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ABSTRACT mary sources: the mathematics for describing surface types
This paper exploresthe use of visual operators for solids modeling. We focusthat are sufﬁciently general to be termed “free-form” is often
on designing interfaces for free-form operators such as blends, sweeps, angomplicated, and the design space — the set of all possible
deformations, because these operators have a large number of interactinglmc‘,ﬂCes that can be made from such a description —is often
parameters whose effects are often determined by an underlying parameter- . .
ization. In this type of interactive modeling good solutions to the design SO huQe that th,e task of selectlng an element of this Space (Or
problem have aesthetic as well as engineering components. even of narrowing down to subsets of the space that converge
on a desired element) is extremely difficult.
Traditionally, interaction with the parameters of these operators has been

through text editors, curve editors, or trial-and-error with a slider bar. Para- Ilv the | r problem i dressed in part by providin
metric values have been estimated from data, but not interactively. TheseUsua y the latter p oblem is ad P yp 9

parametersare usually one- or two-dimensional, but the operatorsthemselve‘él user mter.faCEWhose JOb IS tQ help a user define an element
are intrinsically three-dimensional in that they are used to model surfacesOf the design space; such interfaces are often only thinly
visualized in 3D. The traditional textual style of interaction is tedious and disguised editors of the parameters of the original mathemat-
interposes a level of abstraction between the parameters and the resultingcal description. Examples are control-point manipulation
surface. A 3D visual interface has the potential to reduce or eliminate thesemethods for free-form curves and sarés and “tension” and
Fmbl'e_ms tl’y C?”#:”i”_g p""lramleters and represe”tling therc? Wi”r‘] a higher«pias” editors for various spline types. While in many cases
evel visual tool. The visual tools we present not only speed up the process ‘L .

of determining good parameter values but also provide visual interactionsthese parameters have natural ge.ome”'c InterprEtathnS’ they
that are either independent of the particular parameterizations or make ex-ma,‘y not represent the characteristics that a user wishes to
plicit the effect of the parameterizations. Additionally, these tools can be adjust: all too often, the user says “I wathis basic shape,
manipulated in the same 3D space as the surfaces produced by the operatorsut | want this point to be just a little further ovethere”
supporting quick, interactive exploration of the large design space of these|nteractiveinterfaces — ones providing rapid feedback — have
free-form operators. evolved to fill this need, in particular interfaces that let the
This paper discusses the difficulties in creating a coherent user interface forUSer 'nter"’_‘Ct d'reCtIy with curves and surfaces instead of their
interactive modeling. To this end we present four principles for design- CONtrol points.

ing visual operators, using several free-form visual operators as concrete

examples. Building interactive interfaces thatipport users’ goals re-

q quires an intimate understanding of the parameters of the
design space and their influence on the resulting model. In-
terfaces that exist in the same 3D world as the surface being

CR Categories: 1.3.5[Computer Graphics]: Computational Geometry an
Object Modeling, Curve, surface, solid, and object representations, Splines;

Additional Keywords:  User Interfaces. modeled have the advantage that the user may get the sense
_ of “shaping the surface directly.” Furthermore, 3D interfaces
1 Introduction can provide “coordinate-free” interaction, which may match

Modeling free-form surfaces is a difficult problem that has a yser's expectations, especially in the context of free-form
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sponsoring agencies. experience in building these interfaces to give guidelines for
developing “visual tools.” We also discuss how the develop-
ment of such visual tools actually provides feedback into the
realm of operator design: a sufficiently powerful interface
to an operator may suggest the need for a different operator
with enriched expressiveness. Thus the entire process of de-
signing interfaces to free-form modeling becomes not only

an interface problem but an operator design problem as well.




ple, in Figures 1c and 1d the two curves are parameterized
% differently, yielding two different behaviors when a point is
selected and moved. This problem was partially addressed
in [HHK92] where a 3D l#tice for a free-form deformation
was manipulated directly using several different techniques.
The effects of these techniques were indicated visually by dif-
@) (b) ferent geometric shapes, or tools, which were used to sculpt

the object in the 3D lattice.

The second area of research has focused on creating geometric

representations of modeling operators. We call such repre-
< sentationsvisual tools The first visual tools, representing
N\ the twist, bend, and taper [TPBF87] operators [S19R],
\ have geometry that represents the different parameters for
AN // the given modeling operator. For example, the beginning and
(©) (d) ending points of the twist operator are represented by two 3D

points and the amount of the twist is represented by the angle
vector showing the desired movement. (b) The result- .Of the tWi.St “handle"' This work demonstrated thg pqtential
ing solution. (c) Curve with desired move vector. (d) inherent in 3D interfaces and explored basic guidelines for
Result with two different parameterizations. their construction; the design of the visual tools presented in
this paper began with these guidelines.

Figure 1: (a) A curve with one point pinned and a

We begin by discussing previous work in 3D interaction and 11€re are, however, problems and issues in the realm of solids
modeling. We then discuss in Section 2.1 the prototyping modeling that have not been specifically addressed. The first

system we use to create and test our visual interfaces. [rProblem isinteractivity. For a 3D interface to be usable, it
Section 3 we describe the sweep, warp (a deformation), and"USt run at intéractive rates, i.e, user's actions should elicit
blend operators and the interfaces we have created for maimmediate feedback. Because many solids modeling oper-
nipulating them. Section 4 presents four goals appropriate@lions, such as blending between two surfaceaneabe

in creating visual interfaces, using the previously discussedCOMPuUted at interactive rates, we have developggroxi-
visual interfaces as examples. In the final section, Section 5matetechniques, that allow us to run in realtime, with the

we discuss possible avenues for future work. An appendix/©SS Of some resolution (see Appendix A).

gives some of the mathematics necessary for communicationrhe visual tool for the twist, bend, and taper [SHF2] and
between the visual interface and the underlying operators. our warp tool (Sec. 3) both hse N bne-to-one correspondence
between the parameters of the operator and the geometry of
2 Related work _ , _ the tool. Although this was possible for these operators, the
We examine here the two primary methods for interactive parameters of many modeling operators do not have such an
operator specification. The first method focuses on direct opyious geometric equivalent, or the values of one parameter
manipulation of a curve or surface, while the second method cannot be decoupled from those of another. For example, the
involves specifying operators using a geometric object thatygo|s for the blend operator in Section 3 use geometry that

Irepresentrs] tze operation. The workin this paper builds on thejpgjcates the result of the operation, not the parameters.
atter method.

One further problem to address is the order of operations, and
The direct manipulation of curves and surfaces began with ahow one visual tool affects another. With a textual interface,
“push-pull”metaphor in which an arbitrary pointon the curve the order of the operators is fairly well-defined, but with an
is selected and then dragged using the mouse to another locanteractive interface there is some ambiguity.
tion [FB91] [Fow92]. Extensions to this work include adding
other geometric constraints, such as requiring that a particu2.1 The prototyping system
lar point of the curve remain fixed, or adjusting the tangents The system used to create and examine the visual tools is
as well as the positions of the curve [WW92]. This form of a hybrid of Brown University’s interactive 3D illustration
manipulation simplifies the task of shaping a curve or surfacesystem [ZCv 91] and the University of Utah’s modeler, Al-
by hiding the dependency upon the control points, but hasphal [EGS91]. Many of the visual operators were con-
two main drawbacks that have not been dealt with. The first structed using Brown’s Toolkit [ZHR93] [SZH94], a 3D
is that the constraints may lead to some unexpected resultsioolkit designed for quick prototyping of three dimensional
For instance, if the middle of the curve is pinned to a partic- widgets. The actual modeling operations were performed by
ular location and a nearby point is moved, the curve on the Alpha_l (see Figure 2).
other side of the pinned point may also move (see Figures 1a
and 1b). The second problem is that the underlying parame-3 The operators
terization of the manipulated object determines the behaviorWe have seen some of the reasons why a 3D interface can be a
of the manipulation. This is because most direct manipu- powerful design tool,and we have listed some of the problems
lation techniques are implemented by finding control-point confronting a visual tool designer. This section describes in
configurations that satisfy the desired constraints. For exam-detail three different modeling operators and their associated



Brown’s interface builder

3D Toolkit

Modeling operations Resulting curve
and data requests and surface data
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Figure 2: The connection between Brown’s interface
system and Alpha_1.

visual tools, which were developed by applying the guidelines
in [SHR*92] to a solids modeling interface. The following
section gives some principles for a solids modeling interface
design similar to those in [SHFO2].

Figure 3: (a) The axis curve and tangent vector (b)
The cross-section curve with x and y axes shown; the
The operators presented in this section are used to illustrate ~# axis is out of the paper. (c) The resulting sweep sur-
the principles given in the following section. We firstdescribe ~ face: the z axis of the cross-section is always oriented
the operator as defined in Alptaand then the visual tools in the direction of the axis curve’s tangent vector.

and how they relate to Alph&’s operators.

The parts of the visual tools fall into three different classes: 9ray vector indicates the orientation of the cross-section curve
manipulable geometry (e.g., a vector which can be moved@nd is drawn in the plane orthogonal to the light gray vector.
or rotated), explanatory geometry (e.g., a vector indicatingAdd',“O”a”y’ t'he cross-sectlon and axis curves can be directly
a tangent), and geometric parameters (e.g., a curve definefanipulated in place using the push-and-pull method. If the
elsewhere). A part is not necessarily restricted to one of Cross-section curve is initially planar, then the location of the

the three classes; it can play several roles depending on th€Urve and the curve manipulation are constrained to the plane
context. orthogonal to the tangent vector.

The operators we define here exemplify three different types The user creates a sweep tool, either providing axis and cross-
of design interaction; a surface construction operator (theSection curves or using the system’s default curves. The tool
sweep, a surface deformation operator (therp), and an IS constrained to lie on the axis curve; initially, a constant-

operator that smoothly joins two surfaces (thend). width sweep is produced. The location at which a specific
cross-section curve is placed in the sweep is changed by
3.1 The sweep tool moving the sweep tool to the desired point on the axis curve.

A sweep is a curve, surface or volume that is the result of The cross-section curve can be deformed, rotated, or scaled
moving a geometrical object (such as a point, curve, sur-as desired.
face or volume) through 3D spe. Bloomenthal in [BR91] . .
presents a formal framework for the generation of sweep sur-Additional cross-sections are added by unconstrainihg
faces based onon-uniform rational B-splines. This method tool from the current cross-section and reconstraining it to a
sweeps a set of three-dimensioo@iss-sectiorurves along ~ NEW one. Ghosts_ of these specified cross-sections are drawn
a three-dimensionadxis curve. Each cross section curve is 1N place. Atany time the user can constrain the tool to an old
associated with a parameter value of the axis curve which€ross-section for futher modification or deletion.
specifies where the cross section lies. The sweep is the result
of blending between successive cross section curves. Figure §:2 Thewarptool _ ,
shows an axis curve, cross-section curve, and the resulting’ e warp operator is used to introduce bumps of various
sweep surface. shapes into a surface [Cob84]. The warping operator takes as
input the center of the warp, a warp directidnand several
Thesweep too{shown in Figure 4a) is used to add or change ynintuitive parameters that specify the shape and region of
a cross-section curve of a sweep. The geometric parameterffluence of the warp. In addition, restriction planes may be
to this tool are the axis curve and a cross-section curve: theysed to restrict the warp to the part of the surface lying on
center of the tool is constrained to lie on the axis curve and one side of the plane. Warps are created simply by moving a
its orientation is determined by the tangent and normal of set of the surface’s control pointsoamd the warp center in
the axis curve. The tool slides along the axis curve freely; ihe directiond.

the center of the tool determingsthe position of the cross-

section curve on the aX'$ curve. The Cross'$ECt'0n C_urve Can ithe Brown University toolkit is a geometrical constraint system; un-
be sca[ed _and rotated using the dark gray point. The light grayconstraining one object from another essentially removes the dependency
vector indicates the tangent of the axis curve.aThe dark between the two objects.




clean up the sharp edges after a boolean operation, and to in-
. crease visual appeal. The blending operator [Kim92], [Fil89]
is a function of three parameters:

¢ Two primary surfacesyy(u, v) andoz(u, v), whereD; is
a rectangular subset &f

/ oi(u,v) 1 Dy € R2 - R3 (1)

e two curves defined in the parametric space of the surfaces,
y1(t) = (wi(t), v1(t)) andyz(t) = (uz(t), v2(¢)), where
’yi(t) R = Dy (2)
(@ e two tangent curves; (¢) andA,(t) describing the direction

and magnitude of the tangents along the boundary of the
primary surface and the blend surface.

The parameter space curvagt) andy,(t) are symbolically
composednto the respective primary surfaces tmguce
curvesl ;(¢) andl () that lieexactly(to machine tolerance)
on the surfaces:

Fi(t) = 0i(7i(1)) = oi(uilt), vi(t))- ®3)
Figure 6a, b and c gives an exampler¢f;, v), v(¢) andr (¢),
(b) respectively. The composed curVét) becomes theail
curve or blend-surface boundary. With(z), (), A1(¢) and
Az2(t), a Hermite blending surface [Far92] can be constructed
Figure 4: Sweep Tool, consisting of orientation vec- which isC* to both primary surfaces (see Figure 7a and b).
tor (dark gray), scale point (dark gray), tangent vector
(light gray), center of tool (light gray point) and cross- Unfortunately, it is currently impossible to perform the sym-
section curve. (a) Sweep tool with the axis and cross- bolic curve-surface composition interactively due to its com-
section curves in black. (b) Sweep tool with the sweep putational expense. We have therefore developed a fast ap-
defined by the axis and the cross-section curve. proximation to composition to let us explore blending op-

erations interactively, the details of which are given in Ap-

. o : , i pendix A.1. With these approximated rail curves, we can
A major motivation for developing this operator was to elim-  reate a blend surface that(# to a certain tolerance. We

inate the tedious and often difficult task of moving the indi- ;se these approximations during interaction in order to pro-
vidual control points of the surface. Albugh this operator  yide feedback to the user. This approximation gives the
simplifies the creation of free-form bumps', the_ textua}l inter- user a good idea of how the final blend will appear after the
face to the warp operator results in multiple interations of jhteractive design. After interaction, the exact, more time
parameter-tweaking. Thearp tool allows for interactive  ¢onsuming blend can be computed. This technique provides

specification of warps in an intuitive, visual way, thereby g good tradeoff between interactivity and correctness.
eliminating much of the change-view cycle.

i i o We have created several different visual tools that interact
The visual tool for a warp is shown in Figure 5a. The warp jith the blend operator. Our first tool simultaneously speci-
tool can be moved to any point in three-space; the center offies the two rail curves of a blend operation (see Figure 8a);
the warp is indicated by the pointinthe center of the ring. The e call this therail-tie tool because itdoks like a railroad
dark gray vector indicates the direction and strength of thetie, The second tool is for altering a rail curve once it has
warp. Thering, which can be scaled in and out, represents thgyeen constructed. This tool is a direct manipulation tool and
region of influence of the warp. (The remaining parameters, has no associated geometry (see Figure 9). The last tool is

those which influence how the warp falls off, are currently set for aitering the tangents of the blend surface and is called the
todefaultvalues.) Thelightgray plane and vectorin Figure 5b tangent tool(see Figure 10).

form a restriction plane; any control points “below” the plane
are not moved. The location and orientation of the plane areThe rail-tie tool takes as parameters the two surfaces between

controlled by the light gray vector normal to the plane. which the blend surface is to be defined. The idea of the rail-
tie tool is to specify some number of contiguous points on
3.3 The blend each surface tlough which the rail curve for that surface will

Surface blending is a powerful design tool for making smooth pass. The rail-tie tool creates two points that are constrained
C* transitions between two surfaces. Blends are used for avato lie in the two surfaces. One of the major diffites in

riety of reasons: to physically strengthen the join between twospecifying rail curves is getting a good correspondence be-
objects, to model objects to be milled with a ball-end cutter, to tween the two rail curves; the parameterization of the top half



(@)

Figure 6: Composition. (a) Surface, o (u, v). (b) ¥(t),
curve defined in parametric space of o'(u, v). (c) Com-
posite curve I (t) = o(v(¢)) in bold.

pend upon the parameterization of the curve or the surface
(details are given in Appendix A.2).

To delineate the extents of the curve manipulation we use two
spheres that are constrained to the curve. Figures 9a and b
show the same curve with two different curve extents marked
out. When the curve is grabbed and pulled, only the section
of the curve between the two spheres moves.

(b)

Figure 5: Warp Tool. (a) Warp applied to a flat surface.
(b) The same warp with a restriction plane.

] i ) . The tangent tooltakes as parameters a rail curve and its
of the blend surface is defined by the top rail curve, while ¢orresponding blend region. The tool is constrained to lie on
the parameterization of the bottom half is defined by the bot- e ail curve, but is free to move along it in order to indicate
tom rail curve. If these two parameterizations do not match the pointp = o(y(t)) at which to scale the cross-boundary
nicely, the blend surface “twists” (see Figure 8b). The rail- tangents. The vector points in the direction of the cross-
tie tool provides explicit control over the parameterization boundary tangent at We can scale the tangent of the blend
of the blend surface by defining a correspondence betweenyy, py stretching and shrinking the vector. The corresponding
the parameterization of the two rail curves while defining the tangent curves are altered using a least-squares technique to
geometry of the rail curves. achieve the desired tangent values.

To specify rail curves, the user first creates a rail-tie tool 4 Principles of visual tool design

over the two primary surfaces. The two points of the rail-tie Designing 3D interfaces presents several problemsowtd

tool are automatically constrained to default points on the in 2D or textual interfaces. The principles below begin to
two surfaces. The user then jasns the two spheres to  address the problem of devising successful interfaces. They
indicate the first two points of the rail curves. Once they are are similar to the guidelines in previous work [SH&2] on
positioned, the user requests two new points. Gray sphereslesigning 3D interfaces in general, but are tailored for the
now appear on the surface to indicate the locations of thesolids modeling domain. Their purpose is to give the 3D in-
previously specified points. The user is now free to move theterface designer a framework within which to pose individual
new points to indicate the positions of the next two points problems. Although designing stessful interfaces igti#f

on the rail curves. The system continuously updates the railmore an art than a science, these guidelines may help expose
curves to pass through all the given points. where and how the power of 3D user interfaces can be used.

We begin by stating the four principles and then examine each

Therail-curve manipulation tooéllows us to manipulate the of them individually in light of our examples.

composite rail curvé (¢) on the surface, instead of the curve
v(t) defined in the parameter space of the surface. The be-

havior of most direct manipulation techniques depends upon
the parameterization of the curve; in this case, the difficulty
is compounded drause the behavior also depends on the
parameterization of the surface. To solve this problem, we2
developed a curve manipulation technique that does not de-

. The visual tool should exist in the same space as the object
or objects it manipulates.

. The visual tool should eliminate the need to understand the
particular implementation details of a modeling operator.



location of the cross section by its desired location, without
needing to know the parameterization of the axis curve. This
tool simplifies placing multiple cross sections on the axis
curve because their relative scales and rotations are immedi-
ately apparent: if a cross-section is oriented incorrectly on
the axis curve, we merely rotate it in place without needing
to know how much or in which direction to rotate.

Another example of this principle is the warp tool. To create
a warp, the warp tool is placed in the location and direction
of the desired warp. The actual parameter values are unim-
portant to the user: what matters is the particular shape the
user is trying to achieve. The warp tool lets the user alter the
shape of the warp by adjusting geometry that indicates the
effect of a parameter, without concern for actual values.

Figure 7: Rail Curves. (a) Two primary surfaces with ) ]
rail curves shown in bold. (b) Primary surfaces with 4.2 Independence of operator implementation
blending surface.

The visual tool should eliminate the need to understand
the particular implementation details of a modeling op-
3. The visual tool should provide visual clues on its function erator.
and use.

4. The design of the visual tool should be based on the user’sTh. - .
intuition of how the operator should behave, not on the 1S Principle has several aspects. The first is that the user
parameters to the operator. sh_ould not have to know the effect of the |mplem§ntat|on de-
tails of an operator on the result. For example, in Aldrsa
sweep operator, the location of a cross section can be given
4.1 Operator space by a parameter value or an arc length value. In the sweep
tool, the method by which the cross section is placed is in-
dependent of these issues and of the parameterization of the
axis curve. Inthe rail-curve manipulationtool, not only is the
parameterization of the curve and surface hidden, but the user
This principle has to do with understanding what happensneed not know that the rail curve is actually defined in the
to an object or operator when its values or parameters aredomain of the surface. Instead, the user alters the geometry
changed. Often, there is an inherent abstraction or hidden asOf the curve as it appears on the surface.
sumptions in an operator’s parameters. By defining a visual . .
tool ipn the same s%ace as '51e result of thg operatgr, we carj:nother aspect is portability. For example, the warp tool de-
reduce these abstractions and assumptions. Consider posjined here is currently used to apply Alplis warp operator
tioning one cube next to another in three space. With a text!© @ surface. Gppose a different warp operator is defined
interface, the user alternates between typing in different posi-that operates in a similar manner but with different effects or
tions and examining the locations of the cube. If the location O @ different representation, such as a polygonal mesh. The
of the first cube is known, the user can calculate the location'Va'P tool could be used without outward change with either
of the second. Note, though, that not only is the location of ©f these warp operators.
the first cube needed, but where that location is relative to the S : g :
) ' i X oY Another way to hide implementation details is to make their
?nustigéglré?Zf?r?:?nﬁgglg.e ?.I?r]:'lgelg alrtlgttr\;veelrnc;relglr? g;ifdoégﬁ r{ef'fects explicit to the user. The rail-curve manipulation tool
assumptions: the normal assumption is that a cube’s origin ig> an example of this: the user defines not only which pointon
at its center.) the curve .should move where, but how muph of the curve to
move. This allows the user to control the rail-curve geometry
Now consider a “tool” that exists in the same space as the€xplicitly.
cubes and moves a cube in the direction in which the mouse_ . |
moves. Now a cube can be picked up and moved directly to ' NiS Principle extends to the number and type of parameters
its location, without knowledge of the exact numeric value of @S Well as the individual parameters. In the rail-tie tool, all
that location, the size of the cube, or how cubes are defined € parameters to the blend are tied up in one tool. Since

This type of tool is called anbject handleand is explained ~ With this tool the rail curves are specified on the surface, we
in detail in [SHRF92]. need not know that the rail curves are actually defined in

the 2D parameter space of the surface and then composed.
Our first example of this principle is the sweep tool. Tra- The parametric correspondence between the two rail curves is
ditionally, placing a cross-section on an axis curve required defined implicitly kecause they are defined at the same time.
knowledge of how the axis curve is parameterized. With the This prevents the common problem of orienting one curve
sweep tool in the space of the axis curve, we can specify theincorrectly with respect to the other.

The visual tool should exist in the same space as the
object or objects it manipulates.



among the parts of the tools, such as the points and vec-
tors found in almost all of the tool examples here. However,
this approach has the disadvantage that the tool designer must
think in terms of the toolkit when creating new tools. This
makes it difficult to experiment with ideas that are not ex-
pressed well within the toolkit paradigm.

4.4 User’s view of the world

The design of the visual tool should be based onthe user’s
intuition of how the operator should behave, not on the
parameters to the operator.

(@)

In the real world, people specify blends in a gestural way.
For example, to blend putty into a window sill one can run

a thumb along the join, pressing the putty into the sill in the
shape of the thumb, thus indicate both position and tangency
information. We would like an equivalent visual tool on the
computer. Although such a tool is impractical at the moment
for several reasons, we can abstract out reasons why a thumb
works so well in the real world. Some key ideas are:

e A single thumb can produce several types of blends (i.e.,
different tangencies) depending upon its orientation.

e A thumb creates both “rail curves” at the same time and
establishes the correspondence between them.

e There are no “patch boundaries” in the real world, so if a
surface appears to be one piece, itis.

(b)

Figure 8: Rail curve construction. (a) Rail-tie tool con-

structing a blend between two surfaces at 90°. (b) It was the second item that motivated the development of
Example of a blend surface that is twisted because the the rail-tie tool. The third item suggests constructing rail
parameterization of the two rail curves does not match. curves that cross between several surfaces or on different

pieces of the same surface. The difficulty here is maintaining

' continuity across those boundaries.
4.3 Visual clues

By thinking of the visual tool problem from in terms of the
desired interaction or result, we can move beyond justimple-
menting an interface for existing operators. One source of in-
spiration for visual tools is the real world. Another approach
This principle allows the tool designer and the tool user to is to identify problems that are hard for a designer to express
exploita common knowledge base when designing tools, thustextually or numerically but simple to explain gesturally. Al-
reducing a tool's learning time. There are two different ways though gestures are difficult to translate into the language of
to give visual clues. The firstis to use geometry for the tools the standard modeling operators, doing this allows designers
that evokes physical objects in the real world — for example, to exploit their knowledge of the real 3D world.
to use a graphical representation of a dial to indicate a part
of a tool that can take on different values. This approach, 4.5 Summary
however, can produce excessive visual clutter and rendering/Ve have applied guidelines for the design of 3D interfaces to
overhead. the particular domain of visual interfaces for solids modeling.

) . We presented here several issues not dealt with in previous
A different approach is to define a set of visual objects that \work, such as designing visual tools for operators that do not
represent common interaction objects. This approach is dif-have an obvious geometric equivalent. These issues were
ficult to achieve because there is neither a well-establishedaddressed in the realm of modeling operators, but the same
language for 3D interaction, nor a commonality among oper- jssues can be found in other realms of user interface design.
ators. A good example of this principle in 2D is the Macin-
tosh [App85] interfice: users oncexposed to a few sample  These guidelines are a beginning only. Further experience
applications find it very easy to extend their knowledge to an- with visual tools and how a designer interacts with them is
other application because they have learned the visual cluesieeded. As work on 3D interfaces in general continues, we
such as icons and menu bars. will learn more about how to create szessful design tools

. . . on the computer.
One way to approach this problem is to implement the tools

in a toolkit such as Brown’s 3D toolkit [CSFD3] [SZH94]. One lesson learned from designing these tools is that con-
This has the advantage of providing visual commonality structing visual tools is not simply a matter of assigning ge-

The visual tool should provide visual clues on its function
and use.



(b)

(b) (a)
Figure 9: Rail curve manipulation. (a) Manipulating Figure 10: Tangenttool. (a) Before stretching the tan-
a small section of the rail curve. (b) Manipulating a gent. (b) After stretching the tangent.

larger section of the rail curve.

only touch on how the different tools will interact with each
ometry to an existing operator. Instead, the design processther. In a textual interface, the operations have an inherent
should begin by defining what the user sees and manipulatesorder of application. With a visual interface, that order is not

so clear and may result in ambiguities.
5 Future work

Many other operators might benefit from a visual interface: 6 Acknowledgements
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¢ A flattening tool that can bpushednto surfaces. to David Johnson for his initial input and comments.
e Several sculpting tools of various sizes and shapes for ma-

nipulating curves and surfaces. A Composition and curve manipulation

The visual tools presented here by no means exhaust thdD this section we detail the approximation methods used
possibilities. Traditional modeling system have many opera-0F interactive curve-surface composition and manipulation
tors that are versions of one basic operator, for example, thePf the rail curves independent of the parameterization of the
sweep. Most systems support simpler versions of the sweepCUTve and the surface.

such as a constant-width sweep, a circular sweep, etc. The N

visual tool library can also be extended in a similar manner. A-1  Curve surface composition o

More importantly, we can extend the tool library to work Creating blend surfaces requires the generatioaibfurves

on particular aspects of an operator, such as the profile, offor the blend region boundary. We do this by symbolically
scaling, of a sweep. The sweep tool shown here does not procomposing a parameter space curve onto a surface, yielding
vide adequate control of the profiling of a sweep. A tool for @ 3D curve that lies exactly in the surface (see Equation 3).

adjusting just the profile of a sweep might let the user both

set the specific scale values and specify how to interpolateStandard symbolic composition okBier curves into Bzier
between Ft)hose values. pecity POl surfacesis defined as follows. Givenedsr surface (u, v) €

R2 and a Bzier curvey(t) = (u(t),v(t)) € R? defined in
We have begun to explore the interactions between the visuathe parametric domain ef(«, v), the composite curve(t)
tools, but without a more complete library of tools we can is



Ft) =e(r(t)) = ZZB;@T )07 (u())

i=0 j=0 05
4)
where P;; is the control mesh for(u,v), and 07" (v(t)) 0s ot 1s 20
and 07 (u(t)) are them!”- and n*-order Bszier blending Figure 11: The Bell(x) function used to scale the
functions foro(u, v), with 67 (¢) = (7)t*(1 — ¢)"~%, where movement vector 1.

0 =

Kim [Kim92] described a method for composition of gen- We can then construct piecewise linear approximating curves
eral NURBS curves on to NURBS surfaces. Unfortunately, %(¢) andr( ) as follows:

this form cannot be currently computed at interactive rates.

To explore this operator interactively, we have developed a

method for very fasapproximationgo symbolic curve sur- n

face composition. 3(t) = Z v(t;)B2(t), (11)

Consider the simplest case. If the parameter space g(tve
is a line segment and the surfaeéu, v) is planar and the

quality of the parameterization is close to isometric [EIb92], A n
the compositd (¢) is just a line segment with end points r) = o'(fy(ti))BiztA(t)’ (12)
7 (Y(tmin)) @Ndo (¥ (tmaz )): i=0 ’
1
— ZPiBz'Z(t) (5) WhereB2 :(t) are the second- order B-spline blending func-

tions deflned over the end point interpolating knot vector:
t={tititots ... th_otu_1tntn}.

where Po = o(v(tmin)), Pr = o(y(tmaz)), andB2(t) are

the second-order B-spline blending functions. The cost of A.2 Rail-curve manipulation

computingl™ (¢) is essentially reduced to two surface evalua- With a fast method to create the aproximating rail CU:I’(/Q,
tions. we now explore manipulating the rail curve to change the
With this in mind, we approximatg(t) andr (¢) by finding a blend surface. The four parameters to the manipulation rou-
set of monotonic increasing parameter val{igs . .7, } such ~ tineare:
that the two following constraints hold: .

e The parameter valués € R and¢,, € R of the two points

1. The segment of the curve front; ) to v(ti1) hasmax- o andw that demark the section of the curygy] to be
|mumscg]uared curvature(t)? (I)ng )than E’:\ ;pécmed value manipulated. The parameter values must safisy <
(2 to < tmar @ndt, < ty < tmas _
e The parameter valug, € R of the pointy on the curve to
) 5 be moved., must lie in the section of curve to be moved,
Max(r(1)%) < €, ti <t <tiya. (6) i€, te <ty <ty
2. The surface patch defined by the four p0|n’j73u“ Ui)y e A movement vectom € Rn2 that indicgtes the direction
o(wig1,vi),0(ui, viy1) ando (u; 41, viy1), Where(u;, v;) = v(¢;) and magnitude of movement in tdemainof o (u, v).
and (u; 41, viy1) = ¥(ti+1), has squared principal curva- R
turesx1(u, v)2 and x2(u, v)? less than a specified value If the rail curverl (t) does not have knots &, ¢, or ¢,
€2 the values are added bgfining I'(¢) at the missing knot
values [CLR80] [Far92]f" (¢) is then a 2¢ order curve with
Max(k1(u, v)2) < 2, @) knots att,,, ¢, gno!ta. '!'he subscripts, /{andw can then be
thought of as indices into the knot vector
i < u < ugyr andy; < v < viga,
(8) To move the curve in the direction of the movement vegior
Max(ra(u, v)?) < €2, (9) we apply a scaled version af to each point of the section
of curve demarked b¥ (¢,,) andl (t,). We scale? by the
bell-shaped curvesell(x) (shown in Figure 11). Note that
3. The surface patch has a quality parameterization specifiedBell(xz) has maximum value of 1 whea = 1 and goes
by the the magnitude of the twist vector being less that a Smoothly to zero as — 0 andz — 2.
specified value:

u; <u< Uj41 andvi <v < Vi41-

Letd,; be the amount to scaié by when adding it to the point
725l < e (10) att;; we defines; as follows:



Far92.
> T (bi40) =T (£5)] .
Bell j=o
¢ < ST )] a<r<H
FBO1.
S I =T () .
5 =4 Bl < M S o ) M
Fil89.
Bell(1) i=p
0 otherwise
Fow92.

This equation specifies that the amount to sealdy (i.e.,
d;), is related to the ratio of the geometric distance of the
current point (¢;) from eitherl (¢.,) or ' (¢,,).

, HHK92.
We now define the moved curve as follows:
Ymove (1) = Y _(11d; + Dy(t:)BZ4(1). (13)
i=0 Kim92.
The functionBel!l is shown in Figure 114; is maximum at
= p, i.e. i h )
i = p, i.e., atthe point selected by the user. SHR92.

When v, (t) has been computed, a new settofalues
{t1...1,} can be found that satisfy the three constraints in
Egs. 6 and 10.
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