The SkyBlue Constrain t Solv er

Michael Sannella

T echnical Rep ort 92-07-02

Dept. of Computer Science and Engineering

University of W ashington

F ebruary 1993

Abstract

A constraint describ es a relationship that should b e maintained, for example that the equality

A + B = C holds b etween three v ariables, that a set of displayed ob jects are aligned, or that the

elements in a data structure are consistent with a graphic display of this structure . Constraint

solvers have b een succes sfully applied to problems in computer graphics including geometric design

and user interface construction. This pap er prese nts the SkyBlue constraint solver, an e�cient

incremental algorithm that uses lo cal propagation to maintain sets of required and prefere ntial

constraints. SkyBlue is a success or to the DeltaBlue algorithm, which was used as the constraint

solver in the ThingLab I I user interface development environment. DeltaBlue has two limitations:

cycles of constraints are prohibited, and the pro cedures used to satisfy a constraint can only have

a single output. SkyBlue relaxes these restrictions, allowing cycles of constraints to b e constructed

(although SkyBlue may not b e able to satisfy all of the constraints in a cycle) and supp orting multi-

output metho ds. The SkyBlue algorithm has b een incorp orated into Multi-Garnet, an extended

version of the Garnet user interface development system that supp orts multi-way constraints. Multi-

Garnet has b een used to build several user interfaces exploiting the features of SkyBlue that would

have b een di�cult to build within Garnet. This pap er describ es the basic SkyBlue algorithm and

outlines several techniques that signi�cantly improve its p erformance for large constraint graphs.

Performance measurements are presente d demonstrating that SkyBlue is e�cient enough to use in

interactive user interfaces.

Keywords: constraints, constraint hierarchies, lo cal propagation, user interfaces, interactive tech-

niques.

Con ten ts

1 Intro duction 1

1.1 Lo cal Propagation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 2

1.2 Constraint Hierarchies and DeltaBlue : : : : : : : : : : : : : : : : : : : : : : : : : : 2

1.3 SkyBlue : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 3

2 Metho d Graphs 4

3 Constraint Hierarchies 6

4 The SkyBlue Algorithm 8

4.1 Adding Constraints : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 8

4.2 Removing Constraints : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 9

4.3 required Constraints : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 10

4.4 Constructing Metho d Vines : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 10

4.5 Executing Metho ds : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 11

5 Performance T echniques 13

5.1 The Collection Strength T echnique : : : : : : : : : : : : : : : : : : : : : : : : : : : : 13

5.2 The Lo cal Collection T echnique : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 14

5.3 W alk ab out Strengths : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 14

6 SkyBlue Pseudoco de 17

6.1 SkyBlue Data Structures : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17

6.1.1 V ariables : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 18

6.1.2 Constraints : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 18

6.1.3 Metho ds : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 19

6.1.4 Strengths : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 20

6.1.5 Marks : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 20

6.1.6 Lists and Stacks : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 21

6.2 SkyBlue Entry Points: add-constraint and remove-constraint : : : : : : : : : : : 21

6.3 Building Metho d Vines: build-mvine : : : : : : : : : : : : : : : : : : : : : : : : : : 24

6.4 Propagating W alk ab out Strengths: propagate-walk-strength : : : : : : : : : : : : 30

6.5 Collecting Unenforced Constraints: collect-unenforced : : : : : : : : : : : : : : : 32

6.6 Executing Metho ds: exec-from-roots : : : : : : : : : : : : : : : : : : : : : : : : : : 33

6.7 Constructing Propagation Plans: pplan-add : : : : : : : : : : : : : : : : : : : : : : 36

7 Input and Output Constraints 37

8 Extracting and Executing Plans 38

9 Performance Measuremen ts 42

9.1 Time Complexity : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 42

9.2 Comparing Performance T echniques : : : : : : : : : : : : : : : : : : : : : : : : : : : 44

9.3 Comparing DeltaBlue and SkyBlue : : : : : : : : : : : : : : : : : : : : : : : : : : : : 45

9.4 Comparing Garnet and Multi-Garnet : : : : : : : : : : : : : : : : : : : : : : : : : : : 45

10 F uture W ork 46

1 In tro duction

User interface to olkits can use constraint solvers to maintain consistency b etween application data

and a display of that data, to maintain consistency among multiple views of data, and to maintain

layout relationships among graphical ob jects. By giving the system resp onsibility for maintaining

the v arious relationships in a user interface, the programmer is freed from the tedious and error-

prone task of maintaining these relationships by hand, making it easier to develop and maintain

complex graphical user interfaces. Many user interface development systems have provided inte-

grated constraint solvers, including GROW [2], Garnet [14], Rendezvous [9], and ThingLab I I [13].

References [3, 6] contain additional referenc es to constraint-based systems.

One imp ortant class of constraint solvers accepts a set of mathematical equations b etween v ariables,

and uses symb olic or numerical techniques to �nd v ariable v alues that satisfy the equations. These

solvers have b een used in many computer graphics applications, including surface mo deling to ols

[20] and constraint-based graphic editors [8]. However, mathematical constraint solvers are limited

to problems where the constraints can b e express ed as mathematical equations.

At the other end of the complexity sp ectrum, many user interface systems include simple facilities for

maintaining the connection b etween the user interface and the application program. F or example, a

user interface system may allow pro cedure s to b e designated as callback pro cedures , which are called

when particular events o ccur. These can b e used to up date the application data structure s when the

user manipulates the interface. Systems with such facilities include GROW [2], Interviews [12], and

the Smalltalk Mo del-View-Controller [11]. These facilities can b e di�cult to use if there are multiple

callbacks that access the same data structures : the programmer may need to understand the internal

details of the consistency mechanism to prevent undesirable interactions. This undermines a ma jor

adv antage of constraint solvers, namely that they provide a declarative way to state relationships

that should b e maintained. Another limitation of many simple consistency mechanisms is that they

only allow constraints to b e satis�ed in one direction. User interface applications often require

information to ow in multiple directions. F or example, a user interface may include multiple views

of the same data structur e that must b e kept consistent as edits are made within any view.

The SkyBlue algorithm lies b etween these two extremes in terms of complexity and expressivenes s.

General constraints b etween v ariables (containing arbitrary data, not just numb ers) are represe nted

by short pro cedures (metho ds) that satisfy the constraints. A constraint may have multiple meth-

o ds that allow it to b e satis�ed in multiple directions. When v ariable v alues are changed, lo cal

propagation is used to quickly resatisfy the constraints. SkyBlue incr emental ly resatis�es the set

of constraints as new constraints are added and existing constraints are removed, which is partic-

ularly useful for applications where the constraint set may change during user interactions. F or

example, a drawing program based on SkyBlue could allow the user to add geometric constraints

b etween graphic ob jects, and resatisfy these constraints immediately as the user moves elements of

the drawing.

SkyBlue has several features that distinguish it from simple lo cal propagation solvers, and that

expand the range of user interface problems where it is applicable. First, SkyBlue uses strengths

asso ciated with constraints to control which solution is pro duced if all of the constraints cannot b e

satis�ed, or if there is more than one p ossible solution. Second, SkyBlue allows cycles of constraints

as well as constraint solving pro cedures with multiple outputs. Despite its additional p ower, SkyBlue

is comp etitive in p erformance with simpler constraint maintenance systems. It has b een integrated into a user interface to olkit (Multi-Garnet) that has b een used to develop interactive applications

(Section 9.4 presents p erformance �gures comparing Multi-Garnet to Garnet for one application).

1.1 Lo cal Propagation

One of the simplest and most general ways to solve constraints is by lo c al pr op agation. F or this

technique each constraint is represe nted by a set of metho ds, pro cedures that access some of the

constraint’s v ariables and calculate v alues for the remaining v ariables that satisfy the constraint.

Once some v ariable v alues are known, a lo cal propagation solver can execute metho ds to calculate

v alues for other v ariables, then it can execute metho ds that use these v ariables to calculate v alues

for further v ariables, and so forth until all of the constraints have b een satis�ed. F or example, given

the constraints A + B = C and C + D = E , if the v alues of A, B , and E are known, the two

constraints can b e satis�ed by executing the metho ds C A + B and D E � C in this order. A

v ariety of lo cal propagation algorithms have b een develop ed that use di�erent techniques to cho ose

which metho ds should b e execute d [17, 18].

Lo cal propagation solvers cannot solve all p ossible sets of constraints, such as sets of simultaneous

equations. However, lo cal propagation solvers have the adv antage that they are very general, since a

metho d can p erform an arbitrary computation. In particular, such solvers can handle non-numeric

constraints. F or example, in a user interface system one might want to maintain the relationship

b etween a string naming a font, and an ob ject representing the font. One metho d for this constraint

could scan �le directories and read font de�nition �les while creating a new font ob ject that cor-

resp onds to a given font name string. In the other direction, another metho d could extract a �eld

from the font ob ject to up date the font name string.

Lo cal propagation also allows incrementally resatisfying a set of constraints when some of the v ariable

v alues are changed. This can b e very e�cient if only a few of the v ariables need to b e up dated.

F or example, if the constraints A + B = C and C + D = E are satis�ed by executing C A + B

and D E � C , and then the v alue of E is changed, only the second metho d needs to b e ev aluated

again.

1.2 Constrain t Hierarc hies and DeltaBlue

An imp ortant issue when using constraint solvers in user interfaces is the b ehavior of the solver when

the set of constraints is overconstrained (i.e., there is no solution that satis�es all of the constraints).

It is not acceptable for the solver to signal an error and halt while controlling a user interface. A

related problem is how to deal with underconstrained systems (i.e., there are multiple solutions).

F or example, given the constraint A + B = C , if the v alue of C is changed the constraint could b e

resatis�ed by changing the v alue of A or B (or b oth). In a user interface, di�erent alternatives may

corresp ond to di�erent visible b ehaviors of the interface, and the programmer may want to control

which b ehavior is chosen. The c onstr aint hier ar chy theory presente d in [3] provides a way to sp ecify

declaratively how these situations should b e handled. A constraint hierarchy is a set of constraints,

each lab eled with a str ength, indicating how imp ortant it is to satisfy each constraint. Given an

overconstrained constraint hierarchy

, a constraint solver may leave weaker constraints unsatis�ed

in order to satisfy stronger constraints. If a hierarchy is underconstr ained, the user can add weak constraints to control which solution is chosen.

Another imp ortant issue is e�ciency

. When using a constraint solver in a user interface, user

interactions may cause v ariables to b e changed and constraints to b e added and removed, and the

solver must quickly resatisfy the constraints. T o supp ort interactive p erformance in this situation,

the constraint solver must use incr emental algorithms that pro duce new solutions without examining

all of the constraints in the network.

The DeltaBlue algorithm, an incremental algorithm for maintaining constraint hierarchies using

lo cal propagation, was develop ed to address these issues [6, 13, 16]. The ThingLab I I user interface

development environment was based on DeltaBlue, demonstrating its feasibility for constructing

user interfaces [13]. However, DeltaBlue has two signi�cant limitations: cycles in the graph of

constraints and v ariables are prohibited (if a cycle is found, an error is signaled and the cycle is

broken by removing a constraint) and constraint metho ds can only have one output v ariable.

1

It is not always p ossible to solve cycles of constraints using lo cal propagation. However, there

are several reasons why it is desirable to allow constructing such constraint graphs. First, when

constructing a constraint graph, cycles may b e intro duced by mistake. It may b e appropriate to

generate a warning in this situation, but the constraint solver should try to solve the rest of the

constraints even if the cycle cannot b e solved. Second, in some situations it may b e p ossible to solve

the subgraph containing the cycle by calling a more p owerful solver.

DeltaBlue’s requirement that metho ds have only one output v ariable restricts the typ es of constraints

that can b e represe nted. There are many situations where it would b e convenient to create constraint

metho ds with multiple outputs. F or example, supp ose the v ariables X and Y represe nt the Cartesian

co ordinates of a p oint, and the v ariables � and � represe nt the p olar co ordinates of this same p oint.

T o keep these two repres entations consistent one would like to de�ne a constraint with a two-

output metho d (X ; Y ) (� cos � ; � sin � ), and another two-output metho d in the other direction:

(�; � ) ( p

X

2

+ Y

2

; arctan(Y ; X )) . It would b e p ossible to create a set of four constraints, each

with one single-output metho d (X � cos � , etc.), but this set would contain cycles. Multi-output

metho ds are also useful for accessing the elements of comp ound data structur es. F or example, one

could unpack a comp ound CartesianPoint ob ject into two v ariables using a constraint with metho ds

(X ; Y ) (P oint:X ; P oint:Y ) and P oint C r eateP oint(X ; Y ).

1.3 SkyBlue

The SkyBlue algorithm was develop ed to remove the limitations of DeltaBlue by supp orting cycles of

constraints and allowing metho ds to have any numb er of outputs. Whereas DeltaBlue would signal

an error and remove constraints when a cycle was detecte d, SkyBlue allows cycles to b e constructe d.

SkyBlue cannot satisfy the constraints around a cycle, but it correctly maintains the non-cyclic

constraints elsewhere in the graph. F uture work will extend SkyBlue to call a sp ecialized constraint

solver to solve the constraints around a cycle, and continue using lo cal propagation to satisfy the

rest of the constraints.

SkyBlue is currently b eing used as the constraint solver in Multi-Garnet [15], a pack age that ex-

1

Reference [7] presents another algorithm that solves constraint hierarc hies, with roughly the same p ower and

limitations as DeltaBlue.

0.00 100.00 A 0.00

100.00

B

22.45 122.45 A 0.00

100.00

B

0.00 81.89 A 0.00

272.56

B

Figure 1: A scatter built constraints: The initial scatterplot, the initialafter moving the X-axis, and initial scatterplot after scaling the p oint cloud bmoving p ointends Garnet user interface construction system [14] with supp ort for hierarcof multi-way

constraints. Figure 1 shows views of graphic user interface constructe d in Multi-Garnet: scatterplot displaying of p oints. SkyBlue constraints are used to sp ecify b etwthe data v alues, the scree p ositions of p oints, and the p ositions and range numb ers of the and Y-axes. As scatterplot p oints and axes are moved with mouse, SkyBlue maintains constraints so that the graph continues to display same scatterplot application exercises many of of SkyBlue. SkyBlue resatis�es straints quickly enough allow continin(Section 9.4 gives p erformance W eak constraints are added during di�erent interactions to sp ecify v ariables should not b changed during interaction. Multi-way constraints allowany of p oints to b lected and moved, whicchanges p ositions of the other p oints and reshap es moves p oincloud. Finally

, the scatterp lot uses constrainwith multi-output metho such as a constrainthree two-output metho ds that maintains relationship b etwthe X-co ordinates of the of X-axis, the range v alues the of axis, the scale and v ariables used p osition p oints relative to axis. It would b e di�cult to build this application (whiconly supp one-way single-output constrainwithout maintainingsome of relationshipsbmechanismsotherthanconstraintsolvMulti-Garnet and implementations are av ailable

(conthe author more information).

SkyBlue is also currenb eing used as the constraint solver in an implementation

Kaleidoscop language

[5and an equation manipulation to the Pik a simulation system

[12 Metho d A constraint is repres ente by one more metho ds. Each metho is a pro cedure that the v alues of of the constraint’s v ariables metho d’s input variables) calculates v for the remaining v ariables (the metho d’s output variables) that satisfy the constraint. F or the constraint A + B = C could b e repres ente by three metho ds: C A B , A � , B � A. If the v alue of A or B were cSkyBlue could maintain the constraint by 4

C A + B to calculate a new v alue The meaning of SkyBlue constraint is sp entirely by its metho ds. By de�nition constrainis from the moment one of its metho ds is execute until one of its v ariables cSkyBlue do es not checthat the metho ds of a constraint de�ned consistently to implement particular relation. Metho d pro cedures should b e as without side-e�ects from input v ariables to the v ariables, so that may execute them at arbitrary times satisfy the constraints. V3 C2 V6 V7V1 C5C1 V2 C4 V5V4 C3

Figure 2: A metho d graph with an constraint (

5), a metho d con ict V 5), and directed cycle (b etween

1 and o a set of constraints, SkyBlue cho one metho d to execute from eacconstraint, knoas the d of constraint. The set of constraints and ariables form an aintaph with b etween each constraint and its ariables. The constraingraph, with selected metho ds, form a directed daph. In this pap metho d are drawith circles representing ariables and repres enconstraints (Figure 2). Lines are drab etween each constraint and its ariables. If a constrainhas a selected metho d, arroindicate outputs of selecte metho d. If a constrainhas no selected metho d, it linked to with lines. Small diagrams b eneath each constrainsquare indicate the unselecte metho for the constraint (if any). These diagrams are particularly useful when a constraint do esn’t havmetho ds in all p directions or has multi-output metho (sucas

The following will b e used in this pap er. If a constrainhas a selected metho d in current metho d graph constraint is dit is d. Assigning a metho as selecte metho d of a constraint known as cing constraint. Assigning no metho as the metho d of a constrainis known evoking constraint. A ariable that is of a constrainselecte metho d is by constraint. A ariable that an of anmetho d is d. ollowing the selected metho d’s output arroto amariables constraints.

wing the arrows in reverse direction to amariables constrainIf a metho graph contains two or metho ds that to same ariable, called a don ict. In 2, there is a metho con ict b etwthe metho ds

Sometimes, may b e useful de�neSkyBluemetho ds that not functions that have side-e�cts. Section7 for more informatio5 V3 C2

Figure 3: A metho d graph all of the constraincan b e

34. SkyBlue prohibits metho b ecause they prevent satisfying b constrainsim. If wsatisfy

3 by its metho d (setting V 5), and

4 by its selected metho d (again setting V 5),

3 might longer b satis�ed. a metho d graph has no metho con icts and no directed cycles, then it can b e to satisfy enforced constraints by executing the selecte metho ds so any determined ariable is set b efore is (i.e., executing the metho ds in top ologicalorder). or example, Figure 3 shoa metho graph for same constraints where all constraints can b e satis�ed by the metho ds for

2,3,4,5, in order. Note the metho d graph sp eci�es how satisfy the constraints, of the particular alues the

If a metho d graph contains directed cycles, such as one b etween

12 in 2, it is p ossible to a top ological sort of selecte metho ds. SkyBlue may pro duce metho d with cycles. Section 4.5 discusses how execute metho ds and handles of metho 3 tIf is no metho d graph that enforces every constrainin constraingraph, the solver has to cho which constrainto enforce. Alternativ, are multiple p metho d graphs for given constraingraph, solver will havcho b etween them. programmer can these choices by organizing the constraints into constraint hierarchA constrainhierarchy is a set of constraints each constraint is lab eled with of an list of engths. In this pap er, strengths will b e written using symb olic names strong, medium, weak,

, in order from strongest to weakest. When solving constrainhierarchy it is p ermitted to leave weaker constraint unsatis�ed, if is necess ary to satisfy stronger constraint. If there are two more con icting constraints with the same strength, one chosen to b e .

Constraint hierarchiesare usually de�ned the additional condition that required constraints must b satis�ed. The SkyBluealgorithm do not enforce condition.See Section for more informati6

V1 C2 C1 C4 weak weak C3 V2 V3 medium strong

(a) non-LGB metho d

V1

C2 C1 C4 weak weak

C3

V2 V3 medium strong

(b) Another non-LGB metho d

V1 C2 C1 C4 weak weak C3 V2 V3 medium strong

(c) An LGB metho d

V1 C2 C1 C4 weak weak C3 V2 V3 medium strong

(d) Another LGB metho d graph for the same constrain

V1 C2 C1 C4weak C3 V2 V3 medium strong medium

LGB metho d if has Figure 4: LGB and non-LGB Metho d The SkyBlue solver the constraint strengths construct aletter (or LGBmetho [13]. A metho d graph LGB if there are no metho d and are no constraints that could b e enforced by revoking or more weaker constrain(and p ossibly cthe selected metho enforced constrainsame stronger strength).the metho d graph in 4a. This graph is LGB b ecause constrain

2 b enforced bcho the metho d that V 2 revoking medium constrain

3, pro Figure 4b. , this metho graph is not LGB either

3 b enforced brev pro ducing Figure 4c. This metho d LGB are no constraints that could b e enforced breva weaker constrainThere mab e mLGB metho d graphs for given constraint graph. Figure 4d shows LGB metho d graph which is b wthan Figure 4c. Given these constrainSkyBlue would construct one of these twmetho graphs .The constraint

Reference [13] de�ne\lo cally-graph-better" such that directed cyclesprohibited. As used this pap er, metho graphs may includ7

could b e mo di�ed favor alternative over the other. or example, if the strength

1 wcto medium, the only LGB metho d wb e in 4e. One way for programmer to conmetho d graphs constructed is to stay constrainthat have a null metho d with no inputs and a single output. A stay constrainsp output should b e changed. A similar typ e of constrainis set constrainwhich sets to constan alue. Set constraints can b e to inject new alues into a constraingraph. Figure 4,

14 are staconstrainReference [3presents sevdi�erent ways which ariable

\b satisfy a constrainhierarch. The of read-only ariables extends this to constraints that may b e to some of their ariables, sucas SkyBlue constrainwithout metho in p ossible or many constrainmetho graphs compute \lo cally-predicate-b the constraint hierarchas in . Reference [13] examines b etween metho d graphs and lo cally-predicate-b 4 The SkyBlue The SkyBlue constraint solvmaintaithe constraints in a constraint graph by LGB metho graph and the selecte metho ds in metho d graph satisfy constraints. Initiall,the constrainand corresp metho graph b empt. SkyBlue invoked by calling twpro cedure s, add-constraint a constrainto constraint graph, and remove-constraintto remova constraint. As constrainare added removed, SkyBlue incrementally up the LGB metho d graph and executes metho the constrainThe complete algorithm is rather complex so divided into several Sections 4.2 presenan ovadd-constraint remove-constraint.describ es how a constrainis enforced ba metho d the basic op SkyBlue algorithm. Section how executes the selecte d metho ds of constrainand how are handled. The algorithm describ e d in these sections pro but its p su�ers as constraint graph b very large. Section 5 presenseveral tecused in complete signi�cantly improve the for large constrainThese sections are meant to presenhigh-level of SkyBlue, so they do not give all of low-level details of SkyBlue algorithm.More detailed information on is with complete pseudo co for the algorithm in 4.1 Adding

When a new constraint is added to constraint graph it may b e p ossible to metho d to it by a metho for constraint, switching selecte d metho ds of constraints the same or stronger strength, p ossibly revoking one weakconstrainThis pro is known d vine or mvine (this is descr ib ed 4.4). constraints are revoked during this pro cess , this may enable constraints to b 8

enforced bmvines. add-constraint a constraint cn to constraint graph by p erforming following1. Add cn to constraint (unenforced) and to cn by mvine. If it not p ossible to construc sucmvine, leavcn enenforced return add-constraint. In this case, metho d graph unchanged (it is still 2. Rep try to enforce all constraints constraint graph bstructing mvines until none of unenforced constraints can b e enforced. that eacunenforced constrainis succes or more weakstraints mab e revoked. These newly-unenforced constrainmb added to unenforced constrain3. Execute of the selected metho ds the metho d graph to the constrain(see tion The step must terminate b there are a numb er of constraints. Each time constrainis one or weaker constrainmay b added the set forced constraints. These additional constraints may b enforcible, weakconstrainthe unenforced constraints, but this pro cess go on . Eventually cess with constraints. When the step terminates metho graph must b e LGB. If was not there wb an constraint that b e enforced by setting metho switching selecte metho of constrainwith same or stronger strengths, and p ossibly revoking or weaker constraints. This is the when it is p to construct an mvine. If more mvines b e construct then metho d graph must b e As an example, supp ose add-constrhas just added

2 to constraint graph and current metho d graph is shoin 4a. One way an mvine could b constructe benforcing

2 the metho d that 2 revoking

3 4b). Given metho graph, second step would construct ing an mvine p by rev

(Figure 4c). At this p oint is not p ossible to an mvine second terminates. This metho graph is LGB. Alternativ, if �rst mvine b een construct brevoking

1 the LGB metho graph of 4d would have b pro immediately the step whave b able to enforce

4.2vingremove-constraiis very similar to add-constraint. When an constraint is removthis may allow unenforced constraints to b enforced, which leads the same pro cess rep eatedly constructing mvines as in add-constraint.remove-constraint removconstraincn the constraint graph by p erforming the following1. cn is currenunenforced, simply removit from constraint graph and return remove-constraint.Removingan unenforced constraint cannot make any constrainenforcible so the metho d graph is still 9

2. Rep eatedly try enforcing of the constraints in the constraint graph by construct ing mvines (adding revokconstrainunenforced constraints) until of unenforced constraints can b enforced. As in add-constrthis step eventually with LGB metho d 3. Execute of the selected metho ds the metho d graph to the constrain(see tion 4.3 required

The strength,

, is typically for constraints malways b This raises issue of hoto two required constraints that con ict b oth constraincannot b e causing metho d con ict). Some solvhandle this situation bautomatically removing of the con icting required constraints. This is not a very solution, b ecause it removes control from ovwhich constrainare in constrainSkyBlue addresse s by treating required strength the same another algorithmdo es not guarantee that all required constraints the constraint are enforced. If two required constraints are added, one will b e enforced, and b e left unsatis�ed. Later, if enforced con icting constrainis removed, the constraint will b If that required constraints must alwab e then this application will havto a little extra work to detect handle con icts b etwrequired constraints. Sp , add-constrainis called add a required constraint, application detec the newly-added constrainis enforced, call remove-constraint

to removthis constrainit is not enforced. This will guarantee that all requiredconstrainthe constraint graph enforced. Note that SkyBlue will never revokrequired constraint it is enforced, constraint is removed by explicit call remove-constraint.is b only other time that constrainare revoked is mvines are constructe required is strongest an mvine can only revoke constrainweaker than the ro ot constrainof mvine, constraints cannot b e revoked constructing an m4.4 Constructing Metho d The algorithm is on rep an unenforced constrainby cthe selected metho ds of constrainwith same or stronger strength p ossibly revoking more constrainwith weaker strengths. There are manwacould b implemented, trying all p assignments of selected metho ds metho d con icts. The tecused known a metho d vine mvine), uses a backtracking searcAn mis bselecting metho d for the constrainware trying to enforce (the ro constraint) and adding it the mvine. If this metho has a metho con ict with metho ds of constraints, we new metho ds for these other constrain10

them to mvine. These selecte d metho may with yet selecte metho ds, and on. This pro extends metho d graph, which builds a \vine" of newly-cmetho ds groro ot constraint. This growth pro cess may terminate in following

waIf a newly-selected metho in mvine to ariables that are currently banconstraint, then this branch of the mvine not any 2. If a newly-selecte d metho d in mvine con icts a selecte d metho d whose constraint weaker than ro ot constrainthen the weaker constraint is revokrather than to an alternative selected metho d it. As a result, the metho ds in mvine b elong constrainor strengths than the ro ot constrain3. If an alternative selected metho d is cfor a constrainand there a metho d another metho in mvine, then we add metho d to mvine must another metho d. If all metho ds this constraint with metho ds in the mmpro cess backtracks: metho ds are removed from the mand the mis extende d other selected metho for these constraints. If no metho d can b e cfor the ro ot constraint that allows con ict-free mb e constructe then ro ot constraint cannot b e Figure 5 presenan example demonstrating the pro of constructing mA ma connecte subgraph the metho d graph. If all of the constraint metho ds mvine have a single output, an mvine will havstructure single stalk leading the ro ot constrainthrough a of constraints with changed selected metho ds. If a metho with multiple in mvine, mvine will into multiple brancwith branch for each output. The di�erenbranches cannot b e indep endently since metho in branch prevent cho osing metho ds in branch that to same

The backtracking search must take this into accounby trying all p ossible combinations of metho for constraindi�erent branc(see Section for pseudo co implementhis searcmvine not necess arily a tree: separate brancmay and it may conThe mvine pro cess that are no metho d con icts an mvine, it p for one mvine metho to output to one of mvine metho 4.5 Executing Metho Given metho d graph without metho d or cycles, the constraints can b satis�ed by executing the selecte metho ds in so any determined ariable is set b executing the metho ds in top ologicalorder). If there a directed it is p to a top ological sort the selecte d metho ds. In case, SkyBlue sorts and execute s the metho of cycles. Any metho ds in a or downstream of a cycle not execute d output ariables marked sp ecify that alues do satisfy constraints. If a is broken the metho ds in cycle and do11

required

V1 V2

V3

V5

V6 V4

required

C2 C1 C4 required

C3

C5 weak

strong

Supp ose we metho d graph, and wwant to the constraint

1 by ing m

required

V1 V2

V3

V5

V6 V4

required C2 C1 C4 required C3

C5 weak

strong

First,

1’s selecte d metho is to metho d so it V

required

V1 V2

V3

V5

V6 V4

required C2 C1 C4 required C3

C5 weak

strong

This a metho d con ict with

2 we hav with metho

required

V1 V2

V3

V5

V6 V4

required C2 required C3

C5 weak

This causes metho with

3Supp ose we pro cess

4 �rst: we can simply switcselecte d metho it determines V 5. V is determined banother constrainwhave to extend this brancm

required

V1 V2

V3

V5

V6 V4

required C2 C1 C4 required C3

C5 weak

strong

Nowe have to pro

3 by cho osing metho d. Supp ose we the metho d mines V 2. This not p b it metho d con ict with

2, whicis in m

required

V1 V2

V3

V5

V6 V4 required

C2 C1 C4

required

C3

C5

weak strong

Therefore, we have to backtrack and try metho d for

3. Supp ose wnow the metho that determines V 4 (causing a metho with

required

V1 V2

V3

V5

V6 V4

required C2 C1 C4 required C3

C5 weak

strong

Nowe to handle

5. Because it weakthan we don’t havto an alternativmetho d but can simply revokit, pro �nal metho Figure 5: Constructing an mvine. Metho in the mvine are drathicker 12

are execute correc . SkyBlue b e in the future more p owerful solvers to alues satisfying a cycle constraints then propagate alues door more informatisee Section pseudo co de in SkyBlue metho One particular SkyBlue do es not currenimplement is when a metho calculates an output alue is the same as the current

In this case, it may b p ossible avoid executing downstream metho ds. Algorithms that implement this are describ in referen ces [10195 erformance T

The SkyBlue algorithm presente in 4 works , its p constraint graph b very large. This happ ens for twreasons: First, larger constrainmay contain greater numb ers of constraints that SkyBlue has to try enforcing bmvines. Second, eacattempt to construct mvine may involve searching constraints. The followisubsections describ e techniques used in SkyBlue to improve p constraingraphs. Section 9.2 presen ts p erformance �gures that techniques improve SkyBlue’s p These tecuse two strategies. One strategy is to avoid mvine construct ion whenever p mancases p ossible determine that an unenforced constraint cannot b e enforced actually trying to construct an mvine. Rather than the set of all of constrainthe constraint graph, a much smaller unenforced constraints can b and pro cesse unof them can b enforced. Sections 5.2 present tecThe second is to reduce backtracwhile constructing mvines by some of alternative selected metho ds to construct the rest of the mvine. Section a technique on this 5.1 The Collection T

When SkyBlue is the empty metho d graph is Every call add-constraint

or remove-constraleaves an LGB metho graph. Therefore, the current metho d graph mb e LGB whenever add-constraint or remove-constraint is called. This fact b e used to avtrying to enforce some of the constrainWhenever add-constraicalled to add a constraint cn to the constraingraph, it is imp to anunenforced constraints with the same or strength than cn, other itself. If it wp ossible to ansuch constraint after cn wadded, then would havb p ossible to b efore cn was added the previous metho d graph would have b Whenevremove-constraintis to remove an enforced constraint cn, it is imp ossible 13

enforce any constrainthat stronger than cn. If it was p ossible to enforce any stronger constrainafter cn was removed, would havb p ossible to it b wremoved the previous metho graph would have b LGB. Note that unlike add-constraint, remoa constraint may w unenforced constraints with the same to b e enforced, well weaker 5.2 The Lo cal Collection T

If metho d graph is LGB a constraint added removed from constraint any unenforced constraints in a unconnecte added or removed constraincannot b e enforced. It is p to b e more selective: Whenever add-constraint is called add a constraincn an mvine succes sfully constructed to enforce it su�cient to unenforced constraints that constrain ariables downstream in the metho d graph from all of \redirected ariables" determining constraint has changed. Whenever remove-constraint

is called to remove a constraint cnis su�cient to collect unenforced constrain ariables dofrom the bcnWhenever SkyBlue success fully constructs mvine, additional unenforced constraints can b to set of unenforced constraints by scanning dothe

As each of constraints is pro cesse d it can b removed the set. When emptthere are no more constraints that can b e

V1 weak

V2 V3 strong C1 C3 V4

V1 weak

V2 V3 medium strongC1 C2 C3 V4

Figure 6: Metho graphs b adding

A similar technique can b used to reduce numb metho ds executed . Rather than the metho ds of all constraints in constraint graph, it is only necessary collect and the selecte metho ds of constrainmetho ds downstream redirecte ariables. or supp constraingraph is satis�ed using the metho d in 6a. If

2 is pro ducing metho graph in 6b, then metho ds for

2 and

3 would havto b e executed (in order). The selected metho d for do havto b e re-exec 5.3 W ab out mvine is constructed by rep cho osing a metho for a constraint and the mfrom the outputs of the new selected metho d. It b e p ossible complete the mb elooutputs mevenencounters undetermined 14

or constraints weakthe ro ot constraint, are no metho d b etween di�erenbranches mvine. If could predict that one of these wuntrue then selected metho could b e immediately without trying the mThe DeltaBlue algorithm predicts whether a constraint b e enforced by using outengths [6]. A ariable’s w ab out strength weakconstrainwould have b e revokallow that ariable b e bnew constraint. could b the of the constraint that currently determines the ariable or strength of weaker constraint elsewhere in metho d graph that could b revoked after switching metho ds intermediate constraints. If the not curren determined by any constrainthen the w ab out strength is as

, which is a sp ecial strength weaker than anconstraint. A ariable will hava w ab strength of can b e left bswitching selecte d metho ds without revoking anconstraints.One imp ortant prop ertDeltaBlue’s w ab strengths is that can b calculated using lo information.w ab strength a ariable determined ba constraincan b e calculated the constraint’s strength, metho and the w ab out strengths of the rest of constrain ariables. If the metho has no cycles (required DeltaBlue), all of wab strengths b up dated by the w ab strengths of all undetermined ariables and pro cessing eacenforced constraintop ologicalto set w ab out strengths determined

required V2 required required V1 V3 V4 V5 V6 C1 C2 C3 C4 C5 weakest weakest weakest

weakest weakest required required weakest

Figure 7: Metho d graph with p ossible There is a problem with using w ab out strengths in b metho ds mahavmoutputs. Consider the metho d graph of 7. DeltaBlue wcorrect ly calculate w ab strengths of V 2{V 6 to b

. But what ab out V 1? The w ab strengths of V 2 and V imply V 1 should have a w ab out strength of

, the alternative (mmetho b e chosen that to V 2 and V 3, which b oth have weakest w ab out However, it is p ossible for a metho to set

V 2 and V 3 sim, revone of constraints. Simply switcmetho ds would lead to a metho con ict b oth

45 determining V 6. However, b without exploring the which would removone of the b of w ab out strengths (i.e., b e calculated lo cal information).

In SkyBlue, of w ab out is mo di�ed. A ab out strength de�ned as a ound on the the weakest constraint in the currenmetho d that would need to b e revokto allothe ariable to b determined by a new constraint.

Anotherinterpretationof weakestrengthis that each ariable implicit stay constraint a strength

of weakest, which sp eci�es that ariabledo esn’t change unless a strongconstraint determines 15

uses the mo di�ed de�nition w ab out strengths to reject metho constructing an mif anof the outputs of a metho d have w ab out strengths equal or than ro constraint, not p ossible to complete the mvine using metho d.

ab out eliminate all of the backtracking during mvine construct but it can it Whenever succe an mmo the metho d so the w a-

b strengths mb up dated to corresp to new metho graph. This could b done bpro all of the constraints the constraint graph (in top order) w ab out strengths ariables. It is p to apply tecfrom 5.2 in situation by pro cessing constraints downstream of redeter ariables. Section 6.4 for pseudo co de implementing compute-walkabout-strengths(cn: current-outputs cn.selected-method.outall variablesout-var current-outputs min-strength For all methods mt in cn.methods If not(member(out-vamt.outputs));; mt so ;; is ossible alternative max-strength max-out(mt,current-outputIf weaker(max-strength, min-strength)min-strength := max-streout-var.walk-streng:= min-stre;; max-out ongest ength ;; mt’s outputs, any max-out(mt: Method, current-outputs: Variablesmax-strength*weakest-strengall variablesvar in mt.outputs not(member(var, current-outputs)) If weaker(max-strengvar.walk-strength) max-strength var.walk-strengtReturn max-strengFigure 8: Pseudo co for w ab out SkyBlue the mo of w ab out strengths to the pro cessing If there are cycles the metho d graph, it is p ossible to the w ab strengths inputs the metho ds the cycle b efore pro cessing their constraints. could b e handled by examining of constrainthe cycle, but this wrequire non-lo computation. Instead, SkyBlue breaks the bcho osing a selecte d metho d in cycle the w ab strengths of its outputs all its input ariables cycle w ab out strengths of

. This is guaranto b e a correct lower b ound. This simpli�es up dating of w ab out strengths at the cost of search when mb w ab out strengths domay b e weaker than necess 16

Figure 8 shopseudo co the w ab out strengths outputs of an enforced straint’s metho d, once w ab strengths metho d’s inputs are known. each of output ariables, compute-walkabout-strenexamines alternativmetho of the constraint that don’t to it (and thus b e used enforce this constraint if constraint this ariable). or each of metho ds the strongest w ab among metho outputs is found (bcalling max-out). When examining alternative metho d the outputs mab e ignored: if alternative metho output is b eing by constraint no constraints wneed to b revoked constraint to this

required

C1

medium

C2

C3

C4

required medium

medium medium strong

weak

weak

V1 V2

V3

V4

V5

V6 weakest

Figure 9: Metho graph with mmetho The w ab strengths 9 b e calculated by V 1’s w ab out strength weakest compute-walkabout-strengths pro cess

2,and4 in order. Note that

1 only a one-way constraint: if it another metho d that V 1, w ab out strength of V 2 would b e

. Note w ab out strength of V 4 required b ecause unselecte metho d for

2 also outputs

6 SkyBlue Pseudo co This presents pseudo co SkyBlue algorithm, derived the original implementation. It is detailed to b used to implemenSkyBlue in a ariety of b een used to devimplemenSmalltalk C++. Contact Author for a ailability implementations of SkyBlue arious 6.1 SkyBlue Data This section prese nthe data structures the pseudo co de. Record are accesse \dot" notation. or example, �eld of a constraincn is reference d bcn.mark, bcn.mark := value17

6.1.1

�eld

An the

of

constraint

List of Constrain all constrainthat referen ce

determined

Constrain constraint that this or

walk-stren w ab out strength of this ariable’s

Bo true alue One record used represe neach ariable. In addition to its ariable record has a list all constrainin the constraint graph that to it (constraintsand a p ointo enforced constrainthat its alue in the current metho d (determined-by). If no constrainthe alue, determined�eld is to nil. The walk-streng�eld sp eci�es the w ab strength the

Section 5.3). The mark is used building metho (see Section 6.3). valid is when metho ds to satisfy constraints. This false if ariable in downstream a cycle, otherwise it is true (see Section ariables are initialcreation time as if wdetermined bvirtual staconstraint a create-variable(initial-value: Any): var := new var.value := initial-value

var.constraivar.determined-by:= var.walk-strength:= *weakest-strengvar.mark := var.valid := Return that the constraints�eld only includes those constraints that have b added to constraint graph. Each time constraint is or removed from constraint constraints of ariables mo 6.1.2 Constraints

�eld this constraint’s level in constrainhierarch

the ariables constrained by this constrain

List Metho the p metho ds for this constrain

selected-method Metho the metho d to this constraint, or

constraint’s

A constrainrecord repres enconstrainthe sp eci�ed by strength the variables. The mark �eld is throughout SkyBlue to 18

constraints while travthe constraint graph. The methods �eld contains alternative metho that could b satisfy the constraint. The selected-me�eld records whicof metho ds is to the constraint in currenmetho graph. If the constrainis enforced, selected-method�eld set to nil. The used to test if constraint is enforced(cn: Constraint):If cn.selected-me6= nil Return Return Constraints are initialized creation time bsp ecifying their ariables, and metho create-constraint(str: List of mts: List Methods)cn := new cn.strength cn.variables:= cn.methods cn.selected-method := cn.mark := Return 6.1.3 Metho

�eld

Pro cedur pro cedure calculates metho d

List of the input

ariables of metho

List of the output ariables this metho

A metho record represe nof p ossible ways to a constraint. A metho has enforcement pro cedure (codeand containing constrained ariables that reads (inputswrites (outputsMetho are initialized at creation bsp ecifying their code pro cedure, inputs, and create-method(proc: Procedureinput-vars:of Variables,

output-vars: Variablesmt := new mt.code := mt.inputs := input-varReturn The inputs lists must not contain any duplicates. These two �elds must also 19

the ariables the constraint. This means that for anmetho d mt a constraincn, all constraint must b included the outputs (i.e, mt.inputs[ mt.outpucn.variables), and no ariable b b inputs or outputs (i.e., mt.inputs mt.outputs;In the pseudo co b elometho d by execute-method.This pro call metho d’s code pro cedure to read the alues of the ariables and set the output alues sucthat constraint is satis�ed. The exact details of hopro cedure invokdep implemenlanguage. One p ossibilitwb to call code pro cedure its metho d as a single argument, let pro explicitly extract the input and ariables from the metho d 6.1.4 StrengthStrengths data ob jects representing di�erent constrainhierarchlevels. These havb represe nted Lisp atoms or indi�erent implemenSkyBlue. The implemenmust provide some way the programmer to access ob jects when constraints. The SkyBlue pseudo co de reference s followifunction and weaker(s1:Strength, s2: Strength) is a that if strength weakthan strength s2, false otherwise. Strengths mb e totally ordered: for antwo s1 s2, either weaker(s1,s2) or weaker(s2or s1=s2 must b e *weakest-strength* is a global ariable conthe weakest strength. This is the of undetermined which implicitly hava stay constrainwith weakThis should not b e used as the of any constraincreated by the SkyBlue assumes that list of strengths and do es not supp changing or list of strengths maintaining the constraint graph. An implementation could user to initialize to an arbitrary list of strength ob jects, b efore anconstrainare added to the constraint graph. In this case, *weakest-strengthmust b e to the weakconstrainIn examples in pap er, strength levare referred by the symb strong, medium, weak, weakest, order from strongest to weak6.1.5 Both ariable and constrainrecords contain a mark �eld. The mark is used throughout the pseudo co de in pro cedure s construct metho traverse the constraint graph structure and top ologicalsort enforced constraints in the metho d function new-mark() a primitive that returns new and alue. Currenimplementations monotonically increasing integers that the counwill never over o20

In the pseudo co also as a mark alue un-mark ariables and constraints. Any that would never b e returned by new-markcould b e 6.1.6 Lists and StacThe SkyBlue pseudo co de arious typ es of ob jects. A List is whicmay conduplicates. A Stack a normal stack. The order of the elemenmainand ob jects maapp in the stack multiple times. The functions push(obj: Stack) and pop(st: Stack) are used an element on top of the stack, and remov(and return) the top element of stack. Elements are added to a list using phrases such as \cn var.constraints".If p osition the b eginning end) of the new element in is not sp eci�ed, it do esn’t Both lists and stacks alloiterating through of the elemenchanging the collection. function member(obj: Any, lst: List Stack of Any) returns if ob presenin the list, otherwise. All op that add remove elements to lists stacks destructive op erations. or example, list b passed to a subpro ce dure whicadds some elementhe new elemencan later b by the calling pro cedure 6.2 SkyBlue ts: add-constraint and remove-constraint

add-constraint remove-constraint are the entry p oints for SkyBlue. At any moment is a set of constraints b in constraint graph. add-constraint constrainto constraint graph. remove-constraint removes a constrainthe constraint add-constraint must not b called on a constrainthat is already in constraint remove-constraint must not b e called on a constraint not in the constraint add-constraint adds the constraincn to constraint graph, up the LGB metho and execute s the selected metho ds in the metho d graph. add-constraint �rst initial�elds of the constraint and up the constraints�elds of ariables. Then, it update-method-graph up date the LGB metho d to include the unenforced constraints in list unenforced-cns (initiallyjust cn), accumulating any redete rmined constraints in exec-roots. , exec-from-roots to execute metho downstream of these ro to the constrainthe metho d is p that add-constraintwill not b able to enforce the constraint cn, if there are constraints the graph. In this update-method-graph change the metho and exec-rootb empty (and exec-from-rootsdo 21

add-constraint(cn: Constraintunenforced-cns := new empty List of Constraintexec-roots ;; ’s �elds, gister cn with cn.selected-method := cn.mark := all variablesvar in cn.variables cn var.constrain;; add cn to daph (if ossible), olcting

Add cn to unenforced-cupdate-method-graph(unenforced-cns, exec-roots;; satisfy aphaints by cuting exec-from-roots(exec-rootsremove-constraint removes the constraint cn from constraint graph, up dates the LGB metho and execute s the metho ds in the metho graph. remove-constraint�rst cn bremoit from lists of constraints maintaibits ariables. If cn not then nothing needs to b done. However, if cn is then it may b e p ossible to other constrainwhen it removed. In this remove-constraint sets the determined-walk-strength �elds of cn’s ariables indicate ban implicit weakest stay constraint, calls propagate-walk-strength these w ab out strengths doNext, remove-constracollect-unenforcedto any constraints dostream of cnold that mab e enforcible now cn removed. As discussed the unenforced constraints that could p ossibly b e enforced when removed those the same strength, or weaker. The last two arguments collect-unenforcedsp ecify that constrainthese strengths should b e the unenforced constraincollected, update-method-graphis called to to in the metho graph, accumulating any redeter mined and constrainin exec-roots.,exec-from-roots is called execute constrainmetho ds doro ots, to satisfy the constraints metho d 22

remove-constraint(cn: ;;

gister om For all variablesv cn.variaRemove cn from v.constraints

enforced(unenforced-cnsnew empty List of exec-roots := new empty List of cn-old-outputs:= cn.selected-method.output;;

cn, undetermine ’s output cn.selected-method For all variables cn-old-outputvar.determined-by := var.walk-strengt:= *weakest-stren;; new d variables as ossible

Add all variables cn-old-outputs to exec-root;;

outength d propagate-walk-strength(cn-old-outputs;;

olctdof;; variables with same or akerthan collect-unenforced(unenforced-cns, cn-old-outputs, cn.strength, ;;

aph to include the dupdate-method-graph(unenforced-cns, ;; satisfy daphaints exec-from-roots(exec-roupdate-method-gup dates the currenmetho d graph to b e lo cally-graph-b etter, by trying enforce the constraints in unenforced-cns.Eacconstraint cn in unenforced-cns pro cess ed bcalling build-mvine (Section 6.3) to to build an mvine enforced cn. When build-mvine

succee ds (returning trueadds any variables ariables determined-by

�eld has b changed) to redetermined-vars. In case, wcall propagate-walk-strength

to up date the w ab out strengths downstream of and the redetermined collect-unenforced any additionalunenforced constraints downstream of redete ariables to unenforced-cns.,update-method-graphup dates exec-rootsby anconstrainthat were succe ssfully well any redeter ariables are now determined. This lo op iterates, remoconstraints unenforced-cns (and adding constrainto unenforced-cnin collect-unenforced) until unenforced-cns is empt. Section 4.1 why this pro cess must terminate. As a we alwaremoving and enforcing strongest unenforced constraint in unenforced-cns.

Section 5.1 discusses the p technique, which justi�es anunenforced constraints same or than a constraint, b they cannot p ossibly b enforced. update-method-graph uses version tecwhen collecting constraints after an mvine succes sfully constructe it is only necess to unenforced downstream constraints that weaker the ro ot constraint of mNote that the ro ot constrainmay b weaker than the constrainb added or removbadd-constror remove-constraint,so this allows discarding more constraints. The last twarguments to collect-unenforcedsp ecify that only constrainweakshould b e 23

update-method-graph(unenforced-cns: List of Constraintexec-rootWhile unenforced-cns 6= fg ;;

theongest omcn the strongestconstraint unenforced-cRemove constraints to cn from unenforced-c;; try mvine, d redetermined-vars Variables

ok build-mvine(credetermined-var;; found mvine:

agate out;; the mvine, d propagate-walk-strength( and all variables in redetermined-varsg ;;

olany cns strictly aker than cn that may now ecollect-unenforced(unenforced-cns, redetermined-vars, cn.strength, ;; add new d and

Add to exec-roots

For all variables var in redetermined-vars var.determined-by = nil Add var exec-roo6.3 Building Metho Vines: build-mvinbuild-mvine tries enforce bconstructing a \metho d (or mvine) with in 4.4). build-mvine tries to �nd a way to the unenforced constraint cnby changing selected metho ds of stronger constraints, and revoking weakconstrainnetwork. If it succes then it mo di�es the metho d graph and true. If build-mvine

cannot �nd way to construct mthen it returns false and the metho d graph not cIf build-mvine success enforces cn, may csome of metho ds forced constraints. Whenever the metho of constrainchanged, the determined-by

�elds of are changed any dariables redetermined-varswhich b e used later collecting constraints. build-mvine cnnothing is added redetermined-varsbuild-mvinp a backtracking searcwhen new metho ds to constrainThis can get complicated if metho d in mmultiple outputs, b ecause each may cause another branch in the mvine, it may b e to all p comof metho in di�erenbranches one without con ict. build-mvine handles this busing mvine-stack, stack of constrainthat need have their selecte metho ds changed. ures 11 shohow mvine-stais mo di�ed during backtracRather than actually changing the selected-method �elds of constrainduring searcbuild-mvine marks the constraints in the malong the that will b e determined bthese constraints. Once a mfound, constraint selected-method and ariable determined-by �elds changed. At this same time, any redete rmined are to redetermined-vars. If no complete mvine is found, then ro ot constrainis left 24

V1 V2 V3

V5 V4

V6 V7 C1 C2 C3

C4 C5

mvine-stack = f

2;4g. e have metho d for

1, it to the mvine, and the con icting constrain

4 to the stac(with

2 the top of the stac

V1

V2 V3

V5

V4

V6 V7

C1

C2 C3

C4

C5

mvine-stack = f

3; C4g.e have p opp ed from top of the stacselecte d a new metho for and pushed the con icting constraint

3 the stac

V1

V2 V3

V5

V4

V6 V7

C1

C2 C3

C4

C5

mvine-stack f

4g. e havpro cesse

V1

V2 V3

V5

V4

V6 V7

C1

C2 C3

C4

C5

mvine-stack = f

5g. e have pro cesse d

4. Athis p oint, wtry pro discover has no metho ds that do not con ict with o ds in the mvine. So we backtrack and stacto f

4g10: Using mvine-stack construct an mvine backtracking. All constrain

. Metho ds in the mvine are drathicker lines. (Continued in next and the metho d graph is not cpro cedure build-mviallo cates a mark searcinitializes mvine-stack,

and then mvine-enforce-cn to start the mstarting cn a brancmvine-grow, mvine-revoke-cn,and mvine-enforce-cn are mutually recurs ive pro p the backtracking search. All pro cedure (along build-mvine) true if complete mvine wfound, false build-mvine(cn:Constrainredetermined-vars: List of Variables): mvine-stack new empty stack of done-mark := new-mark(;; try build an mvine, starting cing the ot Return mvine-enforce-cn(cn, cn.strength, done-mark,

mvine-stack,redetermined-vars)

25

V1

V2 V3

V5

V4

V6 V7

C1

C2 C3

C4

C5

mvine-stack = f

4g.4 has no metho to so we backtracand restore stacf

3;4g

V1 V2 V3

V5

V4

V6 V7 C1 C2 C3

C4 C5

mvine-stack = f again, and found another metho d to

V1

V2 V3

V5

V4

V6 V7

C1

C2 C3

C4

C5

mvine-stack f

5g. e havpro cesse

V1

V2 V3

V5

V4

V6 V7

C1

C2 C3

C4

C5

mvine-stack fg. e have pro cesse

, without adding anmore con icting straints to stack. The stack is empt, whave �nished extending mFigure 11: Using mvine-stackwhile constructing an mvine backtracking. (continued previous mvine-growp ops the next constraint cn from mvine-stack, and whether should b enforced (by another metho d for the constrainadding to the mvine), or revokmvine-enforce-cn or mvine-revoke-called handle cn, and pro cess rest of constraints in mvine-stack.return false, then wbacktracby restoring cn mvine-stack and returning falseIt p ossible a given constrainmaapp ear min mvine-stack,b ecause wmultiple pro cessing di�erent constraints. Whenever a constraint is pro cesse mvine-enforce-cn mvine-revoke-cn, mark �eld is to done-mark.mvine-grow when the constraint mvine-stackmarkand calls itself to pro cess rest of constrain26

mvine-grow(root-strength:Strengthdone-mark: mvine-stack: of Constraintsredetermined-vars:List of Variables):mvine-sta= fg ;;

eaints ess: we have found a omplete Return Pop(mvine-staIf cn.mark = ;; cn has adyenother ok := mvine-grow(root-strength, mvine-stack, redetermined-vaElseIf weaker(cn.strength, root-strength) ;; cn aker than the otaint:ok := mvine-revoke-cn(cn,root-strength,done-marmvine-stack, redetermined-v;; to �nd an for ok := mvine-enforce-cn(cn, root-strength, mvine-stack,redetermined-vars)

;; if edaint to If not(ok) push(cn, mvine-stReturn mvine-revoke-cnrevokes the constraint cn by marking constraint, and calling mvine-grow handle the rest of the constraints in mvine-stack. If a mvine not found, we bactrack by unmarking the constraint. If a complete mvine is found, then we the determined-by

and walk-strength�elds of any of the metho outputs that are unmarked. If markthen this means that are by a metho d in the mvine, and they will b e reset when metho d is pro cessed in mvine-enforce-cn. Whenever an ariable determined-by�eld c to redetermined-vars., wcn.selected-methnil to revokconstrain27

mvine-revoke-cn(cn: Constrainroot-strengthStrengthdone-mark: mvine-stack: of Constraintsredetermined-vars:List of Variables):;; mark cn. we wil l ess by evoking cn.mark := ;; try est ok := mvine-grow(root-strength,done-markmvine-stack, redetermined-varIf ok ;; we found the e ;;

outputs, and to

For all variables cn.selected-method.outpIf var.mark6= done-markvar.determined-by:= var.walk-strength:= *weakest-strengtAdd var to redetermined-var;;

d this cn.selected-method Return ;; mvine cn.mark Return mvine-enforce-ctries to the constraint bmarking it, and examining each metho ds that this constraint might b e enforced (as determined bpossible-method).enforcing cn with eacmetho d, by marking the ariables of metho d, and mvine-growto construct the rest of the mvine. When we cho ose a metho we add any constrainthat the metho d’s to mvine-stack,to b e pro cess ed revokor given alternative metho d) when extending mIf a consistenmfound, we reset the determined-byand walk-stren�elds anthe metho inputs that are unmarked, just as in mvine-revoke-cn. If the constrainhave a selecte d-metho d, then cn must b e unenforced ro whavto do this. ,

the selected-method�eld set to metho d chosen, determined-by �elds of metho outputs are up dated. Whenever any ariable determined-by is changed, is to redetermined-vars.

If no consistenmvine is found, then we the metho d mvine-stack initial state (bp the constrainwe added), and next metho d. If we have out of metho to , then we unmark the constraint and backtrac28

mvine-enforce-cn(cn:Constrairoot-strength: done-mark: mvine-stack:of Constraintredetermined-vars: List of Variables);; mark aint: wil making cn.mark := ;; try d:eturn if one al For all methods cn.methods If possible-method(mt, root-strength, done-mark);;

olother toess next-cns := f all constraints determinea variable in mt.outputs For all constraints in next-cns push(new-cn,mvine-sta;; let’s to the mvine mark the output For all variables var in mt.outputsdo var.mark := done-mar;; building est of ok := mvine-grow(root-strength, mvine-stack, redetermined-vaIf ok ;; we found the e If d=nil, cn the ;; undetermine outputs of old

;; and them to

If cn.selected-method 6= nil For all variables cn.selected-method.outpIf var.mark6= done-markvar.determinevar.walk-strength *weakest-strengtAdd var to redetermined-vars

;; set d for determine ;; new d, and add the outputs to cn.selected-method := For all variablesvar in mt.outputs var.determined-by := Add var redetermined-;; no mvine found: try next

;;e by d For all variablesvar in mt.outputs var.mark := ;;

opaints we d to For all constraints in next-cns do Pop(mvine-stac;; no eds unmark cn cn.mark := Return possible-methodreturns true if the metho d mt is a metho d that could b used for enforcing cnor a metho to b a p candidate, it mb e true that (1) it do output to any mark ariables by metho already in mvine), and the w ab strengths metho 29

outputs are weakthan mro constraint’s strength (ignoring of cn’s currenselected metho d, if anThe second allows us to the w ab out strengths of the metho that we know we cannot use without revoking constraint of the same or stronger than mvine ro constraint somewhere down the mvine. When examining a p otential metho we have to worry ab out w ab strengths of ariables cn currendetermines, since we switcto a new metho d that outputs to revoking anconstrainpossible-method(mt: Method, root-strength: Strengthdone-mark: all variablesvar in mt.outputs ;; if an output variable d, we use this

If var.mark = done-markReturn ;; if an output variable’s ength is

;; and is not by the

;; we

’t use

If not(weaker(var.walk-strength, root-strength))If cn.selected-method = nil Return If not(member(vacn.selected-method.outputs)) Return 6.4 Propagating W ab out Strengths: propagate-walk-strengtpropagate-walk-strength recalculates the w ab strengths all downstream of ariables and constraints sp eci�ed broots. First, (Section 6.7) is to create ordered pplan walk-pplancontaining the enforced constraints downstream of the ro and all of the constraints with prop-mark. propagate-walk-strengteacconstrainrecalculating the w ab strengths of constraint’s output and the constrainnone of the \immediate upstream constraints" constraint constraints determining ariables of constraint) are marked with prop-mark,we know the constraininputs have w ab strength, wcan simply the w ab out strengths the

On other any the immediate upstream constraints are marked with prop-mark,indicates that there a of constrainwalk-pplan.this case, rather than to analyze the to �nd \real" w ab strengths, wthe w ab constraints aninput ariables determined by marked constrainto the weakstrength, and calculate the wab out strengths alues. Since the w ab strength is guaranteed b e a lower b ound, is always to the weak30

propagate-walk-strength(roots: List of prop-mark := new-mark(;; make pplan to amomwalk-pplan Constraipplan-add(walk-pproots, ;;

anough While walk-pplan 6= fg cn pop(walk-pplaIf any-immediate-upstream-cns-marked(cn, prop-mark) ;; Some of ’s aints have not en;;must e a cycle. Set inputs d ;;

dtheakest outFor all variables var in cn.selected-method.inputs If var.determined-by 6= nil If var.determined-by.mark = var.walk-strengt:= *weakest-streng;;

outengths for variables ofcn, and mark it compute-walkabout-strengths(cn.mark any-immediate-upstream-cns-marked returns true if any of the constraints determining of are marked with the givany-immediate-upstream-cns-marked(cn: Constraint,mark: all variablesvar in cn.selected-method.inputs var.determined-by 6= nil If var.determined-by.mark= mark Return compute-walkabout-strengths w ab strength of the ariables which are rently determined by constraint cnas describ 5.3. A wab out is as a lower on the strength of the weakest constraint in the current metho would need b e revoked to allothe ariable to b determined by a new constraint. Initiall,

the candidate strength min-strength to strength of cn, one p ossibilitwould b to simply revokcn. Then, of the metho ds that do not output to var are to �nd any whiccn switch to revoking weaker constraint. or each such metho the maximumw ab strength of metho d is found, ignoring an ariables already (since no additional constraints whavto b revoked for cn to these ariables). If this maximw ab out is weaker min-strength,then it app that we switch cn use this metho d while only revoking or constraints with weaker strength. The w ab strength of is set minimof cn.strengththe \maximmetho d output w ab Note that the output ariables of mmetho d may havdi�erent w ab out since there mab di�erensets of candidate metho ds that don’t output each compute-walkabout-strengths correctly handles the case one metho d’s output a subset metho d’s ariables. In it returns *weakest-strength* 31

there a metho d outputs are a subset the selecte d metho d. ,one wsuca constraint, p to get into this situation Multi-Garnet [15 ariable compute-walkabout-strengths(cn: current-outputs cn.selected-method.outall variablesout-var current-outputs min-strength For all methods mt in cn.methods If not(member(out-vamt.outputs));; mt max-out(mt: Method, current-outputs: Variablesmax-strength*weakest-strengall variablesvar in mt.outputs not(member(var, current-outputs)) If weaker(max-strengvar.walk-strength) max-strength var.walk-strengtReturn max-streng6.5 Collecting ts: collect-unenforced

collect-unenforced all constrainthat access ariables in vars (and ables downstream these ariables). Any of these constraints weaker than collection-streare added to unenforced-cns.If collect-equal-strength

is true, collect-unenforcedunenforced constraints with same strength collection-strength.

collect-unenforced itself allo cates a new calls collect-unenforced-mark each the do the actual work. collect-unenforced-mark examines the constrainin var.constraints, calls itself recursivon downstream ariables outputs eacenforced constraint using var an input). As eacenforced constraint is through, or eacunenforced constrainis it is marked with done-mark,so it won’t b pro cesse again.

This also prevents an in�nite lo op if there is a cycle constrainNote: collect-unenforced b written to pplan-add (Section 6.7) to an ordered list of downstream constraints, rather than p erforming the recursion collect-unenforced-mark.However, this isn’t worth the storage and time cost, do esn’t matter what order unenforced constraints are 32

collect-unenforced(unenforced-cns:List of Constraintsvars: List of collection-strength:Strength,

collect-equal-strength: done-mar:= new-mark()

For all variables in vars collect-unenforced-mark(unenforced-cns,var, collection-strengtcollect-equal-strength, done-mark)

collect-unenforced-mark(unenforced-cns:of Constraintvar: collection-strength:Strength,

collect-equal-strength: done-mark:For all constraints cn in var.constraintsIf 6= var.determinecn.mark 6= ;; cn uses var, and d it ess it cn.mark := done-mark

If enforced;; cn is an daint;;olctaints of ’s For all variablesout-var cn.selected-method.outputs collect-unenforced-mark(unenforced-cns,out-var,collection-strengtcollect-equal-strength, done-mark)

weaker(cn.strength, collection-strength) ( collect-equal-strengt(cn.strength = collection-strength);; cn is an dak to olAdd cn to unenforced-c6.6 Executing Metho ds: exec-from-rooexec-from-rootstakes a list ariables and newly-added constraints, and metho ds for the constrainand doconstraints, to up date to all of constrainthere it may not b p ossible to satisfy all of the constraints just by metho ds. The current vof do esn’t ev. If cycle is none of metho the constrainin cycle and downstream. If cycle is later broken, metho are . uture enhancements to mamore p owerful solv alues satisfying a cycle constrainand then propagate these alues doMetho d conby valid ariable �eld. This should b e false whenever ariable in a metho d cycle, downstream of one, it is true. If all a constrainmetho d’s inputs are alid (i.e., valid truethen to metho and alidate of metho d outputs. Otherwise, the metho d should not b execute and of its outputs should b e in ali33

Maintaining the �elds makes exec-from-roots a complicated. Given an acyclic straint graph, it only necess ary to execute metho donewly-enforced constrainHowever, if there cycles, downstream ariables in alithen we need the case a is in alid, and then b ecomes undetermined (due to a constrainb removed, or constrainmetho ds b eing changed). By an b e so we m tryaluating downstream constrainmetho ds that use it. implemented in update-method-graph badding ariables that b ecame undetermined the mvine is built exec-roots along the newly-enforced constraints. If anof these are undetermined and in alid,exec-from-roots can alidate them and execute metho downstream. Note that if a already we don’t havto downstream metho exec-from-rootsworks by a pplan 6.7), an ordered list constrainwhose metho ds b execute d. This pplan contains all of constraints downstream the constraints exec-roots,well as downstream of in alundetermined exec-roots(which we now alidate). exec-from-rootstakes antage of the fact that pplan-add

can b multiple to more constrainthe Next, exec-from-roots scans through the constraints in exec-pplan.If stream constraints that determine the constraint’s inputs havb een pro cess (as mined bany-immediate-upstream-cns-marked,de�ned in Section 6.4), we execute-propagate-valid executing the metho d. This will execute the metho d are alid,alidating in alithe outputs . If some of the constraints have not b een pro cessed, there must b cycle, so exec-from-cycle is to it. This may pro cess other constraints in exec-roots,we have to check eacconstrainis marked b efore we pro cess 34

exec-from-roots(exec-roots: := new-mark(Constrai;; make pplan to cuteds of new

;;aints ots and amFor all constraints cn in exec-rootspplan-add(exec-pplan, ;; also cuteds;; variables valid=false For all variablesvar in exec-roots (var.determined-by = nil) and not(var.valid) pplan-add(exec-pplanvar, prop-marvar.valid ;;

anough While exec-pplan 6= fg cn pop(exec-pplaIf cn.mark 6= prop-mark ;; cn has adyend: do ElseIf any-immediate-upstream-cns-marked(cn, prop-mark) ;; Some of this am cns have not must e a cycle. Hand le cycle:

ossibly

;; and unmarking other exec-from-cycle(cn, prop-mark)

;; Al l this ’s cnsen;; unmark and cute its cn.mark := execute-propagate-valid(cexecute-propagate-valid execute s the metho of cn if all its inputs alid,alidates in alidates output ariables. Executing the metho d will retriev of input and the output ariables to that satisfy the constrainexecute-propagate-valid(cn: Constraint)

inputs-validall variablesvar in cn.selected-method.inputs not(var.valid) inputs-valid := If inputs-vaexecute-method(cn.selected-methodFor all variablesvar in cn.selected-method.outputsvar.valid:= inputs-valCurren, exec-from-cycle cycle including cn by in alidating the output ariables of constraints in the cycle (and downstream of it). All of these constraints are unmarked, that they havb een pro cess (which stops the recursion). In versions of exec-from-cycleb e a pro cedure which the a p owerful solvto �nd alidates ariables in the 35

exec-from-cycle(cn: Constraint, prop-mark: If = prop-markFor variable cn.selected-method.outpvar.valid For all constraints consuming-cn in var.constrain(consuming-cn 6= cn) and enforced(consuming-cn)exec-from-cycle(consuming-cn,prop-mark6.7 Constructing Plans: pplan-add

At several p oints in SkyBlue algorithm,it is to top ologicallyenforced constrainthe metho graph downstream from given and constraints. pplan-add and sorts these constrainusing a searcpplan-add to agation plan (or pplan), a stacconof constraints metho d graph downstream of or more constrain ariables. The straints in a pplan are such that any constraint in pplan is higher the stacthan all its doconstraints there no cycles). Therefore, by scanning through constrainin pplan, can examine the constraints in top-down fashion without worrying a constrainb e pro cesse d b efore its upstream constrainthere are downstream in metho d graph, pplan will contain constraints whose stream constrainapp ear later in the pplan. It is easy detect sucwhen pro cess ing constraints. When pplan-add constructs a pplan, it collected constraindone-mark mark is to in�nite lo ops, guaranthat eacconstraint is only collected once). If each constraint is unmarked as it is pro cessed cycle can b detecte d by checking whether all a constraint’s immediate constraints are unmarkthis is not then this constraint mb e in a and the rest of the constraints cycle must app ear the pplan. This typ is exec-from-roots propagate-walk-strength,which co to handle any cycles which are detecte takes a stack to collect constraints, a ro ot ob ject obj dofrom, a mark done-mark.If obj an enforced constrainthat not b collected yet not done-mark), then marked and and all of the constraints doof its are collected. , is collected after of downstream constraincollected (pushed on stack), that the constrainwill app ear on stack e its doconstraints. If obj is a ariable, then all of enforced constrainuse collected. If is a list, all of the constraints downstream of its elements can b e called multiple times to a pplan from multiple ro ots, as constrainmarks are cb etween calls. If is called add a constrainis downstream of previously-added constraints, it already b markpplan-add will do nothing. If is upstream of of the constrainthe calling pplan-add

the constraints of the stac36

pplan-add(pplan: ConstraiAny, done-mark: obj is constraintIf enforced(obj) obj.mark 6done-mark ;;

d,daint marking it, ol;;aints, and pushing it on top of the pplan obj.mark := done-marFor all variables var in obj.selected-method.outputs pplan-add(pplan, done-mark)

push(obj, obj is ;;

aints ;; with aints onsuming the For all constraintscn in obj.constraints If cn 6var.determined-pplan-add(pplan, ElseIf obj is list For all elements obj pplan-add(pplan,elt, done-mar7 Input Output

SkyBlue metho ds are as side-e�ect-free functions that of metho d ariables alues for metho d output ariables that satisfy constraints (Section Sometimes, howevit is to constraints that don’t follothis An a constrainthat has a single metho with no input ariables one more ariables. The alues for output ariables calculated by access informatioexternal to the constraingraph. One use for such a constraint would b e read or supp programmer implementing an interactive graphics wanto rep set a to the p mouse and resatisfy constraincould b implemented by rep adding and removing constraints that the di�erent mouse p ositions. A simpler alternative (which may also b more e�cienis de�ne input constrainwhose single metho d reads the currenp osition mouse, sets its ariable to alue. When this constraint is added, metho d graph would b e changed, the mouse constrainmetho d would b once the mouse constraint was not ovbstronger constraint). o handle further new mouse p the using must explicitly execute the mouse constraint’s metho d it is enforced) well any dometho ds. This can b e done by exec-from-roots(Section 6.6), passing list of input constraints to b re-executed An aint is constraint that has a metho d with or more ariables no output ariables. When the metho access the and change information to the constraina side-e�ect). or constrainb e used to read constrained up date a graphic displa.

constraint metho d would b e executed once when the constraint is added (it is alwap ossible to an output constraint, and re-execute whenever an37

of the upstream metho are executed.It is imp ortant that input output constrainmetho ds do the constraints and in their constraingraph, than declared input or ariables. In particular, not add-constraint or remove-constraintIt p ossible to construc metho ds with b input and that also read alues and cause side-e�ects , but they would b more di�cult to than \pure" and constraints. In particular, it would b e more di�cult control when are execute d: an constraint with input ariables would not b e executed any of its ariables wmarkin alid, would b re-exec uted whenever any of input ariables were changed. On the hand, output constraint with ariables might b e its outputs were bstronger constrain8 Extracting and Executing Sometimes using input constraints it is p ossible to improve p by extracting a planan ob ject containing sorted of downstream metho ds. If metho d graph do change, could b quicexecute d when the constraint needs b reexec uted. This describ how extract plans, execute them, and in them. The in alidatitecrequires making some small cto the SkyBlue pseudo co of Section 6. This section b considered an optional to SkyBlue algorithm.

a constraingraphic editor the user drags the mouse to move an ob ject, constrainshould b e maintained while ob is moved. This could b e implemenan input constrainthat is rep eate (ban explicit call to exec-from-roots) every the mouse is moved set a to the p osition the mouse, and this alue a network of enforced constraints. Supp ose that rest the network is not b eing changed mouse is b eing moved. In this SkyBlue rep eatedly top ologically order the same set enforced constraints downstream of input constraint, and execute them. This rep eate d can b avbsaving list of constraints, knoa plan, and simply constraint’s selecte d metho in order. It is also p ossible to detect cycles in the plan, and avdetection while the plan constrainAn imp ortant issue arises when using plans that a plan may b d. A plan derived from particular metho graph. If the metho d graph changed by adding or removing constraint, the longer accurately repres ents sequenc e of constrainmetho should b to constraints. , all constrainop main alia particular plan: if the metho d graph is cway do e�ect the constraints plan, it would still b e alid.A tecis describ ed b elow for automatically in alidating plan it b in alid. It is not p (it main alidate a plan unnecess but it nevindicate a plan alid it

Note that output constraintmetho d not b executedif anyitsinput ariablesin downstream of cycle thus is markin alid,Section 38

�eld

Bo true if plan is

of Constrain constraints to this

List of Constrain of enforced constraints

of Constrain constraints in and doof

A SkyBlue plan is represe nted by a plan record. The �eld is plan is still alid,

false. root-cns contains the list of constrainpassed to extract-pl(b eloconstructing the plan. good-cns ordered list of constraints whose selecte d metho b when the execute d. bad-cns constraindownstream the ro ot constraints that in cycles doof cycles. When plan we can leave constrainunexecut ed, doing detection. They saved in the plan ob ject as part of plan in alidatiextract-plan constructs cona constraints currenmetho d graph. The subset contains enforced constraints in root-cns,and all enforced constraindownstream of these ro ots. The constraints in the plan so that executing the metho ds of constraints re-satis�es constrainby the metho extract-plan is similar exec-from-rootsexcept it collects the constraints metho ds should b executed , rather than executing them. A is the constraindownstream of root-cns (any constraints in root-cns are bpplan-add),and constraints are p opp ed o� the and on the list good-cns.If cycle of constraints the cycle, and downstream of the cycle, are saved in the list bad-cns.

After all the constraints havb een saved on one of twa ob ject is constructe with separate �elds to hold the go o d, bad, ro ot constrainand a alid is created bcalling create-valid-plan39

extract-plan(root-cns: Constraints):good-cns := new empty List of Constraints

bad-cns := new empty List of prop-mark := new-mark(;; make pplan d with pplan new empty Constraipplan-add(pproot-cns,prop-mark;;

anough While pplan 6fg cn pop(pplaIf cn.mark 6= prop-mark ;; cn has e a add cn to invalid aint Add to ;; *not* unmark cn: al l aints the ;; and it, wil l eAl l ’s am cns have end: unmark ;; add to d-cns am cn.mark := Add to end good-cns

Return create-valid-plan(root-cns, good-cns, execute-plan execute s the btrying each constraint’s selected metho ds, der. execute-propagate-valid 6.6) is to execute the metho of its input b cycles mab e intro duced (or removed) the plan constraincwhether the plan constraint

(and plan constraints should b executed). No matter what happ upstream, however, the constraints will not b e executed, and their output ariables will remain in alidated must havb een in aliwhen the winitiallyconstructed b the wexecute-plan(plan: If plan.valiall constraintscn in plan.good-cns execute-propagate-valid(c"trying execute invalid The SkyBlue plan in alidation technique is on checevery time a constraint selected-method�eld cand in alicould b e in alibthat cThere are two ways that a plan can b ecome in alid:(1) if one of the constrainin root-cns good-cns bad-cns) has its selected-method cor (2) if some constraint has its selected-method �eld changed to new metho d inputs from a ariable is determined ba constrainin plan. In �rst the containing constrainmay b e in b ecause the order of constrainmahavchanged, constrainmay b e removed (if the changed constraint was revoked). In second case, the containing upstream constraint are in alid should include the changed constrain40

This technique is implemented btwchanges the algorithm: (1) additional �eld valid-plaeacconstraint. This �eld will cona list of all alid that include that constraint plan’s root-cns or or lists). Plans added to valid-plans�eld by create-valid-plan. (2) Every time that changes selected-methodof any constraint, invalidate-plans-on-setting-method mb called.create-valid-plcreates a sp eci�ed constraint its valid trueit adds this plan the �elds of the constraints create-valid-plan(root-cns: ConstraiConstraiConstrainnew plan.valid plan.root-cns := plan.good-cn:= plan.bad-cns:= all constraints cn in plan.root-cns plan.good-cns or plan.bad-cns plan to cn.valid-plReturn invalidate-plans-on-setting-methodin alidates any plans including the constraint metho d is b eing cas was any plans containing constraints that are upstream constraint’s new selecte metho invalidate-plans-on-setting-method(cn: Constraint, ;; we wil l invalidate any plans including this invalidate-constraint-plans(cn.valid-plans;; we wil l also including aints determine inputs of this new

If 6= nil For all variables new-mt.inputsIf var.determined-by6= nil invalidate-constraint-plans(var.determined-by)

invalidate-constraint-plans in alidates the plans in valid-plaof constraininvalid-cn, removes these plans from al the �elds of the constrainplans. Small p oint: the in alalid-planot cunlo �nished, destruc tive change to this list might confuse the lo

e don’thave to worry ab out invalidate-plans-on-setting-methodcalledb eforeor after SkyBlue

changethe determined-by�elds of metho inputs, either the determined-by of an input is changed, (2) new constraint determining ar will havselected-method �eld changed, and plans b e in alidated41

invalidate-constraint-plans(invalid-cn:ConstrainFor all plans invalid-cn.valid-planplan.valid := For all constraintscn in plan.good-cns or plan.bad-or plan.root-cnsIf cn 6invalid-cnfrom cn.valid-pinvalid-cn.valid-plans:= 9 erformance

SkyBlue was develop to the range of interface that could b using lo cal propagation constraints. In to build applications mb fast enough to resatisfy constrainuser interactions. e still investigating the p mance characteristics of and trying improve its p erformance. This discusses theoretical p SkyBlue prese nts collected by measuring b enchmarks real interfaces.9.1 Time

The wcomplexity DeltaBlue adding or remoa constrainfrom the constraint graph is O (M N ), N is numb of constrainthe graph M is the maximnumb er of metho in a constrain[13]. M is b ounded by a small constanin most constraint so this reduces O (N ). Over the same typ es of constraint that can handle metho SkyBlue has same wb ehaHowever, if constraints havmulti-output metho the p can b e much w[13proved that �nding an LGB metho d graph for a constraint graph with mmetho ds is NP-complete. In particular, it is p ossible to construct cases where the worst is O () for constraint graph with N constraints that have M multi-output metho eac12 an In actual use, the wcomplexity has not b a problem for sevreasons. the constraint that lead to O (p erformance are contrived. e have not similar o in real applications. Second, wb eliev(and trying to prove) that exp onential b ehavior only increases a function the numb constraints mmetho ds, regardless of the numb er of other constraints. Although constrainmmetho are vuseful (if indisp the ovma jority constraints real have single-output metho ds. ,b oth DeltaBlue and typically conly small of the constrainwhen a constraint is added or removso the p sub-linear the numb er of constrain

Garneis implementeLisp and Multi-Garnet is top Garnet. All �gures rep orted were measured a lightly loadedSun Microsystems ARCstation IPX Common Lisp version Garnet version2.1, Multi-Garnetversion42 required

V1 requiredC1 C2 required required

C3 C4 required V2 V3V4 V5V6 V7V8 V199C100 V200 V198

V197

Supp ose we have called add-constrto add constraint

1 to constraint Initially,

1 ab ove metho d graph. Now, update-method-gwill try enforce bmetho

required

V1 required

C1

C2 required required

C3 C4 required

V2

V3

V4

V5

V6

V7

V8

V199

C100

V200

V198

V197

Supp that we mvine by selecting metho d of c1 to V 2, V and V 200. urthermore, supp ose that we try to the m

2,etc. matter which selected metho ds are cfor

2 through

100, metho con ict will b e discovb etween

1002, when trying to a metho for

100. The ab ove metho d shop ossible choice leading a metho con ict. Given build-mvinewill backtracanother metho for

100, a con ict, then backtrack to 99,

required

V1

required

C1

C2 required required

C3 C4 required

V2

V3

V4

V5

V6

V7

V8

V199

C100

V200

V198

V197

build-mvine will try 2p combinations of selected metho to

2{b efore it tries metho d for

1, whicleads to the LGB metho d graph ab ov12: An example constraint could takwexp onential 43

9.2 Comparing

TSkyBlue has signi�cant new absenfrom other solvers, such as supp mmetho ds. Therefore, it is not p ossible to a b enchmark all of the features SkyBlue and compare it to algorithms. or testing and p a random sequence calls to add-constraint and remove-constraintwsaved. Using this sequenc e is p to how p SkyBlue is improved bthe techniques describ ed in Section ol

Figure 13: Timings collected for executing sequence 10000 constraint op erations in with di�erent p techniques 13 shothe results when the sequence with four di�erent of SkyBlue algorithm. The two columns sp twtecwere enabled disabled. The

alolction column sp eci�es whether the tecSection was used collect constrainlo to the added or removed constraint metho versus pro cessing of constrainthe constraint graph. The outengths sp eci�es whether wab out strengths were used to improvmsearches and up whenever mvine was constructed, as describ ed 5.3. The times in third show that SkyBlue is most e�cienwith b oth tecenabled, ab out half the sp eed with technique disabled, and exceedingly slow with neither techniques enabled. The strength technique 5.1 was in four con�gurations. Disabling this tecdid change times as much as the twtecThese timings are explained by three whicrecord the numb er of SkyBlue to a constraint by an mthe numb mvine was succe constructe d, and the numb er of times backtracking o ccurre d trying construct an mvine. Notice the w ab out strengths technique did not the numb mvines attempted succe constructe d. However, it did hava ma jor e�ect on the amounbacktracking. The lo technique decreases the numb er of mvines any signi�cant cin numb er succes sfully constructe d. These b infollows:the lo cal tecsaves time by reducing the numb to mand numb er of constrainmetho ds execute d. The w ab strength technique savtime by the amount of backtracconstructing an mvine. This particularly backtracking (and time) when there nunsuccess ful mvines, such when lo collection technique is 44

9.3 Comparing DeltaBlue and SkyBlue

the p and a sequence of 10000 random calls add-constraint and remove-constraint wsub the that all metho had a single and were cycles constraingraph. DeltaBlue to ok 3.1 seconds the sequence , versus seconds SkyBlue. This indicates SkyBlue is ab out half sp eed given constraingraphs that can handle. The reason that is faster is b ecause are no multi-output metho ds the metho d allows it ignore many unenforced constraints that SkyBlue to enforce. SkyBlue also sp extra time to detect and handle cycles. It may b p ossible to mo SkyBlue to detect the constraint graph contains no cycles or multi-output metho ds achieve the sp eed of in 9.4 Comparing and Figure 14 shocollected by measuring several interactivgraphics applications written Garnet and Multi-Garnet. This allows comparing p of Garnet’s constraint with SkyBlue solver in Multi-Garnet. The applications were bmovingelement on displa500 times and measuring to resatisfy constrain(moving other constrained ob jects) and up the display 500 times. The �rst four columns shothe measured b enchmarks (500 moves) well as the up date each movThe other columns divide total into separate elements. The aphics display shows the time to up date the display using redisplay algorithm. The column shothe time sp ent metho ds to the constraints. The Garnet ad the sp ent doing constraint op erations, calculated by the total executing the b enctwsystems and subtracting display and d

Demo-Manyob

Mov

Scale-Poin

Figure 14: interface b enchmark timings Garnet and Multi-Garnet The Demo-Manyob js b encis a simple interactivprogram displayinga chain b oxes nected by lines. The lines p ositioned b etwthe b oxes using constraints. As a b ox is movthe constraints are and the connecting lines rep ositioned. All the constrainb the Garnet and Multi-Garnet versions are one-directional. In this case ab twice ovof The MovScale-Points b enctwo interactions with the scatterplot Figure 1. The Move-Axis b enchmark measures the time to movthe X-axis 500 plot) the Scale-Points b enchmark the time to p oint-cloud by mop oin45

500 third plot). The Multi-Garnet vof this b enchmark multi-way constrainwith multi-output metho which are not supp Garnet. In order to compare the p with Garnet, a simpli�ed vwas implemented in using only one-waconstraints. Garnet vsupp orts small of the functionality version. example, the Garnet vallows one particular p oint could b movto scale p oincloud, any p oint could b movMulti-Garnet version. The measured overhead is one to twtimes of Garnet, which is actually signi�cant accomplishment Multi-Garnet. It much more than Garnet without signi�cantly worse p The last four columns demonstrate that the total time dominated by the graphics redisplay metho d time. two elements would b e the same no matter how the application wimplemented, whether constrainsolver was used relationships were maintai(integrating the metho d pro cedures into an imp erativprogram). This is typical interactivsystems lo cal propagation and suggests that constraint solvers such as SkyBlue can b e interactive systems without advimpacting p The most imp ortant question when the p erformance interactivsystem is redisplarate the user exp eriences when using the system. The Demo-Manyob js Movb enchmarks have times of under 0.1 seconds p er redisplay for b oth the versions, which is acceptable. or Scale-Points b enchmark, the Garnet version uses seconds p er redisplay and Multi-Garnet version uses 0.29 seconds p redispla. This is but it is usable. Undoubtedly b improvsigni�cantly breimplementing the whole in a language like C, but even implemenfast to shothat the constraint solver provides a practical to ol for user interface 10 F uture W

This pap er has presente the SkyBlue algorithm,a constraint solver that lo to e�ciently maintain constrainhierarchies. uture work investigate improving sp eed by calculating w ab out strengths in cycles, implementing heuristics to backtracking constructing mvines, and adapting tecfrom DeltaBlue in cases are multi-output metho ds or the metho d graph. e also into inv arious extensions to Cycle Solvers e into inSkyBlue with more p owerful solvers to solve of straints. or example, eval-from-roots discovers that all of the constraints represe nt (using extra asso ciated the constraints), then can pass the constrainequation solvto ariables in the cycle then continue lo cal propagation dofrom the Constraint Compilers SkyBlue could b e aintompiler to compile graph of constraint graph (p ossibly including cycles) into a single complex constrainmetho ds to handle di�erent propagation directions [4]. This could b e to avp eated a p owerful solver and an encapsulation mechanism. SkyBlue proa go o base for developing constraint compiler constraints typically havmetho ds with m46

able Constraints e into the abilitSkyBlue handle constrainit solve. Curren, it detects constraint graph includes cycles and alues manot satisfy the constraints. Sometimes it not p to know that constraints b solved unthe constraint metho ds are executed. example, constrainmetho d may a divide-by-zero when given inputs. manot always b p ossible to satisfy all the constraints in constraint graph, but it imp ortant for the constraint solver to keep tracwhicconstraints

Thanks to Alan Ralph Hill,and ander Zanden for many discussions comments on pap er. This work was supp orted by Science under Grants IRI-9102and CCR-9107395.

Reference[1] ranz G. Amador, Finkelstein, Daniel eld. Real-Time Self-Explanatory Simlation. (submitted to AAAI [2] Paul Barth. An Ob ject-Or ienApproach to Graphical Interfaces. ACM ansactions aphics, 5(2):142{172,April [3] Alan Bjorn Molly Wilson. Constraint Hierarchies. Lisp olic Computation, 5(3):223{27Septemb er [4] Bjorn reeman-Benson. A Mo dule Compiler ThingLab I I. In of the A e on damming Systems, anguages and ations396, Orleans, Octob er 1989. A[5] Bjorn and Alan Borning. The Design and Implemenof Kaleidoscop A Constraint Imp erative Programming Language.

dings of IEEE Computer

International eanguagespages 174{180,April [6] Bjorn John , Alan Borning. An IncremenConstraint Solv

ACM33(1):54{63,January [7] Michel Gangnet and Rosenb erg. Constraint Programming and Graph Algorithms.

ond International on Arti�cial Intel and Mathematics, January [8] Richard Helm, Tien Huynh, Kim and John Vlissides. An ob ject-orienarcfor constrainediting. In daphics Workshop on aphics, Champ , Switzerland, Octob er 1992. Also will b e published in es in daphics II, erlag, [9] Ralph D. Hill. Languages for Construction Multi-User Sync(MUMMS) Applications. In Myeditor, for Developing User espages 125{143. Jones and Bartlett, Boston, 47

[10] E. Hudson. Incremental Attribute aluation: A Flexible Algorithm Up A ansactions on amming anguages and Systems, 13(3):315{341, July [11] Wilf and R. Pugh. Inside Smal ltalk, volume I I. Prentice Englewo o Cli�s, [12] A. Linton, John M. Vlissides, and Paul R. Calder. Comp osing User Interfaces InComputer, 22(2):8{2ebruary [13] John . Using aints for User

Construction. PhD DepartmenComputer Science Engineering, University of ashington, August 1991. Published Departmenand Engineering echnical Rep ort 91-08-12[14] Brad A. Myers, Dario Guise, B. Dannenb erg, Brad ander Zanden, David Philipp e Marchal, and Pervin. Comprehensive Supp ort for Graphical, Highly-InteractivUser Interfaces: The Garnet User Interface Development Environment. IEEE Computer23(11):71{85, Novemb er [15] MicSannella and Alan Borning. Multi-Garnet: Integrating ay ConstrainGarnet. echnical Rep 92-07-01,Department of versity of ashington,Septemb [16] Michael John Bjorn reeman-Benson, and Alan Borning. Multi-way vOne-waConstraints in User Interfaces: Exp erience with DeltaBlue Algorithm.

ande, 1992. In [17] D. and D. Gossard. Constraint ManagemenConceptual Design. In D. R. , Know dgeert in ering: Planning and Design, 211{224. Computational Mechanics, [18] Brad ander Zanden. A Domain-Indep endent Algorithm for IncremenSatisfying ay Constraints. echnical Rep CS-92-160,Computer Science Department, University ennesse July [19] Brad ander Zanden, Brad Myers, Dario Guise, Pedro Szek. The Imp ortance of Poinariables in ConstrainMo dels. In of the ACM SIGGRAPH oneandgy, pages 155{164,Hilton Head, South Carolina, Novemb [20] William elch and Witkin. ariationalSurface Mo deling. In of ASIGGRAPH’92, pages 157{166,Chicago, Illinois, July 1992. in Computer aphics 48