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Figure 8: Rail curve construction. (a) Rail-tie tool con-
structing a blend between two surfaces at 90°. (b)
Example of a blend surface that is twisted because the
parameterization of the two rail curves does not match.

4.3 Visual clues

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

This principle allows the tool designer and the tool user to
exploita common knowledge base when designing tools, thus
reducing a tool’s learning time. There are two different ways
to give visual clues. The first is to use geometry for the tools
that evokes physical objects in the real world — for example.
to use a graphical representation of a dial to indicate a part
of a tool that can take on different values. This approach,
however, can produce excessive visual clutter and rendering
overhead.

A different approach is to define a set of visual objects that
represent common interaction objects. This approach is dif-
ficult to achieve because there is neither a well-established
language for 3D interaction, nor a commonality among oper-
ators. A good example of this principle in 2D is the Macin-
tosh [App85] interface: users once exposed to a few sample
applications find it very easy to extend their knowledge to an-
other application because they have learned the visual clues
such as icons and menu bars.

One way to approach this problem is to implement the tools
in a toolkit such as Brown’s 3D toolkit [CSHT 93] [SZH94].
This has the advantage of providing visual commonality

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 visualtool should be based on the 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:

o 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, it is.

It was the second item that motivated the development of
the rail-tie tool. The third item suggests constructing rail
curves that cross between several surfaces or on different
pieces of the same surface. The difficulty here is maintaining
continuity across those boundaries.

By thinking of the visual tool problem from in terms of the
desired interaction or result, we can move beyond just imple-
menting an interface for existing operators. One source of in-
spiration for visual tools is the real world. Another approach
is to identify problems that are hard for a designer to express
textually or numerically but simple to explain gesturally. Al-
though gestures are difficult to translate into the language of
the standard modeling operators, doing this allows designers
to exploit their knowledge of the real 3D world.

4.5 Summary

We have applied guidelines for the design of 3D interfaces to
the particular domain of visual interfaces for solids modeling.
We presented here several issues not dealt with in previous
work. such as designing visual tools for operators that do not
have an obvious geometric equivalent. These issues were
addressed in the realm of modeling operators, but the same
issues can be found in other realms of user interface design.

These guidelines are a beginning only. Further experience
with visual tools and how a designer interacts with them is
needed. As work on 3D interfaces in general continues, we
will learn more about how to create successful design tools
on the computer.

One lesson learned from designing these tools is that con-
structing visual tools is not simply a matter of assigning ge-
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Figure 9: Rail curve manipulation. (a) Manipulating
a small section of the rail curve. (b) Manipulating a
larger section of the rail curve.

ometry to an existing operator. Instead, the design process
should begin by defining what the user sees and manipulates.

5 Future work
Many other operators might benefit from a visual interface:

o A surface-of-revolution tool which provides visual adjust-
ment of the axis and the profile curves.

e A tool to sketch warp boundary curves on surfaces to per-
form skeletal or region warps [EGS91].

¢ A flattening tool that can be pushed onto surfaces.

e Several sculpting tools of various sizes and shapes for ma-
nipulating curves and surfaces.

The visual tools presented here by no means exhaust the
possibilities. Traditional modeling system have many opera-
tors that are versions of one basic operator, for example, the
sweep. Most systems support simpler versions of the sweep,
such as a constant-width sweep, a circular sweep, etc. The
visual tool library can also be extended in a similar manner.
More importantly, we can extend the tool library to work
on particular aspects of an operator, such as the profile, or
scaling, of a sweep. The sweep tool shown here does not pro-
vide adequate control of the profiling of a sweep. A tool for
adjusting just the profile of a sweep might let the user both
set the specific scale values and specify how to interpolate
between those values.

We have begun to explore the interactions between the visual
tools, but without a more complete library of tools we can

(b)

(a)

Figure 10: Tangent tool. (a) Before stretching the tan-
gent. (b) After stretching the tangent.

only touch on how the different tools will interact with each
other. In a textual interface, the operations have an inherent
order of application. With a visual interface, that order is not
so clear and may result in ambiguities.
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A Composition and curve manipulation

In this section we detail the approximation methods used
for interactive curve-surface composition and manipulation
of the rail curves independent of the parameterization of the
curve and the surface.

A.1 Curve surface composition

Creating blend surfaces requires the generation of rail curves
for the blend region boundary. We do this by symbolically
composing a parameter space curve onto a surface. yielding
a 3D curve that lies exactly in the surface (see Equation 3).

Standard symbolic composition of Bézier curves into Bézier
surfaces is defined as follows. GivenaBéziersurface o(u, v) €
3 and a Bézier curve 4 (t) = (u(t). v(t)) € R? defined in
the parametric domain of o(u. v), the composite curve T'(¢)
is
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L(t) = o(3(t) = o(u(t).v() = > > Pi6] (v(1))6] (u(t))

i=0 y=0

“)

where P;; is the control mesh for o(u,v), and 67" (v(t))
and 07 (u(t)) are the m*"- and n'-order Bézier blending
functions for o(u, v), with 7 (t) = (7)¢*(1 — ¢)"~*. where
o; = 1.

Kim [Kim92] described a method for composition of gen-
eral NURBS curves on to NURBS surfaces. Unfortunately,
this form cannot be currently computed at interactive rates.
To explore this operator interactively, we have developed a
method for very fast approximations to symbolic curve sur-
face composition,

Consider the simplest case. If the parameter space curve +(t)
is a line segment and the surface o (u, v) is planar and the
quality of the parameterization is close to isometric {E1b92],
the composite I'(¢) is just a line segment with end points
U(V(tmin )) and 0(7(tmaz ))-

1
L(t) =Y PB1) (5)
=0

where Py = o(y(tmin))s P = 0(Y(tmar)), and B?(t) are
the second-order B-spline blending functions. The cost of
computing I'(¢) is essentially reduced to two surface evalua-
tions.

With this in mind, we approximate +(¢) and I'(¢) by finding a
set of monotonic increasing parameter values {¢; .. .%, } such
that the two following constraints hold:

1. The segment of the curve from v(t.) to y(¢,41) has max-
ierAm squared curvature «(¢)? less than a specified value
e

Max(k(t)?) < €%, t; <t <tiq. (6)

2. The surface patch defined by the four points: o(u;, v,),

035 10 15 20

Figure 11: The Bell(z) function used to scale the
movement vector 1.

We can then construct piecewise linear approximating curves
4(t) and I'(t) as follows:

(t) =Y v(t:) B} (1), 11
=0
B(t) =3 o(y(t.))B2(1), (12)
1=0

where Bﬁ +(t) are the second- order B-spline blending func-

tions defined over the end point interpolating knot vector:
t = {t1 titats ... thntp_11, tn}.

A.2 Rail-curve manipulation

With a fast method to create the aproximating rail curve (),
we now explore manipulating the rail curve to change the
blend surface. The four parameters to the manipulation rou-
tine are:

e The parameter values t, € ® and ¢,, € £ of the two points
o and w that demark the section of the curve 5(g) to be
manipulated. The parameter values must satisfy ¢, <
ta < tmaz and ta < tw < tma:l:

o The parameter value ¢, € R of the point i on the curve to
be moved. ¢, must lie in the section of curve to be moved,
ie, ta <ty <t,.

e A movement vector 1 € R? that indicates the direction

o(tit1, v:), 0(ui, vig1) and o (w41, viy1), Where (u, vi) = 7(t;) and magnitude of movement in the domain of o(u, v).

and (ui41.vi41) = ¥(ti+1), has squared principal curva-
tures w1(u, v)? and ky(u,v)? less than a specified value
€

Max(k;(u,v)%) < €2, @)

U, <u<uyrandy; <v < g,
(8)
Max(ky(u, v)?) < €%, ¢

y, <u<uygrandv; <ov < vy

3. The surface patch has a quality parameterization specified
by the the magnitude of the twist vector being less that a
specified value e:

522 |] < € (10)

duov

If the rail curve T (t) does not have knots at ¢, t, or t,,
the values are added by refining I'(t) at the missing knot
values [CLR80] [Far92]. I'(¢) is then a 2"¢ order curve with
knots at¢,,, t, and £,. The subscripts a, ¢ and w can then be
thought of as indices into the knot vector ¢.

To move the curve in the direction of the movement vector 7
we apply a scaled version of m to each point of the section
of curve demarked by I'(¢,,) and I'(t,). We scale 77 by the
bell-shaped curve Bell(z) (shown in Figure 11). Note that
Bell(z) has maximum value of 1 when z = 1 and goes
smoothly to zero as ¢ — O and £ — 2.

Let d; be the amount to scale 77 by when adding it to the point
at t,. we define 6; as follows:
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Z;NIT(MH)—T(%)I Dy
Bell ( S I o)) a<i<p
’ FBI1.
Yo T 4) =T (2,)] .
5, =4 Bel ( T S et porsw
Fil89.
Bell(1) i=p
0 otherwise
Fow92.

This equation specifies that the amount to scale 7 by (i.e.,

é,), is related to the ratio of the geometric distance of the

current point I'(¢,) from either I'(t,,) or I'(¢,,).

HHK92.

‘We now define the moved curve as follows:

7mo’ue(t) — Z(m(sz + 1)7(tz)Bif(t) (13)
=0 Kim92.

The function Bell is shown in Figure 11. 4, is maximum at

© = u, i.e., at the point selected by the user. SHR+92,

When 40 () has been computed, a new set of ¢ values

{t1...t,} can be found that satisfy the three constraints in

Egs. 6 and 10.
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