency reducing capability of ̂constraints to that of

model dependencies. Figure 7.1 summarizes the results.

Figure 7.1 shows that //constraints are not very successful at reducing dependencies in actual applica

tions. The small percentage of dependencies eliminated by //constraints mirrors the results with the basic

model dependency scheme of Chapter 4; the basic four relationships do not represent many dependencies

in real applications. While model dependencies eliminated almost 20% of the dependencies, the results are

even worse for //constraints since the number of encodable slots and types of formula functions supported

are a subset of those supported by model dependencies. Most practical applications, especially those that

use widgets, use many formulas that rely on non-layout slots such as visible or fill_style. At the

beginning of the model dependency research, a variety of Amulet applications and the Amulet system code

was examined. Under the basic model dependency scheme, excluding all the extensions in Chapter 5, we

found that about 55% of the formulas can be modeled. With //constraints, the number of modelable formu-



7.2. DATAFLOW CONSTRAINT OPTIMIZATION 112

100

90

80

70

60

Q  50

40

30

20

n I I

CH Modeled
H ̂constraints

Checkers Circuit Gilt Labeled MathNet Network Dense Test- Tree
Box Simu- Depen- widgets Editor

lator dencies

Empty

Figure 7.1: Comparison of/rconstraints to Model Amulet, ̂uconstraints were able to eliminate only a few of
the dependencies used by the tested applications. The average percentage of explicit dependencies removed
by ̂constraints for "typical" applications (that is, Labeled Box, Dense Dependencies, and Empty excluded)
is 8.9%. The average for all ten applications and benchmarks is 9.7%. Applications that use widgets
extensively fare especially poorly because widgets use formulas for a wide variety of computations, many
of which are not layout related, ̂ constraints failed to model any Dense Dependencies dependencies since
none of the Dense Dependencies objects' formulas use layout slots, hence the missing bar.
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las is about 38.5%; therefore, it is not surprising that /^constraints on average model fewer than half of the

dependencies modeled by the basic model dependency scheme.

It is interesting to compare the work required to resolve a /^constraint dependency compared to a model

dependency. The relation encoded in a //constraint is actually a parameter path. Search is involved to

determine the actual dependencies. For example, consider object obj whose layout slot width is modified.

The constraint solver must poll every potential dependent slot within obj itself, obj's parent, all of obj's

children, and obj's next and previous siblings. Each of these potentially dependent slots is examined to

see if it has a //constraint that encodes a path back to obj .width. Fortunately, the number of potentially

dependent slots is small per object, but the number of objects to consider may be large if obj has many parts.

Recalling the analysis of Section 5.7 a model dependency can be resolved in constant time with no search

involved. In contrast, some search of the composite object structure is required to resolve a//constraint. The

potential cost of resolving all the dependencies for a //constraint is 0{n), where n is the number of parts in

an object. Because the modified slot may have no dependencies, this cost cannot be amortized. The number

of parts of an object is normally bounded by a small constant, so in practice the search should take constant

time.

Given a set of dependencies that can be represented by both //constraints and model dependencies,

it seems that the model dependency approach will typically be faster. The cost of resolving //constraint

dependencies is fixed in advance because the same slots will always be searched. In contrast, the cost

of resolving model dependencies depends on the number of model dependencies. A survey of Amulet

showed that most slots have two or fewer dependencies [43]. Hence, the model dependencies approach will

typically visit fewer slots. Both model dependencies and //constraints must traverse the object hierarchy to

resolve dependencies, so the cost of visiting a dependent slot is roughly comparable. On average, therefore,

the model dependency approach should be faster.
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7.3 Influencing Ideas

Model Dependency Graphs. The model dependency graph concept was applied to attribute grammars by

Reps, et. al. [31] in their work with syntax-directed programming editors. The text of a computer program

can be represented by an attributed derivation tree for the grammar of the given prograiiuning language.

User editing operations correspond to modifications to the attributed abstract syntax tree; for example,

adding a keyword might result in expanding a non-terminal in a production rule. Attribute information

flows among the vertices of the tree in the same way data flows among slots in a constraint network.

Model graphs are used to represent the dependencies among variables in the vertices of a subtree. The

model constraint graphs used in this dissertation, however, out of necessity have fewer restrictions; a model

constraint graph's structure is not limited by the productions of a formal language. The restricted constraint

graphs that arise from the attribute grammars that generate these trees can be analyzed statically and this

information plus the model graphs obviate the need to store any explicit dependencies at run time. The

problem addressed in this dissertation deals with more general constraint graphs where the relationships

among the vertices can be arbitrary; any object can be dependent upon any other object. As mentioned

earlier in this dissertation, this generality renders a pure model dependency scheme largely ineffective.

Flyweight Design Pattern. Calder and Linton used lightweight glyphs to implement structured graph

ical objects [6]. These glyphs were implemented in an extension to the Interviews toolkit [25]. Glyphs

do not store all the information that specifies their appearance but depend on graphical context informa

tion passed into their drawing methods. In a similar manner model dependencies refi-ain from storing all

the dependency information needed by the slots of an object, but instead require the object to access ad

ditional dependency information from its prototype. This technique of not storing information that can be

reconstructed by other means when needed is formalized in the flyweight design pattern [12].
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Chapter 8

Conclusions

This chapter explores some directions for extending our research, followed by a final assessment of the

benefits of model dependencies and their contribution to the body of knowledge in computer science.

8.1 Future Work

The research described in this dissertation can be extended in a number of different directions to try to

produce greater versatility for the model dependency paradigm, an improved programmer interface, and

increased storage savings.

Greater Versatility. As mentioned in Section 3.6, a model dependency graph is not altered once a

prototype has been instanced, even if the prototype is subsequently modified (adding a part to a prototype

is the one exception to this rule). One useful extension to this research would allow the prototype's model

graph to be updated if the prototype is edited. Unlike the existing Amulet model, the edits would be

inherited by all of its instances (currently instances created before the edit do not inherit the edits, but

instances created after the edits do). Since the edits would be inherited, the model dependency graphs of

any descendent instances in the prototype-instance hierarchy would also have to be updated.

Applications programmer interface. Currently an applications programmer must supply a list of
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model parameters to a formula that uses model dependencies. While it is not uncommon for constraint

systems to require programmers to supply the parameters or dependencies that are to become part of the

constraint graph, Amulet frees the programmer from this burden and automatically constructs the depen

dencies during the formula's execution. In other words, when a slot is requested by a formula. Amulet's

constraint solver can automatically create an explicit dependency from that slot to the formula's constraint

(see Algorithm 4.6). Hence, compared with the original version of Amulet, the current application pro

grammer interface to model dependencies has the following shortcomings:

• Model formulas require the programmer to provide a model parameter list specification, and

• The programmer is responsible for making sure the number of model parameter edges and the spec

ified parameter paths agree with the code in the formula. Any inconsistencies result in incorrect run

time behavior that may be difficult to diagnose and fix.

These shortcomings could be overcome by removing the requirement for a parameter list specification

and inferring model dependencies. The constraint solver's mechanism for explicit dependency formation

would then have to be extended to handle the creation of model dependencies. If the path between the

formula and the requested variable could be modeled, then an explicit dependency would not be established.

Instead, a model edge would be added to the model dependency graph if it is not already there. There are

two problems that must be overcome to make this approach feasible:

1. Different executions of the same formula may produce different sets of model dependencies. For

example, if the formula has a conditional, then one branch may produce one set of model dependen

cies and another branch may produce a different set of dependencies. One solution to this problem

might be to take the union of the different sets of model dependencies and another solution might

be to take the intersection of the different sets of model dependencies. The union approach might

produce spurious constraint invalidations but would result in a greater storage savings. The intersec

tion approach would avoid spurious constraint invalidations but would require a greater number of
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explicit dependencies and hence incur a greater storage cost. Experimental work would be required

to determine which approach produces the best results.

2. Since the constraint system cannot know when all the possible branches of a formula's code have

been executed, each formula execution will force the constraint solver to check for new model de

pendencies. These checks could significantly slow down the execution of a formula. Algorithmic

approaches that minimize the time spent creating model dependencies would need to be investigated.

Another possibility for eliminating the explicitly provided model parameter list is to build a preproces

sor that analyzes a formula's code and infers the model parameters. The formulas output by this translator

would look like the current model formulas (that is, they would have the required model parameter lists).

The translator's output would then be passed on to the C++ compiler as usual. If such a translator could be

built, applications would not suffer the penalty of runtime model parameter determination; model parame

ters would be deduced at compile time by the preprocessor. Such an implementation would run as fast as

the current Model Amulet.

This solution is not trivial to design and implement since the translator would have to perform significant

dataflow analysis' to deduce the parameter slots. Since formulas can contain arbitrary code, a function

called from the formula (and functions called from those functions, etc.) must be traced to see if any slots

are accessed within those functions. The preprocessor must therefore have the full analysis capabilities of

a complete compiler for the target language. In general, a complete analysis is impossible, since such static

analysis is undecidable [22].

One possibly useful compromise could generate "easily" detected parameters such as those used explic

itly within the formula's function body. Any parameters accessed via function calls within the formula or

through pointer aliases would go undetected and therefore lead to explicit dependencies.

Adding a CUSTOM model edge. New model edge relationships can be added to the model dependency

scheme by subclassing the Model_Edge class (see Section 4.2). However, some implementation knowledge

'Here the term dataflow analysis refers to the static analysis performed by optimizing compilers.
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of the model dependency scheme is required to add these edges, so it is unlikely that anyone other than a

toolkit developer would add such edges. It would be nice if there was a simpler mechanism that would allow

an application programmer to specify custom model edges in a formula. The difficulty with specifying an

arbitrary model edge is that it is not always obvious to the constraint solver how to invert the edge to create

a dependency. One approach might allow a prograimner to specify both the model parameter edge and the

corresponding model dependency edge. In essence, the programmer would supply the information needed

by the install () method. Since the syntax for specifying a model dependency edge is the same as the

syntax for specifying a model parameter edge (the formula signature can be filled in by the system), the

programmer would not need to learn any additional syntax.

Additional storage savings under Amulet. Model dependencies may enable some additional storage

optimizations in Amulet:

• A number of slots that could be inherited are currently stored locally in an object because they need

to represent explicit dependencies. The local storage for these slots can be eliminated using model

dependencies, since the explicit dependencies can be generated by examining the prototype. A pre

liminary profile of Amulet suggests that about 6% of slots could be eliminated in this fashion.

• Many slots maintain a pointer for explicit dependencies. An alternative approach is to store explicit

dependencies in a hashtable or binary tree keyed by slot name. When a slot is modified, the slot's

dependencies can be retrieved from the hashtable or tree. For added efficiency, a flag could be stored

with each slot indicating whether it has explicit dependencies. In the original Amulet, so many slots

have explicit dependencies that this scheme might not save space because of the additional storage

overhead of the search structure. However, model dependencies might reduce the number of slots

with explicit dependencies to the point where this alternative approach might save storage.

Incremental model dependency graph construction. Currently each prototype maintains a complete

model dependency graph; that is, any dependency information required by an object can be obtained from

one graph. Storage could be further reduced if each prototype's model dependency graph stored only
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the differences from its prototype's model dependency graph. For example, if object Box has a model

dependency graph with 100 model dependency edges and its instance Labeled_Box adds one edge, then

Labeled_Box's graph would store one edge instead of 101. The disadvantage to this approach is that a

potentially long prototype-instance chain must be searched to locate all model dependency edges. If the

graph changes involve more than simple edge additions (for example, if edges are deleted in a subprototype

graph), the process may become complicated. The model dependency premise is that many duplicate

instances will be created from one prototype, so the tradeoff of graph duplication for fast access is probably

good, especially since graph edges are allocated from a registry to avoid duplicating edges (see Section 4.4).

8.2 Conclusions

This dissertation has introduced a number of techniques that allow model dependencies to reduce the num

ber of explicit dependencies in a constraint graph significantly. One of the principle findings in this disser

tation is that a scheme based only on representing model dependencies among children and their parents

looks appealing in theory but is not useful in practice. In particular, while over 50% of the formulas defined

by users require only SELF, PARENT, CHILD, and SIBLING dependencies, these formulas create only about

20% of the dependencies in an actual application.

Further investigation revealed the characteristics of formulas that were creating the largest number of

non-modelable dependencies:

1. Formulas that had a significant number of modelable dependencies but one or two non-modelable

dependencies.

2. Formulas that create PARENT or CHILD dependencies to unnamed parts or variable lists of parts.

3. Formulas that depended on a global system resource, such as a device context.

The model dependency paradigm was thus augmented to allow mixed dependencies in formulas, to

allow a single modeled edge to describe a list of edges, and to allow custom edges that reference a specific
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global resource. With these extensions, almost 80% of the dependencies in our benchmark applications can

be modeled.

The significance of the techniques developed in this dissertation is that they can reduce the storage

requirements of programs that manage a large number of constrained objects. The reduction can allow

applications to create more objects before being forced into virtual memory. When an application is forced

into virtual memory its interactive performance typically degrades to unacceptable levels. Therefore, mak

ing applications small enough to be stored in RAM memory is an important goal.

The techniques developed in this dissertation accomplish their storage savings without a significant cost

in performance. Although explicit dependency programs are slightly faster when the number of constrained

objects is small, model dependency programs can be significantly faster when the number of objects force

non-modeled applications to use virtual memory to provide the storage required by explicit dependencies.

Additionally, even when explicit dependency applications are faster than model dependency applications,

there is no perceptible difference in interactive performance.

Model dependencies thus provide a useful new mechanism for improving the storage efficiency of one

way, dataflow constraint systems. Such improvements in storage efficiency may encourage the incorpora

tion of constraints into the design and evolution of mainstream programming languages, much in the same

way garbage collection and threads have become an integral runtime feature of some modem languages.

The ultimate goal in constraint optimization research is to devise mechanisms that greatly reduce or even

eliminate the penalties normally imposed by the use of constraints in computer programs. Programmers

should have the freedom to build constrained applications with the assurance that the resulting executables

will be nearly as space and time efficient as equivalent systems that do not use constraints. The result

will be a net gain in programmer productivity since constraint-based programs can be developed much

more quickly and in a more modular fashion than the standard approach. The research described in this

dissertation provides another step towards this goal of making constraints practical for mainstream software

development.
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