Multi-Garnet:

In tegrating Multi-W a y Constrain ts

with Garnet

Michael Sannella and Alan Borning

T echnical Rep ort 92-07-01

Dept. of Computer Science and Engineering

University of W ashington

Septemb er 1992

Abstract

Constraints provide a useful mechanism for maintaining relations in user interface to olkits. Garnet

is a widely-used user interface to olkit with considerable functionality

, based on one-way

, required

constraints. Multi-Garnet extends Garnet by adding supp ort for multi-wa y constraints and con-

straint hierarchies with b oth required and preferential constraints. This do cument contains three

chapters describing Multi-Garnet:

� Chapter 1 presents a high-level overview of Multi-Garnet. T o motiv ate the development of

Multi-Garnet, we examine the Garnet constraint system, present some realistic user interface

problems that are di�cult to handle in Garnet, and demonstrate how Multi-Garnet addresses

these problems. W e provide details on how Multi-Garnet supp orts some of the features of

Garnet, including constraints with p ointer v ariables, and inheritance of constraints.

� Chapter 2 contains a reference manual for the current version of Multi-Garnet (version 2.1).

This includes information on compiling and loading Multi-Garnet, as well as do cumentation

for the functions and macros used to create and manipulate Multi-Garnet constraints. This

chapter also contains additional details on the implementation of Multi-Garnet.

� Chapter 3 describ e s a large Multi-Garnet example: a scatterplot displaying a set of p oints.

Multi-Garnet constraints are used to maintain relationships b etween the data v alues, the screen

p ositions of the p oints, and the p ositions of the X and Y-axes. Multiple interaction mo des

allow manipulating the scatterplot p oints and axes in di�erent ways.

Con ten ts

1 Multi-Garnet: Integrating Multi-W ay Constraints with Garnet 1

1.1 Intro duction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 1

1.2 Lo cal Propagation Solvers : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 2

1.3 The Garnet Constraint System : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 3

1.3.1 Some Problems with Garnet F ormulas : : : : : : : : : : : : : : : : : : : : : : 4

1.4 DeltaBlue and SkyBlue : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 5

1.5 Multi-Garnet : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 6

1.5.1 Multi-Garnet Constraints : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 6

1.5.2 Constraint Propagation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 8

1.5.3 Indirect Reference Paths : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 8

1.5.4 Interactors : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 10

1.5.5 Co existence of Garnet and Multi-Garnet : : : : : : : : : : : : : : : : : : : : : 10

1.5.6 Inheritance : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 10

1.5.7 Performance : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 11

1.6 F uture W ork : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12

1.6.1 Generalized Slot Acces ser s : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12

1.6.2 Initializing Slots : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12

1.6.3 Constraint Cycles : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 13

1.6.4 Debugging T o ols : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 13

1.6.5 Applications : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 14

2 Multi-Garnet V ersion 2.1 Reference Manual 17

2.1 Intro duction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17

iii

2.2 The SkyBlue Constraint Solver : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 18

2.3 Creating Constraints : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 18

2.4 Creating Stay Constraints : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 20

2.5 Storing and Using Constraints : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 20

2.6 Setting a Constrained Slot : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 21

2.7 T emp orarily Setting and Anchoring Slots : : : : : : : : : : : : : : : : : : : : : : : : 22

2.8 Indirect Reference Paths : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 23

2.9 Inheriting Constraints, Indirect Path Slots, and V ariable Slots : : : : : : : : : : : : : 25

2.9.1 The Duplicate Constraint Problem : : : : : : : : : : : : : : : : : : : : : : : : 26

2.10 Interactors and Multi-Garnet Constraints : : : : : : : : : : : : : : : : : : : : : : : : 26

2.11 Co existence of Garnet and Multi-Garnet : : : : : : : : : : : : : : : : : : : : : : : : : 27

2.12 Errors under Multi-Garnet : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 28

2.13 Examining Constraints and V ariables : : : : : : : : : : : : : : : : : : : : : : : : : : : 29

2.14 Creating and Using Plans : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 29

2.15 Enabling and Disabling Multi-Garnet : : : : : : : : : : : : : : : : : : : : : : : : : : 31

3 A Scatterplot in Multi-Garnet 33

3.1 The Scatterplot Window : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 33

3.2 The \Use Plans" Button : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 35

3.3 The Scatterplot Constraint Network : : : : : : : : : : : : : : : : : : : : : : : : : : : 35

3.4 The \Change Data" Interaction Mo de : : : : : : : : : : : : : : : : : : : : : : : : : : 36

3.5 The \Move Points" Interaction Mo de : : : : : : : : : : : : : : : : : : : : : : : : : : : 37

3.6 The \Scale Points" Interaction Mo de : : : : : : : : : : : : : : : : : : : : : : : : : : : 38

3.7 The \Move Axis" Interaction Mo de : : : : : : : : : : : : : : : : : : : : : : : : : : : : 38

3.8 The \Scale Axis" Interaction Mo de : : : : : : : : : : : : : : : : : : : : : : : : : : : : 39

3.9 The \Move Axis & Points" Interaction Mo de : : : : : : : : : : : : : : : : : : : : : : 40

3.10 The \Scale Axis & Points" Interaction Mo de : : : : : : : : : : : : : : : : : : : : : : 41

3.11 The \X-Scale = Y-Scale" Button : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 42

Bibliography 47

Chapter 1

Multi-Garnet: In tegrating

Multi-W a y Constrain ts with

Garnet

1.1 In tro duction

Constraints have b ecome generally accepted as providing a useful mechanism for maintaining re-

lations in user interface to olkits. Constraints can b e used, for example, to maintain consistenc y

b etween application data and a display of that data, to maintain consistenc y among multiple views

of data, to maintain layout relationships among graphical ob jects, and to comp ose complex user in-

terface comp onents from simpler ones. Giving the system resp onsibility for maintaining the v arious

relationships in a user interface frees the programmer from the tedious and error-prone task of main-

taining these relationships by hand, making it easier to develop and maintain complex graphical user

interfaces. User interfaces and user interface construction systems that use constraints include Peri-

dot [Mye87], GROW [Bar86], Garnet [MGD

+

90a, MGD

+

90b], MEL [Hil90

], RENDEZVOUS [Hil92 ],

GITS [Ols90], Animus [Dui87

], ThingLab I I [Mal91

], the Constraint Window System (CWS) [EL88],

the FilterBrowser user interface construct ion to ol [EMB87], and the Cactus statistics exploration

environment [MSB90].

One signi�cant di�erence among the constraint systems used in these user interface to olkits is

whether they supp ort one-way or multi-w ay constraints. F or example, supp ose we have a con-

straint that window1 should b e directly ab ove window2. A one-way constraint would allow a new

lo cation for one of the windows (e.g. window2) to b e determined given a change to the other window

(window1), but not vice versa; a multi-way constraint would allow either window1 or window2 to b e

changed, and adjust the other window to re-satisfy the constraint. Similarly

, a one-way constraint

that c = a + b would only allow a new v alue to b e found for one of the v ariables (e.g. c) that satis�es

the constraint, while a multi-way constraint could in general b e used to �nd a new v alue for any of

a, b, or c given v alues for the other two v ariables. Some one-way solvers allo w cycles so that the

c = a + b constraint could b e represe nted as three one-way constraints that can b e used to �nd a

v alue for a, b, and c resp ec tively

. In this case, multi-wa y constraints are preferable from the p oint of view of software engineering, since what is conceptually a single relation can b e repres ente d as a

single ob ject in the system rather than three. Other one-way constraint satis�ers don’t allow cycles

in the constraint graph, in which case multi-wa y constraint systems are clearly more p owerful and

expressive than one-way ones.

Constraint hierarchies extend the basic theory of constraints to allow preferential constraints as well

as required ones, with an arbitrary numb er of levels of preference [BMMW89]. In user interface ap-

plications, constraint hierarchies are useful for express ing declaratively the programmer’s preferenc es

ab out what is to b e adjusted when resatisfying constraints after a change (since there are typically

many ways of doing this), and for expressing defaults that can b e overridden if necess ary

. An e�-

cient incremental algorithm|DeltaBlue|is av ailable for satisfying constraint hierarchies using lo cal

propagation [FBMB90].

Despite the adv antages of multi-w ay constraints and constraint hierarchies, there is some feeling in

the UI community that multi-wa y constraint solvers are signi�cantly slower than one-way ones; or

that even if they can b e made e�cient, they can only b e emb edded in systems with sp ecialized and

severely restricte d architectures , thus rendering them unsuitable for general use. W e attempt to

disp el b oth of these impressions in this chapter.

Garnet is a widely-used user interface to olkit, built on Common Lisp and X windows, with consider-

able functionality [MGD

+

90a, MGD

+

90b]. However, Garnet supp orts only one-way constraints, all

of which must b e required (no hierarchies). In Multi-Garnet, we integrate b oth multi-way constraints

and constraint hierarchies with Garnet. In the remainder of this chapter, we discuss the problems

that arose in making this integration, and our solutions to these problems|information that should

b e of interest not only to the Garnet community

, but also to other researchers who may wish to make

use of multi-wa y constraints in user interface to olkits. In particular, Garnet supp orts p ointer v ari-

ables in constraints [VZMGS91], a facility that has proven useful for the dynamic runtime creation

and manipulation of application ob jects. Our previous algorithms and systems haven’t supp orted

fully general p ointer v ariables; Multi-Garnet do es. In addition, Multi-Garnet uses a new constraint

satisfaction algorithm, SkyBlue, which incorp orates some imp ortant adv ances over DeltaBlue. W e

also discuss realistic user-interface problems that Garnet’s constraint system cannot handle that are

addressed by Multi-Garnet. W e present information on the p erformance of Multi-Garnet, and show

that it is comp etitive in p erformance with the existing system. W e describ e directions for future

work, including the use of Multi-Garnet in a system for debugging constraint networks.

Multi-Garnet repres ents an adv ance over Garnet, since it includes multi-way constraints and con-

straint hierarchies. General supp ort for p ointer v ariables also makes it more p owerful than our

own previous systems such as ThingLab I I. Because Multi-Garnet is built on top of Garnet, it has

access to many other useful features not directly related to constraint technology

, such as a library

of pre-de�ne d widgets and applications. This library will b e used to create further Multi-Garnet

applications, including debugging to ols.

1.2 Lo cal Propaga tion Solv ers

A v ariety of techniques are av ailable to solve collections of constraints. In user interface to olkits,

by far the most common such technique is lo c al pr op agation. (It is used in all of the systems

cited in Section 1.1 except GITS.) F or use with a lo cal propagation solver, the ob ject repres enting

a constraint includes one or more metho ds, where each metho d takes the v alues of a subset of the constrained v ariables (the metho d inputs) and calculates v alues for a disjoint subset of the

constrained v ariables (the metho d outputs). If the output v ariables are set to these v alues, the

constraint will b e satis�ed. F or example, the constraint a + b = c would in general include three

metho ds: ca + b, a c � b, and bc � a. If the v alue of a or b were changed, the constraint solver

could maintain the constraint by executing the �rst metho d to calculate a new v alue for c. If c

were also constrained by c + d = e, then one of this other constraint’s metho ds (e c + d) could b e

executed, and this pro cess would continue until the change had propagated through the network of

constrained v ariables.

Lo cal propagation solvers cannot maintain all p ossible sets of constraints, for example, those in-

volving simultaneous equations. However, lo cal propagation solvers have the adv antage that they

are e�cient and very general, since the co de de�ning a metho d can do arbitrary computation. F or

example, in a user interface one might want to maintain the relationship b etween a string naming

a font, and the ob ject repres enting the font. The metho ds represe nting this constraint could call

system functions for scanning font directories and reading in font de�nitions, in order to create a

new font ob ject that corresp onds to a given font name string.

1.3 The Garnet Constrain t System

The Garnet user interface development system is built on a prototyp e-based ob ject system that

supp orts one-way constraints b etween the slots (�elds, instance v ariables) of ob jects. In addition to

containing a v alue, each ob ject slot may have an asso ciated formula that calculates the slot v alue as

a function of other slot v alues. When a slot v alue is changed, a lo cal propagation solver can maintain

the constraints by ev aluating the co de in the formulas.

(create-instance ’rect-proto opal:rectangle

(:left 0) (:top 0) (:width 10) (:height 10)

(:right (formula (+ (gvl :left)

(gvl :width)))))

(create-instance ’rect1 rect-proto

(:left 50) (:top 10))

(create-instance ’rect2 rect-proto

(:main rect1)

(:left (formula (gvl :main :left)))

(:top 30))

Figure 1.1: Garnet Ob jects and F ormulas

Figure 1.1 shows the de�nitions of several rectangle ob jects with formulas asso ciated with some of

their slots. F ormulas referenc e other slots in the ob ject using the gvl form (gvl stands for \get

v alue starting from lo cal slot"). In the rect-proto ob ject, the :right slot is calculated using the

v alues of the :left and :width slots. The gvl form can also reference slots in other ob jects, by

sp ecifying a series of slots. In rect2, the :left slot v alue is calculated by access ing the :main slot

which contains an ob ject, and then access ing the :left slot of this ob ject. In this case, the formula causes rect2 to b e left-aligned with rect1. If the :left slot of rect1 is changed, rect2’s :left

formula will b e recalculated using this new v alue. The :main slot can also b e changed, to make

rect2 line up with a di�erent ob ject. This demonstrates the use of p ointer v ariables in formulas.

Because the ob ject system is prototyp e-based, any ob ject can b e used as a parent of further ob jects.

The constraint system is fully integrated with the inheritance mechanism, allowing formulas to b e

inherited, in addition to slot v alues. In Figure 1.1, the formula asso ciated with rect-proto’s :right

slot is de�ned once in rect-proto, and inherited by the other rectangle ob jects. Inherited formulas

referenc e lo cal slots|the inherited formula for :right in rect1 referenc es the :left and :width

slots of rect1, not rect-proto. In this case, the :width slot v alue of rect-proto is also inherited

by rect1.

1.3.1 Some Problems with Garnet F orm ulas

Garnet formulas are a p owerful to ol for constructing user interfaces. However, there are some

useful constraints that are hard to represe nt with formulas. F or example, consider the de�nition of

rect-proto in Figure 1.1. The :right slot formula allows calculating this slot from the :left and

:width slots. Supp ose that sometimes one wanted to p osition this rectangle by sp ecifying the :left

and :right slot v alues, or the :width and :right slots. F ormulas could b e added to the :left

and :width slots to calculate each slot from the other two, and Garnet would correctly terminate

the propagation cycles intro duced. However, this may not always pro duce the exp ect ed results. If

the :left slot v alue is changed, either the :width slot or the :right slot might b e changed to

maintain the constraint b etween these slots. It is p ossible to obtain either result, by setting and

accessing slots in a certain order. However, to take adv antage of this one has to understand the

implementation of Garnet formulas. It would b e much easier to maintain a user interface built with

formulas if these choices could b e sp eci�ed as part of the formula de�nitions, so that they could b e

understo o d without reference to the internals of the system.

Another problem with using multiple formulas to represe nt multi-wa y constraints b etween slots is

that the formulas to calculate each slot are de�ned separately

, p erhaps in di�erent ob jects. As noted

in Section 1.1, this represents a software engineering problem, placing the additional burden on the

programmer of ensuring that all of the formulas representing a multi-wa y constraint are de�ned

consistently

, and are inherited together. It would b e easier to de�ne and use a multi-wa y constraint

if all of the multiple formulas (metho ds) were bundled together into a single unit.

A more serious problem with Garnet formulas arises from the restriction that only one formula can

b e asso ciated with a slot. In Figure 1.1, rect2 is left-aligned with rect1. If rect1’s :left slot

is changed, rect2’s :left slot will b e changed accordingly

. Supp ose that one also wanted this to

work in the other direction, so that changes to rect2’s :left slot would propagate to rect1’s :left

slot. This could b e done by adding a formula to rect1’s :left slot, pro ducing a cycle b etween the

two slots. Now, supp ose that one wanted to add one or more new rectangles, left-aligned with b oth

rect1 and rect2, so that any of the ob ject’s :left slots could b e changed while maintaining the

alignment. This could b e done by changing the existing formulas to construc t a cycle b etween the

:left slots of all of the ob jects, but it would require changing the existing network of formulas every

time another ob ject is added. It would b e more convenient to add new left-aligned ob jects by simply

adding formulas b etween each new ob ject’s :left slot and rect1’s :left slot. But this cannot b e

done with Garnet formulas, b ecause rect1’s :left slot can only have one formula asso ciated with

it.

These problems suggest that Garnet could pro�tably use a more p owerful constraint solver that

allows de�ning the metho ds of a multi-wa y constraint in one place, and manages situations where

multiple constraints can set a single slot.

1.4 DeltaBlue and SkyBlue

The DeltaBlue constraint solver addresses the problems with Garnet formulas mentioned ab ove. In

DeltaBlue, a constraint b etween a set of v ariables is represente d by a set of metho ds, each of which

calculates the v alue of an output v ariable using the v alues of the remaining v ariables so that the

constraint is satis�ed. More than one constraint may have metho ds that output to a given v ariable:

it is the resp onsibility of the constraint solver to decide which metho ds to execute to satisfy the

constraints.

DeltaBlue also solves networks containing b oth required and prefere ntial constraints, allowing an

arbitrary numb er of levels in the constraint hierarchy

. All of the required constraints must b e

satis�ed; if one cannot, DeltaBlue signals an error. At the non-required levels, a weak constraint is

satis�ed only if it do esn’t con ict with a stronger one. Two or more constraints at the same level

may also b e in con ict; in this case, DeltaBlue arbitrarily picks one or the other to satisfy

. (In the

terminology of the constraint hierarchy theory given in [BMMW89, FBMB90 ], DeltaBlue pro duces

a single lo c al ly-pr e dic ate-b etter solution to the hierarchy .)

Another imp ortant distinction b etween DeltaBlue and the Garnet constraint solver is that DeltaBlue

supp orts separate planning and execution stages. During the planning stage, metho ds from the con-

straints are chosen and ordered; during the execution stage, given one or more starting input v alues,

these metho ds are actually used to compute new v alues for the v ariables that will again �nd a lo cally-

predicate-b ette r solution to the constraints. In contrast, Garnet uses blind lo cal propagation, with

no separate planning stage. There are two adv antages to DeltaBlue’s approach. First, planning is

necess ary to �nd correct solutions if constraint hierarchies are p ermitted|otherwise blind propaga-

tion may cho ose the wrong constraint propagation path, resulting in some preferential constraints

left unsatis�ed that should b e satis�ed. Second, in a typical interactive graphics application, often a

new input v alue is rep eatedly fed into the same network of constraints|for example, when moving

a part of a picture with the mouse. In such a case, the same plan can b e executed many times,

resulting in much b etter p erformance [Mal91].

W e recently revised DeltaBlue to pro duce SkyBlue. Like its predece ss or, SkyBlue �nds a single

lo cally-predicate-b etter solution to a constraint hierarchy

, using lo cal propagation and separate plan-

ning and execution stages. However, whereas DeltaBlue metho ds can only have one output v ariable,

SkyBlue allows constraint metho ds to have multiple output v ariables. This is useful for expressing

a numb er of imp ortant classes of constraints, in particular bidirectional constraints that can unpack

a comp ound data structure into multiple v ariable v alues, or (running in the other direction) pack a

suitable set of v alues into a comp ound ob ject. SkyBlue also handles cycles of constraints in a more

graceful fashion than DeltaBlue, which will make it p ossible to link in sp ecialized, more p owerful

constraint solvers as needed (see Section 1.6.3). Additional details of SkyBlue are given in [San92].

1.5 Multi-Garnet

At the b eginning of the pro ject, we set a numb er of goals for Multi-Garnet:

1. T o extend Garnet to use the SkyBlue constraint solver.

2. T o change Garnet’s programming style as little as p ossible, so that existing Garnet programs

could b e adapted without ma jor changes. In particular, two subgoals were to continue supp ort-

ing constraints with p ointer v ariables, and to continue supp orting inheritance of constraints in

Garnet’s prototyp e-based ob ject system.

3. T o allow the SkyBlue constraint solver to co exist with the Garnet formula constraint solver.

F or now, it is useful to b e able to run existing Garnet programs without change, and build

Multi-Garnet debugging to ols using the Garnet library of pre-de�ned widgets. Eventually

, it

should b e p ossible to replace all formulas with SkyBlue constraints, and remove the formula

solver from Multi-Garnet.

These goals have b een achieved. The following sections describ e how constraints are represe nted

and maintained in this system. These details are not just of interest to Multi-Garnet users. The

strategies used to integrate multi-way hierarchical constraints into Garnet could b e applied when

extending other systems to handle these typ es of constraints, or to integrate a constraint solver into

a system that do esn’t supp ort constraints at all.

The development of Multi-Garnet is continuing. As additional user interfaces are develop ed using

this system, we will gain exp erienc e ab out which features are most useful, and the b est syntax for

accessing these features.

1.5.1 Multi-Garnet Constrain ts

Figure 1.2 shows the de�nitions of several rectangle ob jects that de�ne Multi-Garnet constraints

among their slots; they are analogous to the Garnet de�nitions given in Figure 1.1. The ob ject

rect-proto contains a multi-wa y constraint b etween its :left, :right, and :width slots, which is

also inherited by rect1 and rect2. The ob ject rect2 contains a multi-way constraint equating its

:left slot v alue with rect1’s :left slot (refere nce d indirectly through its :main slot).

The m-constraint form de�nes a constraint by sp ecifying its strength, the slots constrained, and

one or more metho ds containing co de to calculate output slot v alues in terms of the other slots. In

this chapter, we use the strengths :required, :strong, :medium, and :weak. Each constrained slot

is sp eci�ed by a gvl form for accessing the slot, along with a v ariable name used to refer to this slot

in the metho ds. Lo cal slots within the ob ject containing the constraint may b e sp eci�ed by simply

giving the slot name, as with the :left slot of the :left-cn constraint in rect2.

The m-stay-constraint form de�nes a sp ecial typ e of constraint that sp eci�es that its output

v ariable should not change. In the example ab ove, a :medium strength stay constraint anchors the

:width slot of the rectangles, so that the constraint solver will change the :left or :right slots

rather than the :width slot, if this can b e done without violating stronger constraints.

This example addresses all of the problems with Garnet formulas raised in Section 1.3.1. The

constraint in slot :left-right-width-cn allows the rectangle to b e p ositioned by setting any two

(create-instance ’rect-proto opal:rectangle

(:left 0) (:top 0) (:width 10) (:height 10) (:right 10)

(:lrw-cn (m-constraint :required (left right width)

(setf left (- right width))

(setf right (+ left width))

(setf width (- right left))))

(:width-stay (m-stay-constraint :medium width)))

(create-instance ’rect1 rect-proto

(:left 50) (:top 10) (:right 60))

(create-instance ’rect2 rect-proto

(:left 50) (:top 30) (:right 60)

(:main rect1)

(:left-cn (m-constraint :required ((main-left (gvl :main :left))

left)

(setf left main-left)

(setf main-left left))))

Figure 1.2: Multi-Garnet Constraints

of the three slots :left, :right, and :width, calculating the third v alue from the other two. If

the :left slot v alue is changed by itself, the stay constraint on the :width slot determines that

the :right slot will b e changed to maintain the constraint b etween these slots. By sp ecifying all of

the metho ds of the constraint in one place, it is easier to ensure that they are de�ned consistently .

Finally

, additional constraints can referenc e rect1’s :left slot, allowing an arbitrary numb er of

left-aligned rectangles to b e created without changing the existing constraint network. F or example,

a third rectangle could b e de�ned as an instance of rect2, inheriting its :left-cn constraint and

:main slot to keep it left-aligned with rect1. In this case, setting the :left slot of any of the three

rectangles will cause the other two to b e changed, to keep the three left-aligned.

There are some subtle di�erences b etween Multi-Garnet constraints and Garnet formulas. F ormulas

are \asso ciated" with the output slot whose v alue is calculated by the formula. Multi-Garnet con-

straints are stored as the actual v alue of an ob ject slot, referring to b oth the input and output slots

of the constraint metho ds indirectly

. Constraints can b e added and removed from ob jects using the

same op erations used to access regular slot v alues. F or example, (s-value rect2 :left-cn nil)

will remove the constraint b etween rect1’s and rect2’s :left slots. In contrast, Garnet requires a

sp ecial op eration to remove a formula from a slot.

Multi-Garnet metho ds can reference b oth input and output slots using multiple-slot indirect refer-

ence paths. This is more symmetric than formulas, which can only reference input slots indirectly .

This means that it is p ossible to create a constraint in one ob ject constraining slots that are all in

other ob jects. This gives the programmer more exibility in cho osing which ob ject to use for storing

a constraint.

One useful feature of Garnet formulas that is not supp orted by Multi-Garnet constraints is that

formulas can sp ecify which input slots they access on the y

, as the formula co de is b eing execute d.

In contrast, Multi-Garnet requires that the constrained slots b e sp eci�ed separately from the metho d

de�nitions. The reason for this restriction is b ecause SkyBlue currently needs to know which slots are b eing constrained b efore it adds the constraint to the network. In the future, it may p ossible

to extend SkyBlue to lift this restriction for slots that are only access ed as inputs. In any case,

we b elieve that the other b ene�ts provided by the SkyBlue solver more than comp ensate for this

restriction.

1.5.2 Constrain t Propagation

Garnet ev aluates formulas using lazy ev aluation when a slot determined by a formula is read. In

contrast, Multi-Garnet maintains multi-w ay constraints using eager ev aluation, so constraint prop-

agation may o ccur whenever a constraint is added or removed from the network. Propagation may

also o ccur when a slot v alue is set directly

. This case is handled sp ecially

, so that the constraints

are correct ly maintained.

In Garnet, the macro s-value is used to set a slot to a v alue, detecting any formulas that need to

b e reev aluated. Multi-Garnet mo di�es the meaning of s-value so that setting a constrained slot

may cause v alues to propagate through the constraint network. When a constrained slot is set with

s-value, the follo wing o ccurs: (1) an input c onstr aint is created that will set the slot to the sp eci�ed

v alue, (2) this constraint is added to the network, p ossibly setting the slot and propagating the v alue

through the network if the input constraint is strong enough,

1

(3) this constraint is removed, p ossibly

allowing the slot to b e set by another constraint.

A few techniques are used to make this pro cess more e�cient. Input constraints are saved and

reused, so that a new constraint isn’t created every time a slot is set. Also, an input constraint is

not even added to the constraint network if it can b e determined that it is not strong enough to b e

satis�ed.

An imp ortant result of this implementation is that s-value is not guaranteed to set the slot to the

given v alue. If the slot v alue is determined by stronger constraints, then it will not b e p ossible to

satisfy the input constraint. Even if the input constraint is satis�ed, other constraints may reset the

slot v alue when the input constraint is removed. If one wants to ensure that a slot is set to a given

v alue, and is not changed, it is necessary to create a required constraint that sets the slot to the

v alue. Multi-Garnet supplies macros that can b e used to temp orarily install constraints that set a

slot to a given v alue, during the execution of a form.

1.5.3 Indirect Reference P aths

Garnet formulas can refere nce input slots by sp ecifying an indirect referenc e path such as

(gvl :main :left)

. As noted ab ove, continuing to supp ort p ointer v ariables was one of our design

goals for Multi-Garnet. However, at �rst glance this seems incompatible with the DeltaBlue and

SkyBlue algorithms, which assume that a constraint always constrains the same v ariables. Finding

a solution to this problem is imp ortant not just for Multi-Garnet, but for any system that includes

b oth multi-way constraints and p ointer v ariables. Some of our earlier systems, in particular the

original ThingLab [Bor81], made extensive use of paths for sp ecifying which slots were a�ected by a

constraint; in addition these paths interacted correctly with inheritance. However, they were always

1

The input constrain ts used by s-value have a default strength (normally :strong). A slot can b e set using

an input constraint of any strength by calling the function s-value-strength, which takes an additional strength

parameter.

relative to the part-whole hierarchy of the ob ject that owned the constraint. Garnet p ointers can

sp ecify arbitrary referenc es , not necessarily just to a subpart, and can also b e changed dynamically .

Multi-Garnet implements constraints with p ointer v ariables by transforming them into constraints

with �xed reference s to the �nal slots sp eci�ed by the indirect reference paths. Such �xed-referen ce

constraints can b e added and removed from the network by calling SkyBlue. If one of the slots along

an indirect reference path is changed, the asso ciated �xed-refere nce constraint is removed from the

network, this constraint is changed to refer to the new slots sp eci�ed by the indirect reference paths,

and the constraint is added to the network to constrain these new slots.

This approach raises some interesting issues. What should happ en if indirect referenc e paths from

more than one constraint use a particular slot that is changed? The order in which these constraints

are removed and added to the network can a�ect the propagation path chosen and exact constraint

solution found. Also, what should happ en if an indirect reference path is broken, i.e. the path

cannot b e followed b ecause one of the slots along the path do es not contain a legitimate Garnet

ob ject? Garnet can simply ignore a formula with a broken path, but removing a constraint with a

broken path from a constraint hierarchy may cause other constraints to b e satis�ed, and v alues to

propagate. Finally

, what should happ en if a slot along an indirect referenc e path is constrained?

Multi-Garnet addresses these issues by distinguishing b etween active and inactive constraints. When

a constraint is created and stored in a slot, its indirect reference paths are followed to determine

which slots are b eing constrained. If none of the paths is broken, then the constraint is activ ated,

and added to the constraint network. If a slot access ed along an indirect referenc e path changes, (1)

all active constraints with an indirect reference path using that slot are removed from the constraint

network and deactiv ated, (2) the indirect referenc e paths for all inactive constraints whose paths

access that slot are re-ev aluated, and (3) any of these constraints whose paths are now unbroken are

activ ated and added to the constraint network. This scheme will automatically remove constraints

when their indirect referenc e paths are broken, and add them again whenever the paths are re-

connected.

The order in which the inactive constraint paths are ev aluated and the constraints are added is

delib erately left unsp eci�ed. If the order matters, this indicates that there are multiple p ossible

ways to solve the constraint network, and the user may want to alter the constraint network to

select a single desired solution.

Slots along an indirect referenc e path can b e constrained by other constraints. When constraint

propagation causes such a slot to b e changed, constraint propagation is completed using the existing

constraint network, then any constraints whose indirect reference paths have changed are up dated

as describ ed ab ove. This may cause further constraint propagation, and indirect reference path

inv alidation, etc. Note that it is p ossible that a constraint that will b e removed (b ecause a slot on

its indirect referenc e path has changed) can still in uence the constraint graph, and can still b e used

to propagate v ariable v alues, up until the moment it is removed.

This implementation of indirect reference paths may seem suspiciously simple, compared to the

elab orate algorithms describ ed in [VZMGS91]. There are two reasons for this simplicity

. First, all

constraint propagation is handled by the SkyBlue algorithm as constraints are added and removed

from the network, so propagation wasn’t explicitly describ ed ab ove. Second, in this scheme constraint

v alue propagation and indirect p ointer up dates are completely separate|if a slot along an indirect

referenc e path is changed during constraint propagation, the propagation is completed using the

current constraint graph b efore any indirect p ointers are up dated. This is distinctly di�erent from

the Garnet constraint solver and the algorithms describ ed in [VZMGS91], which allow the edges in the constraint graph to b e changed during constraint ev aluation (which accounts for some of

the complexity of these algorithms). Eventually

, it may b e p ossible to mo dify SkyBlue to directly

supp ort indirect p ointers, interleaving constraint propagation and indirect p ointer up dates.

1.5.4 In teractors

User interaction is implemented in Garnet using inter actors [Mye90] that interpret input events, such

as key presses and mouse movements, and set sp eci�ed slots in graphic ob jects, such as the p osition

of an icon b eing moved by the mouse. These slots are set using s-value, so constraint propagation

will o ccur if these slots are constrained by Multi-Garnet constraints. In most situations, normal

Garnet interactors can b e used in Multi-Garnet without change.

2

Some interactors may b ehave

di�erently if the slots they set are constrained. F or example, if an interactor tries to move a ob ject

b eing dragged with the mouse by setting its :box slot with s-value (which uses a default :strong

input constraint), and this slot is constrained by a :required stay constraint, the ob ject will not

move.

1.5.5 Co existence of Garnet and Multi-Garnet

Multi-Garnet was implemented by slightly mo difying some of Garnet’s internal functions to detect

and handle Multi-Garnet constraints, while taking care not to remove any of the formula handling

co de. Regular Garnet applications that use formulas can b e loaded and run in Multi-Garnet, co ex-

isting with applications built entirely using Multi-Garnet constraints.

Garnet formulas and Multi-Garnet constraints can also b e mixed in the same application, although

all p ossible combinations of formulas and constraints are not supp orted. It is p ossible to create

Garnet formulas that read the v alues of slots constrained by Multi-Garnet constraints. However, it

is not always p ossible for Multi-Garnet constraints to constrain slots that are set by Garnet formulas.

The latter functionality has b een implemented on an incomplete and exp erimental basis to allo w

Multi-Garnet applications to use the existing library of Garnet gadgets built using formulas, without

rewriting all of the formulas as constraints.

1.5.6 Inheritance

Multi-Garnet implements inheritance of multi-way constraints and constrained slots slightly di�er-

ently than Garnet handles inheritance of formulas. First, constraints are only inherited when an

ob ject is created, by copying any constraints in the parent ob ject slots down to the child. After a

child is created, adding or removing constraints from the parent has no e�ect on the child. Second,

any inherited slots accessed while follo wing indirect reference paths (including the �nal slot to b e

constrained) are copied down when they are �rst accessed.

Eventually

, it may b e p ossible to mo dify Multi-Garnet to implement more sophisticated inheritance

b ehavior, such as Garnet’s ability to mo dify inherited formulas when the parent formula is changed.

However, this raises some issues ab out the meaning of multi-way constraints in an ob ject-oriented

2

A few interactors needed to b e slightly mo di�ed for use with Multi-Garnet b ecause they destructively up date

data structures stored in a slot, rather than setting the slot using s-value. Garnet also had to take sp ecial steps to

make formulas work prop erly in these situations.

system. F or example, if a child ob ject inherits a slot v alue, should it b e able to constrain this slot

without copying it down? If so, then this would violate the idea that the status of child ob jects

should not a�ect the parent.

1.5.7 P erformance

Performance is an issue for any system used as a base for interactive graphics applications. Our

exp erience has b een that applications built using Multi-Garnet constraints are just as fast as similar

ones built using Garnet formulas. T o test this impression, we constructe d instrumented Garnet

and Multi-Garnet versions of the demo-manyobjs program. This program, one of the standard test

programs in the Garnet library

, rep eate dly moves a b ox connected by lines to other b oxes, thus

causing Garnet formulas (or Multi-Garnet constraints) to b e re-ev aluated rep eatedly to determine

the endp oints of the connecting lines. In addition to comparing the p erformance of Garnet and

Multi-Garnet running demo-manyobjs, we measured the p erformance of Multi-Garnet when it was

mo di�ed to use the DeltaBlue algorithm instead of SkyBlue. W e also compared the p erformance

of Multi-Garnet when it created and reused a single plan, versus when it calculated the constraint

propagation paths rep eatedly

. The results, shown in Figure 1.3, give the time to move a b ox and

up date the screen 500 times.

These numb ers were measured using Multi-Garnet (version 1.5), Garnet (version 1.4) and Allegro

Common Lisp (version 4.0.1), running on a SUN SP

ARCstation IPX.

version time (se c onds)

Garnet 8.84

Multi-Garnet & DeltaBlue (no plan) 8.17

Multi-Garnet & DeltaBlue (plan) 7.54

Multi-Garnet & SkyBlue (no plan) 15.31

Multi-Garnet & SkyBlue (plan) 7.99

Figure 1.3: Garnet and Multi-Garnet Timings for demo-manyobjs

F or this b enchmark, the mo di�ed version of Multi-Garnet using DeltaBlue was faster than the Garnet

version. Reusing plans caused even greater sp eed-up. Multi-Garnet with SkyBlue is not currently

as fast as Multi-Garnet with DeltaBlue. However, the SkyBlue algorithm has not b een optimized

for sp eed; once this is done, we exp ect that it will b e ab out as fast as DeltaBlue. Even with the

unoptimized SkyBlue, however, when reusing saved plans the result is faster than standard Garnet.

The demo-manyobjs b enchmark is a go o d test of simple constraint propagation. However it do es

not test all of the facilities of Multi-Garnet, since it only uses one-way required constraints, and

do es not dynamically change indirect reference p ointers. It is di�cult to directly compare Multi-

Garnet programs using multi-way constraints and multiple strength levels to Garnet, since the

Garnet program would have to b e written di�erently to provide the same functionality (p erhaps

explicitly adding and removing constraints to corresp ond to di�erent Multi-Garnet solutions). The

technique Multi-Garnet uses to implement indirect referenc es (Section 1.5.3) is probably slower than

that of Garnet, but even in this case it is di�cult to make a direct comparison, since Multi-Garnet

also supp orts indirect referenc e paths on metho d outputs. Meaningful comparisons of Garnet and

Multi-Garnet p erformance will have to measure the p erformance of real user interfaces.

One situation in which Multi-Garnet (or any other system using SkyBlue) could encounter p erfor-

mance problems is when the constraint network contains numerous constraints with multi-output

metho ds. It was proved in [Mal91

] that the problem of �nding a lo cally-predicate-b etter solution

to a constraint hierarchy is NP-complete when metho ds have multiple outputs. However, we hy-

p othesize (and will b e attempting to prove) that SkyBlue is in the worst case exp onential-time only

in the numb er of constraints with multi-output metho ds, not in the total numb er of constraints.

F urther, in the applications we have written so far in Multi-Garnet, in practice there is very little

backtracking during SkyBlue’s planning stage (the algorithm includes a p otential backtracking step

asso ciated only with multi-output constraints). This suggests that even for multi-output constraints,

this exp onential-time b ehavior arises only for pathological cases. In any event, p erformance has not

b een a problem so far.

1.6 F uture W ork

Multi-Garnet is b eing develop ed as part of the �rst author’s Ph.D. dissertation research, and work on

Multi-Garnet itself, on underlying constraint satisfaction algorithms, and on to ols and applications

that use Multi-Garnet, is continuing.

1.6.1 Generalized Slot Accessers

Access ing a constrained slot by following an indirect referen ce path is a sp ecial case of the more

general facility of accessing slots by ev aluating an arbitrary form. Garnet formulas can contain

conditionals and lo ops to calculate which input slots are accessed . F or example, the formula that

calculates the b ounding b ox of an aggregate can lo op through the list of children ob jects, accessing

an arbitrary numb er of child b ounding b oxes. Based on exp erienc e with this feature in Garnet,

we plan to extend Multi-Garnet to allo w the constrained slot sp eci�cations to include arbitrary

expressions. As these express ions are execute d, they would access slots using a sp ecial form (such

as gvl) that records the slots used. If a constrained slot cannot b e accesse d, the reference would

b e marked as \broken," and the constraint deactiv ated. This same mechanism could b e used to

implement activation c onditions, forms asso ciated with a constraint whose v alue determines whether

a constraint should b e active or not.

1.6.2 Initializing Slots

When creating an ob ject with constraints b etween its slots, one would like to sp ecify initial v alues

for some of the slots, and use the constraints to set the other slots to corresp onding v alues. F or

example, when creating a rectangle with a constraint b etween its :left, :right, and :width slots,

one might want to sp ecify two of these three slots, and have the other one computed.

This issue is currently not addressed in Multi-Garnet. When creating ob jects with constraints

b etween their slots, it is b est to initialize all of the slots to corresp onding v alues, to prevent the

solver from using the v alues of uninitialized slots. T o address this problem, we plan to extend the

create-instance op eration to create temp orary stay constraints on slots with initial v alues, to

hold them constant while other constraints are added that refere nce these slots. This constraint system initialization problem is not unique to Multi-Garnet, but has b een noted by a numb er of

other researcher s (see e.g. [Mal91

]); a solution to it would b e of general utility .

1.6.3 Constrain t Cycles

Lo cal propagation works well in many situations, but runs into problems when the constraint network

contains a cycle. Some lo cal propagation solvers (including Garnet’s formula solver) handle cycles

by executing the metho ds once around the cycle, or rep eatedly executing the metho ds around the

cycle until the v ariable v alues stabilize. Neither of these techniques can guarantee that all of the

constraints will b e correc tly maintained.

When the SkyBlue solver detects a cycle of metho ds, it prints a warning and marks as inv alid all

v ariables in the cycle (and all v ariables derived from these v ariables). If the cycle is later broken,

the inv alid v ariables are recalculated and marked as v alid. W e plan to extend SkyBlue to examine

the constraints in a cycle, select a suitable constraint solver for these troublesome constraints, and

pass the cycle o� to that solver. F or example, if all of the constraints in a cycle repres ent linear

equations, then the constraints could b e passed o� to a linear equation solver that uses Gaussian

elimination.

1.6.4 Debugging T o ols

Multi-Garnet has b een develop ed as part of research on debugging to ols for hierarchical constraint

networks. Constraint networks can b e di�cult to understand. It may not b e obvious to the pro-

grammer how the constraints are b eing maintained, and how changed v alues propagate through the

network. If a constraint network is not b ehaving as exp ecte d, it can b e di�cult to isolate which

particular part of the network is causing the problem. W e b elieve that this situation can b e improved

by creating debugging to ols to manipulate and display the constraint network.

Multi-way hierarchical constraints are a particularly go o d domain for developing debugging to ols,

b ecause the p ossible constraint propagation paths are sp eci�ed precise ly and declaratively by the

constraint hierarchy

. Debugging to ols can use this information to analyze the constraint network and

provide information to pinp oint p ossible trouble sp ots. F or example, a debugger for Multi-Garnet

could examine a constrained slot, and determine whether s-value could success fully change its

v alue. In some simpler constraint systems, explaining the b ehavior of a constraint network requires

exp osing more details of the implementation of the constraint solver, since the sp eci�cation of the

solutions chosen is only implicit in the solver’s co de, and not given by a separate, declarative theory .

Debugging to ols can provide many di�erent typ es of information to a programmer trying to un-

derstand or debug a constraint network. Network display to ols can b e used to examine the state

of the constraint network|prototyp e display to ols were used to create Figure 1.4, which displays

the constraint network used to relate the axes of a scatterplot to a single p oint. History to ols can

maintain information on how the slot v alues and the constraint network changes while an interac-

tion is in progress, and provide facilities for tracing and undoing these changes. Explanation to ols

can analyze the network, to answer questions such as why a particular constraint is satis�ed or

unsatis�ed. Using this information, network editing to ols can allow the programmer to change the

constraint network interactively

, to �x bugs in a running system, and to exp eriment with p ossible

changes to the constraint network.

X-Axis :Y 256

Pt :X-Cn

Pt :World-X

98.60

X-Axis :Offset

384.88

X-Axis :Scale

2.14

X-Axis :Axis-Cn

X-Axis :Screen-Min 440

X-Axis :Screen-Max 603

X-Axis :World-Min

25.76

X-Axis :World-Max

101.93

Pt :Box-Cn

Pt :Box

(590 91 12 12)

Pt :X

595.88

X-Axis :Box-Cn

X-Axis :Box

(440 256 163 4)

Pt :Y

97.44

Y-Axis :X 370

Y-Axis :Offset

237.44

Y-Axis :Scale

-1.44

Y-Axis :Axis-Cn

Pt :Y-Cn

Y-Axis :Screen-Min 296

Y-Axis :Screen-Max 50

Y-Axis :World-Min

-40.79

Y-Axis :World-Max

130.54

Pt :World-Y

97.50

Y-Axis :Box-Cn

Y-Axis :Box

(370 50 4 246)

Figure 1.4: Scatterplot X-Axis and Networks

1.6.5 Applications

Multi-Garnet provides a go o for building complex user interfaces. One area we plan to

apply system is to construct interactive data analysis systems [MSB90]. F or example, 1.5a

shows a displaying collection of ob ject measurements. Multi-Garnet constraints are

used to maintain relations b etwthe ob ject measurementhe p ositions of p oinin the scatter-

plot, and p ositions ranges of scatterplot axes. Figure 1.5b shothe same scatterplot,

scatterplot p oints and axes have b moved resized. This is still a meaningful scat-

terplot, displaying same data. Figure 1.4 displays the constraint network to relate x

and y-axes of to a p oint.

0.00 100.00 A 0.00

100.00

B

25.76 101.93 A -40.79

130.54

B

(a) The Original Scatterplot (b) After Moving Poinand 1.5: A Scatterplot Built Using Multi-Garnet ConstrainAnother planned application is the Electronic Encyclop edia Exploratorium (E), a new, minvestigator pro in which ware building \hothings work" for an encyclop [ABB92]. Multi-Garnet will b in E’s interface. Typical in Edescrib e such mechanisms refrigerators, engines, telescop es , and mechanical link ages. Each 14 will provide simulations, 3-dimensional graphics that user can manipulate, lab areas that allo w a user to mo dify device or exp eriment with artifacts, and a facility asking questions and rece customized, computer-generated English language Ac kno wledgemen

Thanks Bjorn F

Brad Myers, and Brad V

Zanden for much helpful on this pro and for comments on drafts of chapter. This work was supp orted in part by National Science F oundation under Grant Nos. IRI-9102938and CCR-9107395.

15

16

Chapter Multi-Garnet V ersion Man

2.1 In tro The Multi-Garnet pack inhierarchical multi-way constraints into Garnet. It is on the algorithm,which supp multi-output constrainand includes some supp cyclic constrainMulti-Garnet v2.1 has b develop ed and tested under Garnet version 2.0 and F

Allegro mon Lisp version 4.1. It may small changes to run other versions of Lisp. It marequire signi�cant cto with newversions of Garnet. As of this writing, app Multi-Garnet v2.1 wcorrect ly the alpha release of Garnet v2.1. It will probably run the �nal release of v2.1. Beyond that, we can’t make any guarantees. W e hop to up Multi-Garnet work with future releases of Multi-Garnet v2.1 release consists of the following load-multi-garnet.lispLoads compile-multi-garnet.lisp Compiles loads object-rep.lisp Ob ject sky-blue.lisp SkyBlue constraint solvmulti-garnet.lispMo di�cations to examples.lisp Multi-Garnet scatterplot.lisp Extended The Multi-Garnet co de is de�ned in �les object-rep.lisp,sky-blue.lisp, multi-garnet.lisp. T o and load these �les, load the �le compile-multi-garnet.lisp.

Once these �les have b een compiled, loading the �le load-multi-garnet.lisp will load system. Both of �les checthat Garnet v2.0 already and signal it is The �les examples.lispand scatterplot.lisp conexample co that uses examples.lisp conmany small that can b e individually executed. T o 17 out, load examples.lisp (which will load few auxiliary and select and from of �le. scatterplot.lisp is describ ed in detail Chapter 3 of do cument (\A in All of Multi-Garnet system co de is loaded into pack age :multi-garnet (nic:mg). of the functions, macros, and v ariables menin this do cumenare exp from this pack

*multi-garnet-version* [V ariableV alue a identifying currently-loaded version of Multi-Garnet. F or Multi-Garnet this is the string "2.1"2.2 The Constrain

Solv

This version of Multi-Garnet is on the constraint solver. The most signi�cant ferences in functionality b etween SkyBlue and previously-used constraint solv(DeltaBlue) that SkyBlue is tolerant of cycles (see Section 2.12), and supp mmetho A few � The SkyBlue algorithm co de is still rough (i.e. read it your own risk). So on whop e to restruc ture co and publish in a tecrep along with more material and pro of correctnes � The SkyBlue co has b optimized sp yet. Therefore, any b encments made using co would b e particularly susp � If there are constraints with multiple-output metho ds in constraint network, adding removing constraints may backtracking. It has b een proved that solving such netwmay takexp onential in the worse but usually is a *sky-blue-backtracking-warning* [V ariableIf this v ariable non-NIL, a wmessage will b e printed whenever SkyBlue backtracking o InitiallyNIL2.3 Creating Constrain

Constraints are created using the following (m-constraint str ength p aths &rest metho ds) [MacroThe of constraint is sp by str ength, which should b one of the keyw:required,:strong,:medium,or :weak. Multi-Garnet curren only supp orts this hierarchof strengths. F uture vof Multi-Garnet may supp ort changing strength hierarchy p aths is a list of indirect reference path sp each of form (var-name (gvl . slots))sp ecifying of to follo w to one of the constraint v ariables. Indirect referen paths are inby at \ro ot" ob containing constraint, accessing eac18 slot in turn (see Section 2.8). If an indirect referenc e path is just sp eci�ed by symb ol, this equiv alent (symb ol (gvl keywor d-symb ol)), i.e. xyz the same as (xyz (gvl :xyz))metho ds is list of forms, eacde�ning single metho d the constraint. Single-output metho are sp eci�ed by metho d de�nitions of form (setf . forms), where var-name is v ariable in p athsand forms a series of lisp forms can any the p aths v ariable as free v ariables. When metho d is run, the forms are ev and the v alue the last form inthe sp eci�ed v

Multiple-output metho are sp eci�ed by metho de�nitions of form (setf forms), where var-names is a of v ariable in p aths, and forms is series of lisp forms that can access any of the p aths v ariable as v ariables. When metho d the forms ev aluated, and multiple v alues returned by the last form stored in sp eci�ed v

Note: The symb ols \gvl" and \setf" used to make form to read. The kr:gvl is execute to inthe reference Some (m-constraint :required (setf a b) (setf The ab ove constraint the v alue of the :a :b of the constraint’s ro ot ob (m-constraint :strong (gvl :obj left (setf left (+ oleft (setf oleft (- left (setf delta (- left The ab ove strong constrainmaintains relationship b etween the :left and :delta of constraint’s ro ot ob and :left of whatever ob ject is in :obj of the ro ob (m-constraint :required top width height box (list left top width (setf (left top width (values (second (third (fourth The ab ove constraint sp that :box slot of the the constraint’s ro ot ob contain a of the v alues of the :left, :top, :width, and :height slots. If anof these four is changed, the �rst metho d changes the :box slot. If :box slot v alue is changed, the metho d (a multiple-output metho d) \unpacks" the :box list the four other 19

2.4 Creating Sta y Constrain

A stay constraint is to \ancthe v alue of a v ariable, it will not b e cunless stay constrainis overridden by a constraint. Stay constraints can b e created using m-constraint such as (m-constraint :required (setf a a)), whichas the e�ect creating a stay constraint on the :a slot the constrainro ot ob ject. However, it b etter to stay constrainexplicitly using m-stay-constraint (m-stay-constraint str ength &rest p aths) [Macrostr ength is keyword, just in m-constraint.p aths a list of indirect referenc sp either simple symb ols (sp a lo cal name of the constraint’s ro ot ob or \gvl" forms (sp a slot b e access ed (m-stay-constraint :required This a stay constraint on the :a slot of the constraint’s ro ot ob (m-stay-constraint :strong :b) (gvl :a This creates a stay constrainon the :b and :c of ob ject in :a slot of constrainro ot ob ject. Note a staconstrainmay sp ecify multiple slots whose v alues b e changed. In this case, the stay constrainwill b if al of the v ariables can b \anchored" simultaneously

.If constraint overrides one of v ariables ancba multiple-output stay constraint, other v ariables will b constrained by the stayconstrain2.5 Storing and Constrain T o use a constraint, it must b e in a of a ob ject. This ob ject prothe \ro ob ject" to inthe indirect referenc paths used to access the constrainv ariables. It neces sary to explicitly activ a constraint. When a slot is to a constrainby s-value create-instance, the constraint is activ ated (unless one of its referenc paths is \broksee Section 2.8). T o remova constrainsimply store something else in slot, such as NILAt any given time, particular constrainob can only \b elong" to ro ot ob ject and slot. F example, supp ose that constraint b created and stored in :cn slot of ob ject fooAp oint, ro ot ob of this constrainisfoo,anditshomeslotis:cn. If a p ointer the constraint is to the :cn slot of with (s-valuebar :cn (g-value :cn)), constraint will b activ ated with ro ob ject bar. The asso ciation b etwthe constraint its ro ob ject can only b removed by explicitly storing something in the :cn slot of foo, sucas (s-value foo :cn nil). The way to copy a constrainfrom to bar is to (s-value :cn (clone-constraint(g-value :cn))). The function clone-constraint

takes a constraint, a new copy without ro ot ob ject or home slot, that can b e ina slot b e activ 20

Most of time, constraints are simply created and stored in a single ob ject slot, keeping tracof asso ciation b etween the constraint and its ro ob ject is an issue. However, programs explicitly manipulate constraints need to take account of this b ehavior. The current ro ot ob of constraint can b e by calling constraint-state(see Section Note that constraints stored as actual v alue of ob ject slot, as compared to formulas whicare \asso ciated" with a slot. This that slot containing constraincannot b used as of the constraint’s v ariables. Unlike formulas, a multi-way constraint do not have output v ariable v alue is stored in the constraint’s The reason for constraints in particular ob slots is b ecause slots pronames the constrainthat can b e to the constraints, remove and ovconstraints. This simpler Garnet, which requires a sp ecial op to remova formfrom (create-instance (:b (:eq-cn (m-constraint :required (setf a (setf b The ab ove form creates an ob ject foo, which includes a constraint in its :eq-cn slot ensures that its :a :b slot conthe same v alue. If one of slots is changed using s-value,

then the change is propagated to the (s-value :eq-cn This removes ab ove constrainso :a :b can b e changed indep endently

(s-value :stay-cn (m-stay-constraint :required This adds a required stay constraint that ancslot :a2.6 Setting a Constrained Garnet ev aluates formulas using lazy ev aluation when a slot by a formula read. contrast, Multi-Garnet maintains multi-w ay constraints using ev aluation, constrainagation may o ccur whenever a constrainis added or removed from the network. Propagation maalso o ccur when a slot v alue is set directly

. This case is handled sp ecially

, that the constrainare correct ly mainGarnet allows s-value to set the cacv alue of a slot an attacformula, and uses unintuitive of to determine when cached v alue reset. With multi-way constrainsetting a slot that an attacconstraint may cause constraint solving and 21

In Multi-Garnet, a slot is with s-value, the following o ccurs: (1) an constraint" is created (with *default-input-strength*, normally :strong) that will the slot with sp v alue, this constraint is to the network, p ossibly slot propagating the v alue through the network if constraint’s is (3) this constraint is removed, p causing the slot to b e by another constrainA few techniques are to make pro cess more e�cient. Input constraints are saved reused, so a new constrainisn’t created every time a slot is set. Also, if determine that the input constraint will b e satis�ed (b ecause its is to low), then it even to the netwAn imp ortant of this implementation is that s-value is not guaranteed to slot to given v alue. If slot v alue determined by stronger constraints, then it will b p ossible satisfy input constraint. Even if input constraint is other constraints may reset slot v alue input constraint is remov(s-value-strength obj slot value str ength) [F unctionThe function s-value-strength sets an ob slot the same as s-value,that the sp strength is when attempting to the v alue of the slot, of *default-input-strength*.

2.7 T emp orarily Setting Anc horing Often, it b useful to temp orarily ancslots, or them to a particular v during execution of some forms. This could b done by explicitly creating constrainstoring them ob ject slots, then removing but following macros make (with-stays stay-sp e cs &rest forms) [Macrostay-sp e cs is a of of the form (obj str ength), sp the ob slots that are to havstay constrainwith the sp eci�e applied to them. If str ength is not sp eci�ed, it to the v alue *default-input-strength*, initially :strong(with-slots-setslot-set-sp e cs &rest forms) [Macroslot-set-sp e cs a of lists the form (obj slot str ength), sp the ob slots are to b constrained, the v alue that the slot should b e to have, and the strength the constraint. If str ength not sp it defaults v alue of *default-input-strength*,

initially :strongWhen either with-stays with-slots-set execute d, each of sp constraints are to the (in unsp eci�ed order), then forms in are ev aluated, the constrainare removed. The v alue by last form forms returned by the with-stays with-slots-set form. These macros call unwind-protect the constraints are removed even an error o ccurs in the ev aluation the Note that forms do guarantee that the constraints will b e satis�ed during ev of the forms. They may b overridden by constrain22

(with-stays ((recta ((g-value :next) :left (s-value :right The ab ove form a :strong stay constraint to the :left of recta, a :weak stay the :left slot of whatever ob ject is in the :next slot of recta, ev the form (s-value

rectb :left 200), and then removthe stay constrainCurrently

, the with-stays or with-slots-setmacros not allow sp ecifying a referen path via a series of slots to follow �nd slot b constrained. It is necessary to explicitly the ob containing slot, using g-value, to add a constrainto suca (with-slots-set((recta 50 (recta :right 200 :required(s-value :cn2 (m-constraint :required right (setf left (setf right (setf right The ab ove example shows how the with-slots-set macro might actually b used. One imp ortanuse for temp constraints is to conwhich are changed other constraints are initially

added. In ab ove example, wwant add a constraint b etween the :left, :right and slots of recta. When this constrainis added, Multi-Garnet may try to maintain it bany of the metho ds, to any one of slots from v alues other twThe with-slots-set form in this to the :left :rightslots to the sp v alues,that

:width slot is initially computed when the constraint is 2.8 Indirect ReferenceP

Multi-Garnet constraints sp ecify each slot by means of \indirect referenc e path," sequence of slot names. An indirect refere nce path may simply sp a single lo cal in \ro ot ob ject" containing the constraint, or may sp a sequence of leading to �nal slot b e constrained. Multi-Garnet implements constrainwith indirect referen ce paths by them into constrainwith referenc es to �nal sp by indirect referen paths. If anof the slots along indirect referenc e path are cthe asso �xed-referen constraint is removfrom the network, constraint changed to to the new slots sp by the referenc e paths, and the constrainis added to the netwto constrain slots. If any of indirect referenc paths of a constrainis \broken," path cannot b e followb ecause one of the slots along the path do not contain a legitimate Garnet ob ject), then constraint is not part of the constraint netwMulti-Garnet implemenindirect referenc paths by distinguishing b etween active and constraints. When constraint is and in a slot, its indirect referenc paths 23 follow ed to determine which are b eing constrained. If of paths is brokthen constraint is activ ated, and added to the constrainnetwork. If a accesse along an referenc e path c(1) all active constraints with an referenc path using are removfrom constrainnetwork and deactiv

(2) the reference paths for inactive constraints paths access that slot are re-ev aluated, and any of these constrainwhose paths now unbrokare activ ated and to the constraint network. This scwill automatically remove constrainwhen indirect referenc e paths are broken, and add again whenever the are re-connecte The order in which inactive constraint are ev aluated and constraints are delib erately left unsp eci�ed. If the order this that are multiple p wato solve constraint netwand user may wanto alter constraint network select a single desired Slots along an referenc path can b e constrained by other constraints. When constrainpropagation causes such a slot b e changed, constraint propagation is using the constraint network, any constraints indirect reference paths have care up as describ ab ove. This may constraint propagation, indirect reference inv alidation,etc. One can thus have multiple levels of constrainnetworks each setting referenc e path slots for constrainon the level b elow it. Note that it is p that a constrainthat will b e removed (b ecause a slot on its referenc path has ccan still the constraint graph, and can still b e used to v ariable v up until the moment removWithin it p ossible to cause in�nite lo ops, by creating constraints that directly indirectly their own indirect reference path slots. F or consider co (create-instance (create-instance (s-value (s-value (create-instance (:c (m-constraint:strong (gvl (xx (gvl :a (setf yy When the constraint is created, it will foo’s :a slot baz, which will cause the constraint to b removed and added, whicwill foo’s :a to bar, back and forevIt is very unlikely that lo ops such as this would o ccur in normal Multi-Garnet Still, suca lo op did o ccur, it would b di�cult to the program. T o help detect suclo Multi-Garnet imp oses an limit the numb er of times that inv alid referen paths are pro cesse as the result of single v alue propagation. When this limit is reached, the list inv alidated reference paths is cleared, leaving the constraint network in a strange state some constraints will not actually constrain the slots sp eci�ed by indirect reference paths. is admittedly an ad-ho solution this problem. In a future version of Multi-Garnet mab e p ossible to detec t such lo ops banalyzing interactions of the constraint netwand indirect referenc e 24

The lo op-termination mechanism controlled bfollowing global v

*max-path-updates* [V ariableV alue sp eci�es the numb of times that inv alid indirect reference paths will b pro cess ed as result of single v alue propagation. Initially *max-path-updates-warning* [V ariableV alue determines whether warnings printed indirect reference paths are pro cesse than *max-path-updates* times. If the v alue is NIL, nothing printed. If the v alue is :error,continuable error is signaled. If the v alue is Ta warning message is printed. InitiallyT2.9 Inheriting Constrain ts, Indirect P ath Slots, and V able Multi-Garnet implements of multi-way constraints and constrained slots slightly ently than Garnet inheritance of formulas. First, constrainare only inherited when ob ject is created, by copying any constraints in parenslots down to child. After a ccreated, adding removing constraints from parenhas no e�ect on child. In particular, a constrainis to a in a parenit is automatically copied down all children. any inherited while following indirect reference paths (including the �nal to b constrained) are copied down when are After an ob instance is created and initialized, anconstrainin slots of the parenare copied down to child ob the child ob overrides slot v alue). These straint copies are to the child ob ject using s-value an unsp eci�ed order), so they activ ated if indirect reference paths are unbroken. Note that child’s copy of constrainis completely indep endent of the parencopy of constraint. The e�ect as if copof original m-constrainde�nition form b used to a new constrainand had b assigned to the child ob ject’s Note: A constraint in a parenob slot is only down activ ated if ob and are that constraint’s ro ot ob and slot (see Section If constraint v ariable slots and indirect referenc path slots are inherited, their v alue is doare accesse d while following indirect referen ce 25

2.9.1 The Duplicate Constrain t If a constrainis inherited, and all indirect reference paths slots then it de�ne a duplicate constraint. F or example, consider the (create-instance (:a (create-instance (:b (create-instance (:obj1 (:obj2 (:cn (m-constraint :required ((a (gvl :obj1 (b (gvl :obj2 (setf a (setf b The constraint in baz’s :cn that foo’s :a slot equal bar’s :b slot. However, supp that now a cinstance is made of baz via (create-instance baz). The constrainwill b e copied down to baz2, and contenof slots :obj1 and :obj2 will b e inherited, so new constraint in baz2’s slot will also try to foo’s slot and bar’s :b slot. This cause a which currensystem cannot handle correctly

. It seems unfortunate that one get into simply bmaking an of an ob ject, without overriding anIt might b e p ossible to Multi-Garnet to such duplicate constrainsp ecially

, p by changing create-instanceinactiv ate duplicate constrainautomatically

. However, would change semantics of inheritance. Currently

, it reasonable to consider constraints as programming2.10 In teractors Multi-Garnet Constrain

Garnet interactors op by setting sp slots in graphic ob jects (like feedbacob formulas used to distribute this information to other of interface. If these slots constrained by Multi-Garnet constraints, or are reference path slots, these slots trigger Multi-Garnet constrainpropagation cin constraint network. in situations, normal incan b used with Multi-Garnet, without cOne exception is interactors which use destructive op erations to cdata structures . F or ciency

, inter:move-grow-interactorinter:two-point-interactor reuse the list structur stored in the :box slot the item (or feedbacob ject) b eing dragged. Since s-value isn’t Multi-Garnet v alue propagation isn’t triggered. In addition, Multi-Garnet staare not able prevent the v alue from b changed. Note that formulas have the same problem: interactors have call mark-as-changed to inv alidate any formulas dep on the :box when destructively change this This was in currenMulti-Garnet by changing inso will checif the :box is byaconstraint. If is not constrained, the normal destruc tive list op is done. If it then the :box is set to copy of new p oints list (using an constraint strength *default-input-strength*).

Presumably

, the cases where this happ are few enough that they can b handled individually 26

Since setting a v alue to a constrained slot is implemented badding removing a constraincan unexp ect b ehavior some interactors. F or if weak constraint v alue in :box slot a particular v then dragging ob with move-grow-interactor

not change the p osition of ob b ecause after each time interactor the v

(adding and removing strong constraint), the weak constraint will set the v alue back the originalv alue. If (opal:update) is called each constraint op eration, then the ob ject app ear to b b etween the original and new p ositions, weak constraint and the inalternatively determine its p 2.11 Co existence of Garnet and In implementing Multi-Garnet, of internal wmo di�ed to handle Multi-Garnet constrainwhile taking not to remove anof formula co Regular applications formulas can b loaded run in Multi-Garnet, co with applications built entirely using Multi-Garnet constrainformulas Multi-Garnet constraincan alsob mixedinsame application, allp combinations arenotsupp orted. Sp eci�cally

, it always p for Garnet formulas read the v alues of slots constrained by Multi-Garnet constraints, but is more for Multi-Garnet constrainto slots that set by Garnet formulas. This is b of di�erent ev aluation styles used by formulas ev aluation) Garnet constraints (eager ev aluation), as well as to resp e ct Multi-Garnet constraints. F if a slot constrained by a stay

, it not b e changed, even if it asso ciated formula that is inv alCurrently

, formulas asso ciated with constrained slots handled as follows: When suca formis inv alidated, an input constraint (with *formula-set-strength*,normally :strongcreated and temp orarily added and removto set the slot. If input constraint enough, the formula is ev aluated, the new v alue is through the network. If constraint is overridden by a stronger constraint, the formula is marked v alid (even though it not ev

The situation actually complicated, formula ev aluation macause constraint tion, which may cause other formulas b inv alidated. It is p to created lo ops b etween formlas Multi-Garnet constraints. F ormula ev aluation is handled the same mechanism to up date inv alid indirect refere nce paths Section 2.8), and the v ariable *max-path-updates*

is to p in�nite lo This mechanism allowing formulas b asso ciated with slots is new and exp erimenIt was implemented primarily to allow the use of constraints with existing Garnet gadgets conformulas. Therefore, not all p ossible combinations of formulas and constraints supp orted. particular, it is not p to add a formula a slot that is already constrained: the formula malready b e asso with slot b efore it is constrained. Illegal combinations detecte an error is 27

2.12 Errors under One of the goals for Multi-Garnet wto b as robust as p ossible, doing most reasonable rather than crashing if an error o ccurs. In particular, is vundesirable for an error to leavthe constraint solver data structures in a since it would b virtually imp them up and continue. Here is how handles several di�erentyp es of 1. Required-required When required constraint is to constraint netwand it b e b ecause of a constraint, the newly-added constraint is left unsatis�ed e�ect, reducing its to a b etw:strong :required).If at some p ointhe other con icting constraint is removed, the newly-added constraint willb e at time. Note that if a constrainnetworkconanyconstrainthen by de�nition it is unsolved network, and of the v ariable v alues b *unsatisfied-required-constraint-warning* [V ariableIf v ariable non-NIL, a warning will b printed a required constraint added to constraint network, and it b e b ecause of a con icting constraint. Initially T2. Constraint The SkyBlue constrainsolver is tolerant of constraint cycles than DeltaBlue solvWhereas DeltaBlue would signal fatal and halt if encountered a cycle of constrainmetho ds, SkyBlue can handle this situation without halting. This do es mean that will neces sarily solve a cycle, pro ducing correct v alues for v ariables the cycle. Giva cyclic constrainnetwork, SkyBlue may cho a of metho ds containing cycle. such a is detect ed during constraint propagation, SkyBlue will stop propagating v

*sky-blue-cycle-warning* [V ariableIf this v ariable is non-NIL, a warning will b e printed when a is detected. Initially

NILarea for future work is adding supp ort for more p owerful solvers for solving cycles constraints, which SkyBlue could call suca cycle is If is suca cycle, then bde�nition the constraint network not solved, and v v not b trusted. However, if the cycle is later broken by removing constrainthe cycle, SkyBlue will propagate v to solve the network 3. Illegal mixtures of formulas/constraints/v ariCurrently

, are a numb of situations Multi-Garnet cannot handle, sucas installing

a formula on slot containing a constraint, or a constraint b eing pro the output of a constrainmetho d. When such a situation is detecte d, an error is Unfortunately

, the current implementation it may b safe to continue from F or if constraint metho d pro duces a constraint as its v alue while propagating v constraint netwthis may leavconstraint network structure s in a bad 4. Errors while ev aluating constrainmetho If o ccurs while ev aluating a constrainmetho this can leave the system in a state. This walso true when ev aluating formin 28

2.13 Examining Constrain ts and V

The following functions can b e used to examine state of Multi-Garnet constraints and v

(constraint-p c onstr aint) [F unctionReturns T if c onstr is a constrainNIL (constraint-state c onstr aint) [F unctionReturns four multiple v alues: c onne ction, enfor c e d, obje ctand slotc onne ction is of following keywords: :unconnected, connected,:graph, or :broken-path.

If c onne ction is :unconnected, this means the constraint do es not have a ro ob ject, and wb e activ ated if it was stored in an ob slot. If c onne is :connected,this that constraint’s reference paths have b succes sfully resolvbut it not b added to constraint graph y(this is a transitional that should b e seen in normal circumstances) . c onne ction is :graph, the constraint is part of the constraint graph. If c onne ction is :broken-path,

one of reference paths of constraint is broken, so the constraint is not of constraint enfor c e is T if constraint is currenan enforced constraint in constraint graph, NIL erwise. It should b if it in graph, unless the constraint is ovby a constrainobje is the ro ot ob ject used interpreting this constraint’s indirect reference paths. If NIL, constraint is not in anob ject. Usually

,such constraints are :unconnected,

though are some constrainsuch as input constraints used to implement s-value,do not hava ro ot ob slot slot the ro ot ob containing constrain(variable-stateobje ct slot) [F unctionReturns multiple v alues: var-p, validand p ath-slot-p. var-p is if the sp eci�ed ob ject slot is as a Multi-Garnet v ariable, otherwise. valid T if the v ariable v is v alid,otherwise. p ath-slot-p T if sp ob ject and slot is used as slot along a indirect referenc e path, NIL Currently

, the only situation where a v ariable b marked inv alid is when it \downstream" of metho ds. In a version of eacv ariable will b e marked v alid if only its v alue part of a solution to the constrainnetwork (according to hierarcconstraint theory). In this case, if is a cycle in graph that SkyBlue cannot solve, or are two con icting constraints that cannot b b e satis�ed, all v ariables would b e marked inv alid.

2.14 Creating Using When the SkyBlue constraint solver adds or removes a constrainfrom the network, it p separate planning execution op erations to the constraints. During the planning metho ds from the constraints chosen and ordered; during the stage, metho 29 are actually execute d to compute v alues for v ariables that will hierarchy constraints. In many interactivgraphics applications, new input v alues rep eatedly fed into same netwof constrainrep eatedly executing the same of metho ds. F or example, dragging an ob ject using inter:move-grow-interactor, the :box of ob ject b eing b rep eate set, follo wed bsame constrainpropagation. In this it is p ossible improve p by the \plan" for the constraint propagation once, rep executing it di�erenv alues the :box Multi-Garnet profunctions for extracting and reusing plans, can b e to improvp erformance in some but they should b e very carefully

. A given plan is derivfrom a given constrainnetwork, and only meaning for set of constraints. If constrainis added or removfrom the part of the netwcontaining constrainin the plan, this wrender the plan inv alid,plan should not b execute d. Multi-Garnet detects a plan inv alid, and to execute inv alid (create-plan c onstr aints) [F unctionGiven list of constraints, and returns a that will v alues starting with constraints. Any constraints that are not currenenforced are (valid-plan-p plan) [F unctionReturns T if plan is currently v alid, otherwise NIL(run-plan plan) [F unctionExecutes the plan, if is v alid.If plan is inv alid,this signals continuable error; continfrom error just returns from run-plan without executing the plan. Note that a maindirect refere nce paths or formulas on constrained slots b e inv alidated, whicmacause other constrainto b e added and removed, which may inv alidate (propagate-plan-from-cn c onstr aint) [F unctionThis is convenient function for and using a plan on a single constraint. extracts a starting from the constraint, caches it, it. If there is already a cached that is v alid, then this plan used instead. In the typical the constraint network is b eing changed b etwcalls this function, a plan will b on the �rst call, the remaining calls. However, if constraint network b eing cb etwcalls, this rep eatedly extract and a plan, whicmay b slowthan simply rep eatedly adding constraininject new v alues into netwHere is an example showing how planfunctions canb used. Supp ose that one wana vof inter:move-grow-interactor that a plan to rep eate the :box of an ob b eing dragged. This could b e done 30

(create-instanc’my-interinter:move-grow-interac(:start-action

#’(lambda obj ;; set up external input (setq *inter-box* (copy-lis;; add input constraint to set :box of (s-valueobj :inter-bo(m-constraint:strong (setf box *inter-box*)))

(:running-acti#’(lambda obj ;; update new box (setq *inter-box* (copy-lis;; extract execute plan to propagate new (propagate-plan-from-cn (g-valueobj :inter-box-cn)(:stop-ac#’(lambda (inter ;; remove plan constrai(s-value :inter-box-cn Note that the constrainadded to the :box slot, to b the of the plan, takv from the globalv ariable *inter-box*,to the constrainnetwork. This is imp ortant. If v alue was accessed through the normal constraint slot access mechanisms, via a constraint sucas (m-constraint:strong new-val) box new-val)),then any to set :new-val slot would lead adding input constrainand constraint propagation, and would b e inv al2.15 Enabling and In implementing a numb er of internal functions wmo di�ed recognize and handle Multi-Garnet constraints. When Multi-Garnet is loaded, the old versions these functions are savand versions are installed. These mo di�cations b e revthe following functions. Under normal circumstances, it should never b e necess ary to call (enable-multi-garnet) [F unctionMo di�es Garnet system so Multi-Garnet constraincan b e handled. This function is when load-multi-garnet.lispor compile-multi-garnet.lisp is (disable-multi-garnet) [F unctionRestores the originalGarnet function de�nitions. While Multi-Garnet disabled, anmanipulations, sucas adding constrainto slots, or v alues to constrained slots, will work correctly 31

(multi-garnet-enabled) [F unctionReturns T if is currently enabled, NIL 32

Chapter A Scatterplot in The �le scatterplot.lisp Multi-Garnet v2.1 release contains a Multi-Garnet a scatterplot displaying set of p oints. Multi-Garnet constrainare used to sp ecify b etween the data v the p ositions of p oints, and p ositions of the X and axes. As scatterplot p oints axes manipulated, maintains the constrainby propagating v alues through constraint network. The exact b ehavior of an interaction controlled by the current interaction mo de, which \anchors" v alues that should not b cwhen satisfying the constrainThis program could havb een written entirely in using one-way formulas the di�erenelements, but it would not have b easy

. Each di�ereninteraction mo would havto enable exactly the right set of formulas propagate the v alues correctly

. a interaction mo de would examining the entire network of formulas. In conMulti-Garnet scatterplot program declares the relationships b etween the scatterplot elemenand uses the Multi-Garnet constrainsolver to cho ose which metho to to maintain the straints. New interaction mo are sp by adding stay constrainto conconstrainT o this program, compile and load the �le scatterplot.lisp. Once this �le is loaded, (user::create-scatterplot-demo) to the window displascatterplot. Dep on current interaction mo de, dragging the scatterplot p oints and the will pro duce di�erenresults. The curren interaction mo de is sp eci�ed via on the left the windoThis do cument describ es how op erate this example, and how di�ereninmo des are implemented using multi-way hierarchical constraints. The scatterplot.lisp cludes many commenexplaining details of the implementation.

3.1 The Windo

Figure 3.1 shows the initial state of the scatter window. It contains two scatterplots displaying

v arious slots of a single collection of data ob jects. The scatterplot displays :a and :b of the ob jects, and right scatterplot displays the :c :a 33

0.00 100.00 A

0.00

100.00

B

0.00 100.00 C

0.00

100.00

A

Change Data

Move Points

Scale Points

Move Axis

Scale Axis

Move Axis & Points

Scale Axis & Points

X-Scale = Y-Scale

Use Plans

Figure 3.1: Initial Scatterplot Windoscatterp lot uses Multi-Garnet constrainto maintain relationships b etween the ob the p ositions of p oinin scatterp and the p ositions and ranges of Figure 3.2 shows same window, left scatterp p oints and have b moved resized. This still meaningful scatterplot, displaying same

10.62 63.86 A -59.66

152.77

B

0.00 100.00 C 0.00

100.00

A

Change Data

Move Points

Scale Points

Move Axis

Scale Axis

Move Axis & Points

Scale Axis & Points

X-Scale = Y-Scale

Use Plans

Figure 3.2: Scatterplot Changes to Points and The buttons on left control interactors used to move and reshap e the p oints and axes. Aany one only the single inmo de sp eci�ed by radio is enabled. A data analysis system would probably link di�erent interaction mo to di�erent control-key mouse-button combinations. F or it less confusing to sp ecify the interaction mo explicitly

The di�ereninteraction mo des sp ecify di�erenways that the v arious parts of b e mo di�ed as the p oints or axis moved. F or example, the \Change Data" mo moving

a p oinwill actually change data ob b eing represe nted, without changing any of scatter plot. On the hand, in the \Move Points" mo movinga p oint will drag all the p oints same distance, up dating axis numb ers appropriately . F or angiven interaction (dragging p oint, or an axis), there are multiple p ossible ways that constrainb etween the parts of the can b e maintained. The di�ereninteraction mo demonstrate some of these p 34

3.2 The \Use Plans" The button lab eled Plans" in lower of scatterplot window controls whether interactors will construct and constraint plans during an interaction. It is initially so plans used. The sp eed of interactions with without use of plans b e compared bswitching the Plans" button o�. This do es not change b ehavior of the interactions in anway

3.3 The Constrain Net w Figure 3.3 displays network of constraints and slots used to relate p osition and range the left scatterp x-axis and y-axis to p osition of a single p oint, the one in upp er-righcorner. In network diagram, the black b orepres enconstraints, and the white ones represenv ariables. The arrows indicate input and output v ariables of the constraint metho d maintain each constraint. All of constraints have unless marked The p oint’s :box-cn constrainits :box sp ecifying the size and p osition of the to :x and :y containing the co of cenof the circle. The :x-cn constrainrelates p oint’s :world-xcontaining the data v alue b eing measured by the x-axis, to p oint’s x-co ordinate, according to the v alues of the x-axis slots :offset and :scale. This is a mway constrainwhich calculate any of four slot v alues, given the other three. Likewise, :y-cn constraint the p oint’s :world-yslot the p oint’s y-co ordinate the y-axis and :scale.

X-Axis :Y 296

Pt :X-Cn

Pt :World-X

98.60

X-Axis :Offset

374.00

X-Axis :Scale

1.96

X-Axis :Axis-Cn

X-Axis :Screen-Min 374

X-Axis :Screen-Max 570

X-Axis :World-Min

0.00

X-Axis :World-Max

100.00

Pt :Box-Cn

Pt :Box

(561 50 12 12)

Pt :X

567.26

X-Axis :Box-Cn

X-Axis :Box

(374 296 196 4)

Pt :Y

56.15

Y-Axis :X 370

Y-Axis :Offset

296.00

Y-Axis :Scale

-2.46

Y-Axis :Axis-Cn

Pt :Y-Cn

Y-Axis :Screen-Min 296

Y-Axis :Screen-Max 50

Y-Axis :World-Min

0.00

Y-Axis :World-Max

100.00

Pt :World-Y

97.50

Y-Axis :Box-Cn

Y-Axis :Box

(370 50 4 246)

Pt :Datum-Y-Cn

Datum :B

97.50 weak

Pt :Datum-X-Cn

Datum :A

98.60 weak

Figure 3.3: Initial Constraint Netw:world-x and :world-y derivfrom the datum ob b eing represen ted by this p oint. this case, the connection b etween the datum and these slots is sp eci�ed by :datum-x-cn:datum-y-cn constraints, which these v alues the :a :b of the datum ob resp ec tively

. These constraincould b more calculating v alues using multiple slots the datum ob jects. The anchor symb ols sp that the datum :a and :b slots are b35 weak stay constraints. These weak stays prevent the data slot v alues from b eing changed, if this p ossible without violating stronger constrainThe x-axis :axis-cnconstraint maintains relationship b etwthe x-co of the ends the axis (:screen-min and :screen-max), data v alues at the of the axis (:world-min :world-max), :scale :offset slots used to p osition p oinrelative to axis. constraint de�nes multi-output metho ds to the v alues of eacof pairs of from the v alues of the other two pairs. Although the two ends are lab eled \min" and \max", just a convenient lab eling. :screen-max can b e than :screen-min,as in the of the where the y-co ordinates increase downwards. :world-max can also b e less than :world-min,if v alues ipp around Finally

, x-axis :box-cn constraint packs v alues of the :screen-min and :screen-max along x-axis :y slot determining y-co ordinate of the axis, into the x-axis :box determining the and p osition of the The y-axis :axis-cn :box-cn constraints are similar, that the :screen-min :screen-max contain y-co ordinates of ends of axis, and the y-axis slot holds x-co ordinate of the Given constraint network, if any of the slots cMulti-Garnet will maintain constraints by altering v alues of slots. However, there may b many p ossible ways satisfy constraints. If p oint’s :x slot changed, the :x-cn constraint could b e satis�ed bchanging x-axis or :offset the p oint’s :world-x(though this would b chosen unless some constraint overro the :weakstaonthedatum:a

One can the propagation paths chosen by adding additional staconstrainto slots. anchoring di�erent combinations of one can pro a numb er of di�erent b eha3.4 The Data" In

Mo When the \Change Data" interaction mo de is selecte d, dragging a p oint with left mouse will change datum b eing represe nted by the scatterplot p oint, changing axes or other data p oints. When suca p oinis changed in the left scatterplot, changing :a and :b slots of a datum ob ject, it will change p osition of the corres p p oint right scatterplot. Because the right displays the :a on the vertic al moving p oint horizontally in the left will movvertically in the right Figure 3.4 shows constraint network while this inis pro ceeding. The \circle and symb ol to the \Pt :Box" b ox sp eci�es there is a input constraint changing the v of :box slot the Garnet interactor moves p oint. The thick arroindicate ow" from the :box of p oint b eing moved datum ob slots actually b eing cOther constraints (not shothe v alue of the :a data to p osition the corresp onding p oinin the right While interactor is stay constraints are added to other v ariables control how constraints maintained. During inrequired stay constraints added to :scale offset of the x and y-axes, so that of the will b e changed during interaction. Since all the p oints in scatterplot are p ositioned according these they won’t move 36

X-Axis :Y 296

Pt :X-Cn

Pt :World-X

67.35

X-Axis :Offset

374.00

X-Axis :Scale

1.96

X-Axis :Axis-Cn

X-Axis :Screen-Min 374

X-Axis :Screen-Max 570

X-Axis :World-Min

0.00

X-Axis :World-Max

100.00

Pt :Box-Cn

Pt :Box

(500 69 12 12) str

Pt :X

506.00

X-Axis :Box-Cn

X-Axis :Box

(374 296 196 4)

Pt :Y

75.00

Y-Axis :X 370

Y-Axis :Offset

296.00

Y-Axis :Scale

-2.46

Y-Axis :Axis-Cn

Pt :Y-Cn

Y-Axis :Screen-Min 296

Y-Axis :Screen-Max 50

Y-Axis :World-Min

0.00

Y-Axis :World-Max

100.00

Pt :World-Y

89.84

Y-Axis :Box-Cn

Y-Axis :Box

(370 50 4 246)

Pt :Datum-Y-Cn

Datum :B

89.84

Pt :Datum-X-Cn

Datum :A

67.35

Figure 3.4: Scatterplot and Constraint Network During Data" InMo Note: If anchor is displayed a strength, its strength is required. An anchor symb is only displayed if a stay constrainis currently anchoring sp v ariable. In Figure :datum-x-cn is determining the v alue the datum slot, the anchor symb ol for weak staconstraint is not display3.5 The \Mo v e P oin ts" In teraction Mo When the \Move Poininteraction mo is selecte d, dragging a p oint with left mouse will all of the other p oints in along it, maintaining their relative p (see Figure 3.5a). The will movbut their range numb ers willchange to b e consistenp osition of data

-24.36 75.64 A -3.31

96.69

B X-Axis :Y 296 Pt :X-Cn

Pt :World-X 98.60

X-Axis :Offset 421.74

X-Axis :Scale 1.96 X-Axis :Axis-Cn

X-Axis :Screen-Min 374 X-Axis :Screen-Max 570X-Axis :World-Min

-24.36X-Axis :World-Max

75.64 Pt :Box-Cn

Pt :Box (609 42 12 12) strPt :X

615.00 X-Axis :Box-Cn

X-Axis :Box (374 296 196 4) Pt :Y48.00

Figure 3.5: Scatterplot andConstrainNetworkDuring\MovPoints"

InteractionMo Figure3.5bshotheconstraint netwwhen this inis pro ceeding. Only x-axis 37 of network is shown: the y-axis network symmetrical. Also the datum ob slots are shoin and following network diagrams, the datum ob jects are not cWhile interactor is running, required stay constrainare added to :world-x,so the data v change, and to x-axis :scale, that scale used to relative do es not change. Required constraints are also to axis :screen-max and :screen-min

slots, so the axis p ositions will not change. The only way to the constraints when slot cis to mo dify the :offset slot, this to mo dify the axis range numb ers. the :offset slot is cthis all p oints in to b moved bthe amount, their relative p ositions stathe 3.6 The P oin ts" In teraction Mo When \Scale Points" inmo de is dragging p oint with the left mouse will stretch the p oint cloud, scaling p oint p ositions indep endenin b the x and y Figure 3.6a). The will movbut their range numb ers willchange to b e consistenp osition andsize ofthe p oint

0.00 81.89 A

0.00

272.56

B

X-Axis :Y 296 Pt :X-Cn

Pt :World-X 98.60

X-Axis :Offset 374.00

X-Axis :Scale 2.39 X-Axis :Axis-Cn

X-Axis :Screen-Min 374 X-Axis :Screen-Max 570X-Axis :World-Min

0.00 X-Axis :World-Max

81.89 Pt :Box-Cn

Pt :Box (604 202 12 12) strPt :X

610.00 X-Axis :Box-Cn

X-Axis :Box (374 296 196 4) Pt :Y208.00

3.6: Scatterplot andConstraintNetwDuring\ScalePoints"

InMo Thescalingisrelative to origin scatterplot

:world-x

:world-y wb oth equal

0). When the selecte d p oint to this p osition, the p oint cloud down a single p oint. The p oint evb e dragged to \other side" of the origin, causing p oint to b e reverse Figure 3.6b shothe constraint network this inis pro ceeding. It is similar Figure 3.5b, except that the anchor is on the :offset slot than the :scale 3.7 The \Mo v e Axis" In teraction Mo When \Move Axis" interaction mo is selected, dragging one of the axis with left button will move without changing the scatterplot p oints or other axis Figure 3.7a). 38 axis numb ers are changed to b consistenwith p osition of the axis relative to cloud. This allows the axis b e as a \ruler" to the p osition of p oin

22.45 122.45 A 0.00

100.00

B

X-Axis :Y 217

Pt :X-Cn

Pt :World-X

98.60

X-Axis :Offset

374.00

X-Axis :Scale

1.96

X-Axis :Axis-Cn

X-Axis :Screen-Min 418

X-Axis :Screen-Max 614

X-Axis :World-Min

22.45

X-Axis :World-Max

122.45

Pt :Box-Cn

Pt :Box

(561 50 12 12)

Pt :X

567.26

X-Axis :Box-Cn

X-Axis :Box

(418 217 196 4) str

Pt :Y

56.15

Figure 3.7: Scatterplot and Constraint Network During \Move Interaction Mo Figure 3.7b shows constraint netwwhen this interaction is pro ceeding. While inis running, stay constraints are to :scale offset of x-axis, so the p oint p ositions will not b e changed during interaction. As the :box slot of x-axis changed by Garnet init is unpackby :box-cn constrainand v are to up date axis numb 3.8 The Axis" In teraction Mo When \Scale Axis" interaction mo is selected, clicking dragging one of axis with left button will stretch or the axis, relative to far Figure The axis range numb ers are cto b e consistent with the p osition and size of the axis relativthe data cloud. The p ointsandthe otheraxisarenotc

42.86 100.00 A 0.00

100.00

B

X-Axis :Y 296

Pt :X-Cn

Pt :World-X

98.60

X-Axis :Offset

374.00

X-Axis :Scale

1.96

X-Axis :Axis-Cn

X-Axis :Screen-Min 458

X-Axis :Screen-Max 570

X-Axis :World-Min

42.86

X-Axis :World-Max

100.00

Pt :Box-Cn

Pt :Box

(561 50 12 12)

Pt :X

567.26

X-Axis :Box-Cn

X-Axis :Box

(458 296 112 11) str

Pt :Y

56.15

Figure3.8: ScatterplotandConstraintNetworkDuringAxis"

InteractionMo It is p ossible to ip an axis bit its are reversed. The axis range numb will b 39 calculated correc in this case. However, axis will disapp and warning will b e printed bthe display routines, b the axis will hava negative (or heighFigure 3.8b shothe constraint network when this interaction pro ceeding. This is almost the same as network during the \Move Axis" interaction mo de (Figure 3.7b). Required staconstraints are added to the :scale and offset slots of the x-axis, that the p oint p will b e changed the interaction, the changed v alues of :box slot propagate change the axis range numb ers. The only di�erence b etween these two inis that move-grow-interactorused for the \Move Axis" inmo de has its :grow-p slot set to NILso it resp onds to mouse movements bsetting the axis’ :box slot to simply move axis The move-grow-interactor used for \Scale Axis" interaction mo de its :grow-p to T, it resp onds to movements by by the axis’ :box slot to corresp ond reshaping axis Sometimes move-grow-interactorused for the \Scale Axis" interaction mo de willset the numb er in :box height) to di�erennumb ers. However, constraints which unpacthe :box slot into four :left, :top, :width, and :height shown in the constrainnetworks always :height of horizontal axis to single constanv alue, so axis rectangle displayed will actually cheigh3.9 The \Mo v e Axis & P oin In teraction Mo When \Move Axis & Points" interaction mo de is selecte dragging one of the axis bars the left button will move along with the scatter plot p oints Figure 3.9a). The range numb are not changed, it still same range relative to p oints. The axis unc

0.00 100.00 A 0.00

100.00

B

X-Axis :Y

319

Pt :X-Cn

Pt :World-X

98.60

X-Axis :Offset

441.00

X-Axis :Scale

1.96

X-Axis :Axis-Cn

X-Axis :Screen-Min

441

X-Axis :Screen-Max

637

X-Axis :World-Min

0.00

X-Axis :World-Max

100.00

Pt :Box-Cn

Pt :Box

(628 50 12 12)

Pt :X

634.26

X-Axis :Box-Cn

X-Axis :Box

(441 319 196 4)

str

Pt :Y

56.15

Figure 3.9: Scatterplot and Constraint Network During \MovAxis & Points Interaction Mo One use for this mo de is allow commultiple scatterplots. F or in Figure 3.10,

the \C" axis and the p oints the right scatterplot have b een dragged over to the left This mo would b particularly useful trying to discovcommon in plotted m40

0.00 100.00 A

0.00

100.00

B

0.00 100.00 C

0.00

100.00

A

Change Data

Move Points

Scale Points

Move Axis

Scale Axis

Move Axis & Points

Scale Axis & Points

X-Scale = Y-Scale

Use Plans

Figure 3.10: Overlaying Two Figure 3.9b shows constraint network while this inis running. Required stay constrainare added to :world-min and :world-max of x-axis, so that range numb not change. As the axis is moved, :scale :offset v alues are calculated that corresp the same range numb ers in the new p osition. All of the p oints use the :world-min

and :world-max slots of the x-axis calculate their x-p osition, so all of p oints are rep along with the Note that length of the axis not cduring this inso the :scale v alue always b as same numb 3.10 The Axis P oin ts" In

Mo When \Scale Axis & Points" inmo de is selecte d, dragging on one of axis bars the left button will stretch or shrink axis, relative the far along p oints Figure 3.11a). The axis numb ers are not changed, since it is still measuring same range relative to scatterplot p oints. The axis is unchanged. This b e adjust the of multiple scatterplots, to p oint that may b shown with di�erenscales. Unlike \Scale Poininteraction mo which changes the x y scales indep endently just cthe along one 3.11b shows the constraint network while this inis running. This is almost the same as the network the \Move Axis Points" inmo de 3.9b). stay constrainare added to :world-min and :world-max slots of the x-axis, that numb ers will not change. As the axis is reshap ed, new :scale :offset v alues are that corresp ond to same range numb for the reshap e axis. All of the scatterplot p oints the :world-min and :world-max of x-axis calculate their x-p osition, all of the p oinrep to movand scale the p oints along with the that it p forb :scale

:offset slotsto contain newnumb ers an is scaled. As an axis is this may mov0:0 p oint along this axis, which would change 41

0.00 100.00 A 0.00

100.00

B

X-Axis :Y 296

Pt :X-Cn

Pt :World-X

98.60

X-Axis :Offset

460.00

X-Axis :Scale

1.10

X-Axis :Axis-Cn

X-Axis :Screen-Min 460

X-Axis :Screen-Max 570

X-Axis :World-Min

0.00

X-Axis :World-Max

100.00

Pt :Box-Cn

Pt :Box

(562 50 12 12)

Pt :X

568.46

X-Axis :Box-Cn

X-Axis :Box

(460 296 110 4) str

Pt :Y

56.15

Figure 3.11: Scatterplot and Constraint Network During Axis & Points Interaction Mo o�set v

3.11 The = Y-Scale" By adding additionalconstraints to network, the b ehavior of interactions can b e mo F or supp ose that the x y wmeasuring same basic sucas incagainst inches. In this case, it might b e desirable to b oth to use the same scale in p er pixel. When the = button is selecte a constraint added the :scale of X-axis and Y-axis leftscatterplot. If these scales are not already the scatter plot p oints may b e moved constraint is

X-Axis :Y 296 Pt :X-Cn

Pt :World-X 98.60 X-Axis :Offset 374.00 weak X-Axis :Scale

2.46 X-Axis :Axis-Cn X-Axis :Screen-Min 374 X-Axis :Screen-Max 570X-Axis :World-Min

0.00 X-Axis :World-Max

79.67 Pt :Box-Cn

Pt :Box (611 50 12 12)

Pt :X 616.56 X-Axis :Box-Cn X-Axis :Box (374 296 196 4) Pt :Y56.15 Y-Axis :X370

Y-Axis :Offset 296.00 weak Y-Axis :Scale

-2.46 Y-Axis :Axis-Cn

Pt :Y-Cn Y-Axis :Screen-Min 296 Y-Axis :Screen-Max 50Y-Axis :World-Min

0.00Y-Axis :World-Max

100.00 Pt :World-Y 97.50

Y-Axis :Box-Cn Y-Axis :Box (370 50 4 246)

:Equal-Scale-Cn (str)

Figure 3.12:Constraint Network With \X-Scale Y-Scale" Figure 3.12 shows network when this constraint is added. When button is selecte d, twweak stay constrainare also added to :offset slots of the two as explained b eloNote that the :equal-scale-cnactually multiplies the y-axis by �to comp ensate for y-co ordinates which downwards (opp from the normal direction of increasing v alues a vertical 42

X-Axis :Y

296

Pt :X-Cn

Pt :World-X

73.17

X-Axis :Offset

374.00

X-Axis :Scale

2.46

X-Axis :Axis-Cn

X-Axis :Screen-Min

374

X-Axis :Screen-Max

620

X-Axis :World-Min

0.00

X-Axis :World-Max

100.00

Pt :Box-Cn

Pt :Box

(548 76 12 12) str

Pt :X

554.00

X-Axis :Box-Cn

X-Axis :Box

(374 296 246 4)

Pt :Y

82.00

Y-Axis :X

370

Y-Axis :Offset

296.00

Y-Axis :Scale

-2.46

Y-Axis :Axis-Cn

Pt :Y-Cn

Y-Axis :Screen-Min

296

Y-Axis :Screen-Max

50

Y-Axis :World-Min

0.00

Y-Axis :World-Max

100.00

Pt :World-Y

86.99

Y-Axis :Box-Cn

Y-Axis :Box

(370 50 4 246)

:Equal-Scale-Cn (str)

Pt :Datum-Y-Cn

Datum :B

86.99

Pt :Datum-X-Cn

Datum :A

73.17

Figure 3.13:Constraint Network for \Change Data" Mo de With Equal-Scale Constrainof interaction mo des act same when the scale equality constrainis added. F or ple, \Change mo de can b used to change data v alues as b efore. Figure 3.13 shoconstraint network while interaction is running. Because this interaction stays X-axis and Y-axis :scale of the two metho of the :equal-scale-cn constraincan b run (setting x-axis scale from y-axis or vice-vso constraint isis�ed, as indicated by the dashed lines from b oxthisconstraint. Actually

, case constraint is b ecause b oth of are equal, the currenconstraint system do not detect this. The :equal-scale-cn constrainwsp as a constraint, rather a required constraint, in order to allow it to b e overridden in this

X-Axis :Y 296 Pt :X-Cn

Pt :World-X

98.60

X-Axis :Offset

374.00

X-Axis :Scale

2.46

X-Axis :Axis-Cn

X-Axis :Screen-Min 374 X-Axis :Screen-Max

570X-Axis :World-Min

0.00 X-Axis :World-Max

79.67

Pt :Box-Cn

Pt :Box

(611 50 12 12)

Pt :X

616.56

X-Axis :Box-Cn

X-Axis :Box

(374 296 196 4) Pt :Y56.15 Y-Axis :X370

Y-Axis :Offset

296.00

Y-Axis :Scale

-2.46 Y-Axis :Axis-Cn

Pt :Y-Cn Y-Axis :Screen-Min 296 Y-Axis :Screen-Max

50Y-Axis :World-Min

0.00Y-Axis :World-Max

100.00

Pt :World-Y

97.50

Y-Axis :Box-Cn

Y-Axis :Box

(370 50 4 246)

:Equal-Scale-Cn (str)

Figure 3.14: Constraint Network for \Scale PoinMo de With ConstrainThe \Scale Points" interaction mo de is essentially disabled the scale equality constraint added. Figure 3.14 shows the constrainnetwork while this interaction is running. Required staare to the :world-x :world-yslots of the p oint b eing moved, to the :offset the x and axes. Therefore, the only wato p oint’s :x-cn :y-cn constraints to the x-axis y-axis :scale slots. However, in order to set b oth of slots, 43

:equal-scale-cnconstraint has b e overridden. It b e overridden by strong constraint interactor to the p oint’s :box slot, the p oint is moved Another way to lo ok at situation that the \Scale Points" inmo de the and y totwoindep endent v alues,:equal-scale-cn constraintis ensuring that areequal. Ifthe:equal-scale-cn constraintwasweakthantheinputconstraint,sayif it wmedium constrainthe input constraint could ovit the interaction. However, when input constraint was removed, the v alues would b e changed to satisfy the :equal-scale-cn

constraint

0.00 79.67 A 0.00

107.69B

0.00 79.67 A

0.00

147.37

B

0.00 79.67 A

0.00

321.31

B

Figure 3.15: Collapsing the Point b ehavior of \Scale Axis & Points" inmo de changed in interesting way the :equal-scale-cn constraint is added. As one is scaled, the other axis scaled evenly collapsing or the p oint cloud uniformlyin b (see Figure

X-Axis :Y

296

Pt :X-Cn

Pt :World-X

98.60

X-Axis :Offset

374.00

X-Axis :Scale

1.05

X-Axis :Axis-Cn

X-Axis :Screen-Min

374

X-Axis :Screen-Max

458

X-Axis :World-Min

0.00

X-Axis :World-Max

79.67

Pt :Box-Cn

Pt :Box

(472 187 12 12)

Pt :X

477.95

X-Axis :Box-Cn

X-Axis :Box

(374 296 84 4) str

Pt :Y

193.21

Y-Axis :X

370

Y-Axis :Offset

296.00 weak

Y-Axis :Scale

-1.05

Y-Axis :Axis-Cn

Pt :Y-Cn

Y-Axis :Screen-Min

296

Y-Axis :Screen-Max

50

Y-Axis :World-Min

0.00

Y-Axis :World-Max

233.33

Pt :World-Y

97.50

Y-Axis :Box-Cn

Y-Axis :Box

(370 50 4 246)

:Equal-Scale-Cn (str)

Figure 3.16: Constraint Network for Axis & Points" Mo de With Equal-Scale ConstrainFigure 3.16 shows the constraint netwwhile this interaction is running. The mo di�ed :box to the x-axis :scale slot, whic:equal-scale-cn constraint copies to y-axis :scale, whiccthe y-axis range numb ers. The changed x-axis :scale and v alues, as well y-axis :scale, to rep osition scatterplot p oint in the netwwell all of the other p oints in the 44

The weak stay on y-axis :offset prevents the from a propagation :y-cn constraint one of scatter plot p oints satis�ed by mo difying the y-axis :offset,

than the p oint’s :y slot. If this happ ened, the would b that the p oint would shrink and around y-p osition of this p oint, rather than around (0; 0) p oint scatter There is actually than one p ossible propagation that could have b een chosen with network. It is p ossible for y-axis :axis-cnconstrainto b satis�ed by changing :screen-max

and :screen-min, moving the y-axis while keeping the same numb ers. could b e prevented by adding additional stay constrain45

46

Bibliograph

[ABB92] F ranz G. Amador, Deb Berman, Alan Borning, T ony DeRose, Adam FinkDorothy Neville, Norge, David Notkin, David Mike Salisbury

Jo e Ying Sun, Daniel W eld, Winkenbach. Electronic \How Things W ork" ticles. T echnical Rep 92-04-08,University of W ashington, Department of Science and [Bar86] Paul Barth. An Ob ject-OrienApproach to Graphical Interfaces. ACM T r on Gr aphics, 5(2):142{172, [BMMW89] Alan Borning, Michael Maher, Amy Martindale, and Molly Wilson. Constraint archies and Logic Programming. In Pr o c e e dings of Sixth Confer enc on L o gic Pr o gr amming, 149{164, Lisb June [Bor81] Alan Borning. The Programming Asp ects of A ConstrainOriented Simulation Lab oratory. ACM T r on Pr o gr amming L anguages Systems, 3(4):353{387, Octob er [Dui87]Rob ert Duisb Animation T emp oral Constraints: An Overview of the AnimSystem. Human-Computer Inter action, 3(3):275{308, [EL88] Danny Epstein and Wilf LaLonde. A Smalltalk Windoon ConstrainIn Pr o c e e of the ACM Confer enc e Obje ct-Oriente d Pr o gr amming L anguages and Applic ations, 83{94, San Diego, Septemb er 1988. A[EMB87] Raimund Ege, David Maier, and Alan Borning. The Browser|De�ning InGraphically. In Pr o c e e dings of Eur op e an Confer enc e Obje ct-Oriente d Pr o gr ming, pages 155{165, Paris, June 1987. Asso F ran� caise p our la Cyb ern�

Economique et T ec[FBMB90] Bjorn F reeman-Benson, John Maloney

, Alan Borning. An Incremental ConstrainSolver. Communic ations of the ACM, 33(1):54{63, January [Hil90]Ralph Hill.A 2-D Graphics for Multi-User Interactive Graphics Ob jects and Constraints. In E. H. Blakand P

. Wisskirchen, editors, A dvanc es Obje ct Oriente d Gr

I, 67{91. Springer-V erlag, Berlin, [Hil92]Ralph Hill.for Construction of Multi-Media Sync(MUMMS) Applications. In Myers, editor, L for User fac espages 125{143.Jones and Bartlett, Boston, 47

[Mal91]John Maloney

Constr aints User Interfac

ConstructionPhD ment of Computer Science and University of W ashington,August Published as Department of Computer and T echnical Rep ort [MGD90a] Brad A. MyDario Roger Dannenb erg, V ander Zanden, David bie, Philipp e Marchal, Pervin. Comprehensive Supp ort for Graphical, Interactive User Interfaces: The Garnet Interface Development EnvironmenIEEE Computer, 23(11):71{85,Novemb [MGD90b] Brad A. MyDario Roger Dannenb erg, V ander Zanden, David bie, Philipp e MarcEd Pervin, Mickish, and A. Kolo jejchick. Garnet T o olkit Reference Manuals: Supp ort for Highly-Interactive Graphical User terfaces in Lisp. T echnical Rep ort CMU-CS-90-117,Computer Science Dept, Mellon University

, March [MSB90] John Alan W and Buja. Painting Multiple of Complex Ob jects. In Pr o c e e dings of 1990 ACM Confer enc e Obje ct-Oriente Pr o gr amming: Systems, L and Applic ations the Eur op e an Confer enc e Obje ct-Oriente d Pr o gr amming, 245{257,Ottawa, Canada, Octob er [Mye87] Brad A. Myers. Creating Dynamic Interaction T echniques by Demonstration. CHI+GI 1987 Confer enc e Pr o c e e dings, pages 271{278, April [Mye90] Brad A. Myers. A new mo del for handling input. ACM T r on Systems, 8(3):289{320, July [Ols90] Dan R. Olsen, Jr. Creating InteractivT echniques by Symb olically Solving Constraints. In Pr o c e e dings the ACM Symp osium on User Interfac

Softwar e T e chnolo gy, pages 102{107,Snowbird, Octob 1990. AGRAPH and [San92] Michael Sannella. The SkyBlue Constraint Solver. T echnical Rep 92-07-02, partment of Science and Engineering, University of W ashington, Octob [VZMGS91] Brad V ander Zanden, Brad MyDario Guise, and PSzekely

. The Imp PoinV ariables in ConstrainMo dels. In Pr o c e e dings of the ACM Symp osium on User Interfac

Softwar e T e chnolo gy, 155{164,Hilton South Carolina, Novemb er 48