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ABSTRACT

Precise curve fitting is an important feature of many computer applications, from
statistical analysis tools, to the editors used by font and graphic designers, to the
sophisticated computer-aided design/manufacturing environments developed for engineering
systems. B-splines are the most widely used curve forms in such applications; composed of
piecewise parametric cubic segments, they are notable for their compact representation,
computational efficiency and, in particular, the high degree of continuity they enforce
between successive curve segments. Such continuity, however, inhibits the freedom with
which local, finer resolution editing may be performed on these curves. Refinement is most
directly accomplished by inserting knots into the curve, subdividing the curve into a larger
number of segments.

Multiresolution analysis, a form of data analysis based on the use of wavelets, offers a
means of determining a unigue such subdivision of a given curve. The application of this
process is also reversible so that curve smoothing or knot removal operations may be
performed with the same economy as refinement operations. Furthermore, the special
computational properties of wavelets guarantee that such shifts of resolution may be
performed in time linear with the size of the curve, suggesting that editing operations on a

curve, at a variety of resolutions, may be done at interactive speeds.
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}

public void redoLastMove ()
{ if ('redo.empty())
{ // Save current state back to undo stack
undo.push(C.clone ()} ;

// Next, pop the redo stack and make this the current curve
C = (CurveState) (redo.pop());

State.setElementAt(C, C.statelndex);

resetSliderValue();

// ... and repaint
repaint () ;

}

public boolean undoStackEmpty ()
{ return undo.empty():;

)

public boolean redoStackEmpty ()
{ return redo.empty();

}

public void setUndoLimit {int Limit)
{ undo.setStacklLimit (Limit):;
redo.setStackLimit (Limit) ;

)

public void setGridSpacing(float gridSpacing)
{ this.gridSpacing = gridSpacing;
repaint{};

}

public void toggleKnots ()
{ showKnots = !showKnots;
repaint();

)

public void togglePolygon ()
{ showPolygon = !showPolygon;
repaint () ;

)

public void togglePoints ()
{ showPoints = !showPoints:
repaint(};

)

public void toggleRect ()
{ showRect = !showRect;
repaint ()} ;

}

public void toggleGrid{()
{ showGrid = !showGrid;
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repaint () ;

)

public void toggleCoords ()
{ showCoords = 'showCoords;
if (!showCoords)
coordsLabel.setText ("Position: ");
repaint ();

)

// Integer level resolution shifting
public void shiftResolution(int jNew)
{ int n = multires.numPoints (jNew);

// guard against overlapping concurrent calls
// from event handler

if (shiftAllowed && C != null)

{ shiftAllowed = false;

// no interpolation for now

if (multires.numPoints(C.jCurr) == C.np) {
if (jNew > C.jCurr)

{ Point2D[] P;

if (n <= C.V.size())
P = new Point2D[C.V.size()];
else
P = new Point2D[n};
copyFrom(C.V, P);
P = multires.refine(P, jNew):;
copyBack(C.V, P);
C.np = n; C.jCurr = jNew;
}
else if(jNew < C.jCurr)
{ Point2D[] P = new Point2D[C.V.size()]:
copyFrom{C.V, P);
P = multires.coarsen(P, C.jCurr);
copyBack(C.V, P);
C.np = n; C.jCurr = jNew;

}

repaint () ;

}
//shiftAllowed = true;

)

// Fractional level resolution shifting

public void shiftResolution{float jNew)
{ int jLow = (int)jNew, jHigh = jLow + 1;

int nLow = multires.numPoints (jLow),
nHigh = multires.numPoints (jHigh);

float mu = (float) (({(int) (jNew*10)) % 10)/10;
Point2D[] P:

// All fractional-level shifting occurs when the level of
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// resolution either goes from j.0 to j.l1 or down from j.1 to

// 31.0. We test for these two cases below.

if (C !'= null)

{ 1f (JNew - (C.jCurr + C.mu) > 0 && C.mu == 0.0f &s&
jLow == C.jCurr && mu >= 0.1f)

{ // save the current low-res curve to V1
P = new Point2D[C.V.size()}];
copyFrom(C.V, P};
copyBack (C.V1, P);

// refine the current curve
shiftResolution(jHigh) ;

}

else if(jNew - (C.jCurr + C.mu) < 0 && C.mu >= 0.1f &&

jLow < C.jCurr && mu == 0.0f)

{ // reset current curve to low-res curve
P = new Point2D[C.Vl.size()];
copyFrom(C.V1l, P);
copyBack (C.V, P);

C.jCurr--;
C.np = multires.numPoints (C.jCurr);

// if jCurr > 0, coarsen current curve and save to V1
if(C.jCurr > Q)

{ P = new Point2D[C.V.size(}];
copyFrom(C.V, P);:
P = multires.coarsen(P, C.jCurr);

copyBack(C.V1l, P);
}

else
C.V1l = new Vector(};
}

// Reset C's mu value
if (C !'= null)
C.mu = mu;

repaint () ;
]

// internal utility functions
void initgr{()
{ Dimension d = getSizel();
int max¥X = d.width - 1, maxY¥ = d.height - 1;
pixelSize = Math.max(rWidth/maxX, rHeight/maxY);
centerX = maxX/2; centerY = max¥/2;

}

int iX{(float x){return Math.round(centerX + x/pixelSize);}
int iY(float y){return Math.round(centerY - y/pixelSize);}
float fx(int X){return (X - centerX) * pixelSize;)}
float fy(int Y){return (centerY - Y) * pixelSize;)

int plotX (JViewport jvp)

{ return getSize().width/2 - jvp.getExtentSize().width/2;
}
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int plotY(JViewport jvp)
{ return getSize().height/2 ~ jvp.getExtentSize().height/2;
}

float round(float f)
{ return (float) (Math.round(f * 1000.0f)) / 1000.0f;
}

void copyFrom(Vector v, Point2D[] P)
{ int i = 0;
for (; 1 < v.size(); ++1i)
P[i] = (Point2D) (v.elementAt (i)} ;
for (; i < P.length; ++i)
P[i] = new Point2D(0.0f, 0.0f);
}

void copyBack (Vector v, Point2D[] P)
{ v.removeAllElements () ;
for {(int i = 0; i < P.length; ++i)
v.insertElementAt (P[(i], i);

)

CurveState ScribbleToCurveState(Vector scribble, int index)

{ // Converts an input series of Point2D objects into
// a more compact curve representation using a derivative
// of the least-squares matching method. NOT IMPLEMENTED YET.
return null;

}

// Adds control points to a CurveState until the number of
// segments is the next power of 2.
CurveState nextLevelCurve (CurveState C)
{ // Keep inserting knots until we get the
// right number of segments.
Point2D[] Q = new Point2D[C.V.size()];
copyFrom(C.V, Q);

while(C.np < multires.numPoints(C.jCurr+l))
{ // Build current knot sequence
float[] knots = knotSequence(C.np - 3);

// Build old abscissa values
float[) oldAbscissa = computeAbscissae(knots);

// Find next knot insertion point

int pointIndex = findMaxInterval(C.V);

int knotIndex = pointIndex + 1;

float newKnot = (knots[knotIndex] + knots(knotIndex-11) / 2;
// Recalculate the new Greville abscissa values for

// points at pointIndex and pointIndex - 1 and newPoint

float{] abscissa = new float[3];

abscissa[0] = {(knots[knotIndex - 2] +
knots[knotIndex - 1] +
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newKnot) / 3;
(knots[knotIndex - 1] +
newKnot +
knots[knotIndex])) / 3:
abscissa(2] = (newKnot +
knots [knotIndex] +
knots[knotIndex + 1)) / 3;

abscissall]

// Now, recalculate the ordinate values for the x and y co-

// ordinates of the affected control points and the new point.
Point2D[] oldPoints = new Point2D[4];

for(int i = pointlIndex - 2, j=0; j < 4; ++i, j++)

{ 1if(i < 0)

oldPoints[j] = {(Point2D) (C.V.elementAt (i+1l));
else if(i >= C.V.size())

oldPoints(j] = (Point2D) (C.V.elementAt (i-1));
else

oldPoints[j] = (Point2D) (C.V.elementAt (i));

}

Point2D[] newPoints = new Point2D[3];
for(int i = 0; i < 3; ++41i)
{ float interval;

if(pointIndex == 1 && i == 0)
interval = 0;
else if(pointIndex == C.V.size() - 1 && 1 == 2)
interval = 0;
else
interval = oldAbscissa([pointIndex + i - 1] -
oldAbscissal[pointIndex + i - 2];
float xSlope = (interval == 0) ? O

(0ldPoints[i+1l] .x -
oldPoints[(i] .x)/interval;
float ySlope = (interval == 0) ? 0
(oldPoints[i+l).y -
oldPoints[i].y) / interval;

int oldAbsIndex = (pointIndex == C.V.size()-1 && i == 2) ?
pointIndex : pointIndex + i - 1;

float newX

xSlope * abscissa(i] +
oldPoints([i+1l].x -

xSlope * oldAbscissal[oldAbsIndex];
ySlope * abscissal(i] +
oldPoints[i+1l].y -

ySlope * oldAbscissa{cldAbsIndex];

float newyY

newPoints[i] = new Point2D (newX, newyY);

}

// Reset the two old points in the control set and add
// the new control point.

C.V.setElementAt (newPoints (0], pointIndex - 1);
C.V.setElementAt (newPoints[2], pointIndex);

C.V.insertElementAt (newPoints[1l], pointIndex);
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// Increment point counter
C.np++;
}

Q = new Point2D[C.V.size()]:;
copyFrom(C.V, Q):

// Prepare remaining components of CurveState
C.jCurr++; ’
C.nextNPsize = multires.numPoints(C.jCurr + 1};

Point2D[] P = new Point2D[C.V.size()]:;
copyFrom(C.V, P);

P = multires.coarsen(P, C.jCurr);
copyBack(C.V1l, P);

resetSliderValue({) ;

return C;

}

// Returns a uniform knot sequence of size numSegments.
float[] knotSequence(int numSegments)
{ int n = numSegments + 5;

float[] knots = new float[n];

for(int 1 = 0; 1 < n; ++1i)
knots([i] = (float) ((float) (i)/n); //numSegments);

return knots;

}

// Returns the sequence of Greville abscissae related to the
// input knot sequence for an endpoint-interpolating B-spline.
float[] computeAbscissae(float{] knots)

{ float[] abscissae = new float[knots.length - 2];

for(int i = 0; i1 < knots.length - 2; ++i)
abscissae[i] = {(knots[i] + knots[i+l1l] + knots[i+2]) / 3;

return abscissae;

}

// Finds the largest distance between adjacent pairs
// of x,y points in P and returns the upper index.
int findMaxInterval (Vector V)
{ Point2D{] P = new Point2D[V.size()];

copyFrom(V, P);

float max = distance(P[0], P[1]);
int maxIndex = 1;

for(int i = 2; 1 < V.size(); ++1i)
{ float newMax = distance(P{i-1], P[i]):

if (max < newMax)
{ max = newMax;
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maxIndex = i;

}

return maxIndex;

}

float distance(Point2D p, Pecint2D q)

{ return (float)Math.sqgrt((g.x -~ p.xX)*(gq.x - p.x) +
(q.y - p.Y)*(q.¥y - p.¥));

}

boolean onPoint (Point2D p, float x, float y)

{ return Math.abs(iX{p.x) - 1iX({x)) < 2 &&
Math.abs{iY(p.y) - iY(y)) < 2;

}

void resetSliderValue()
{ if (C != null)

{ if(C.mu == 0)
slider.setValue(C.jCurr * 10);
else

slider.setValue{(int) ((C.jCurr-1 + C.mu} * 10))
}
if (opState != EDIT)
slider.setEnabled(false);
}

void drawGrid(Graphics g)
{ JViewport jvp = (JViewport)getParent();
if (jvp !'= null)
{ Point p = jvp.getViewPosition();
Dimension d = jvp.getExtentSize();

float gx = (float)Math.ceil (fx(p.x)/gridSpacing) *
gridSpacing,

gy = (float)}Math.ceil{fy(p.y)/gridSpacing) *
gridSpacing;

float gxMax = fx(p.x + d.width),
gyMin = fy(p.y + d.height};

g.setColor{Color.lightGray);
for (float f = gx; f < gxMax; f += gridSpacing)
for (float h = gy; h > gyMin; h -= gridSpacing)
{ g.filloval(iX(f), iY(h), 2, 2);
)
g.setColor(Color.black);
)

// Integral-level resolution version

’

void bspline(Graphics g, Point2D[] P, int n, int thisIndex)

{ int m = 50; //, n = np; //P.length;
float xA, yA, xB, yB, xC, yC, xD, yD,
a0, al, a2, a3, b0, b1, b2, b3, x =0, y = 0, x0,
boolean first = true;
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}

for

(int 1 = 1; 1 < n-2; ++1)
XA P(i-1].x; XxB P[i].x%;
yA P(i-1].y; yB P(i].y;
a3 (-xA+3* (xB-xC) +xD) /6;
a2 (xA-2*xB+xC) /2;
al (xC-xA)/2;
a0 (xA+4*xB+xC) /6;
for (int j 0; j <= m;
{ =0 X3

y0 = yi
float t
X=
Yy

+47

if (opState == EDIT &&
onPoint (new Point2D(
stateIndex

if (showKnots)

{ 1f£(3 == 0 }i J == m)

g.fillOval (iX(x)-2

)

if (first)
else

g.drawlLine (1X(x0},

first

yC

b3

b2

bl

b0
)

X,

thisIndex;

, 1Y (y)-2,

false;

]

(float)j/ (float)m;
({(a3*t+a2)*t+al)*t+al;
((b3*t+b2) *t+bl) *t+b0;

v},

iy (yo0),

// Fractional-level resolution version

void bspline (Graphics g,

{

int thisIndex)

Point2D[]

P

, int n,

P[i+1].x;
Pli+1].y;

iX(x),

kD = P[i+2].x;
yD P(i+2].y;
(-yA+3* (yB-yC) +yD) /6;
(yA-2*yB+yC)/2;
(yC-yA)/2;
(yA+4*yB+yC) /6;

mouseX, mouseY))

4,

4} ;

iY(y))s

Point2D[] PL, float

// If the curve is of integral resolution,
call the other B-spline plot.

/7
if

bspline(q,

(mu == 0.0f)

P, n, thisIndex)

r

// Otherwise, plot the curve that exists at some fractional

/7
/7

els

{

boolean first

level mu
lower resolution curve PL.
e
int m 25;
float xA,

//50;
YA, XB,
a0, al, a2, a3, b0, bl,
c0, ¢l1, c2, c3, d0, dil,
float xAL, yAL, xBL, yBL,
a0L, allL, az2L,
true;

YB,

xC, yC,

%xD,

between the higher resolution curve P and the

yD, xE, yE,

b2, b3,

dz2, d3,
xCL,
a3L, bOL, blL, b2L, b3L;

yCL,

x =0,
xDL,

y = x0, yO0;

yDL,

for (int i =1, iL = 1; i < n-3; iL++, i+=2)

{ 7/
XA
vA
xE

xB
yB =
vE

P[i]
P[i]

= P[i-1).x; =
Pli-1].y;

P[i+3].x%;

//

X5
Y7
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Save first 5 control points

xC
yC

P(i+3].y;

Save first 4 control points

of high-res
Pl[i+1].x;
Pli+1l].y;

curve
xD = P[i+2] .X%;
yD P[i+2].y;

of low-res curve

mu,



XAL=PL[iL-1].x; xXBL=PL(iL].x;
XCL=PL(iL+1l].x; xDL=PL(iL+2].Xx;
yAL=PL[iL-1].y; yBL=PL[iL].y;

yCL

//
a3
az2
al
a0

//
c3
c2
cl
cO

/7

a3l =

b3L
a2l
all
alL

/7

for

{

}
//

for

{

=PL(iL+1].y; yDL=PL[iL+2].y:;

Save coefficients of first part of high-res curve..

= (-xA+3* (xB-xC)+xD)/6; b3 = (-yA+3*(yB-yC)+yD)/6;
= (XA-2*xB+xC)/2; b2 = (yA~2*yB+yC)/2;

= (XC-xA)/2; bl = (yC-yA)/2;

= (XA+4*xB+xC)/6; b0 = (yA+4*yB+yC)/6;

...as well as the second part of the high-res curve.
= (-xB+3*(xC-xD)+xE)/6; d3 = (-yB+3*{yC-yD)+yE)/6;

= (xB~2*xC+xD)/2; d2 = (yB-2*yC+yD)/2;
= (xD-xB)/2; dl = (yD-yB)/2;
= (xB+4*xC+xD)/6; d0 = (yB+4*yC+yD)/6;

...and lastly the coefficients of the low-res curve.

(-xAL+3* (xBL-xXCL) +xDL) /6;
= (-yAL+3* (yBL-yCL) +yDL) /6;
= (xAL-2*xBL+xCL)/2; b2L = (yAL-2*yBL+yCL)/2;
= {xXCL-xAL)/2: blL = (yCL~yAL)/2;
= (xAL+4*xBL+xCL)/6; bOL = (yAL+4*yBL+yCL)/6;

Interpolate first half of curve...

(int § = 0; J <= m; ++3)
x0 = x;
y0 =y
float t = (float)j/(float)m;
float tL = (float)j/(float)m*0.5f;
X =mu * (((a3*t+a2)*t+al)*t+al) +
(1.0f - mu)*(({(a3L*tL+a2L)*tL+allL) *tL+a0L) ;
y =mu * (((b3*t+b2)*t+bl) *t+b0) +
(1.0f - mu)*(((b3L*tL+b2L) *tL+blL) *tL+b0OL) ;
if (opState == EDIT &&

onPoint (new Point2D(x, y), mouseX, mouseY))
stateIndex = thisIndex;

if (showKnots)
{ 1f(] == [l J == m)

g.filloval (iX(x)-2, iY(y)-2, 4, 4);
}

if (first) first = false;
else
g.drawline (1X(x0), 1iY(y0), iX(x), iY(y)}:

...and then the second half of the curve
(int j = 0; j <= m; ++3j)

X0 = x;

yo = y;

float t = (fleoat)j/(float)m;

float tL = (float)j/(float)m*0.5f + 0.5f;

X = mu * (({(c3*t+c2)*t+cl)*t+c0) +

{1.0f - mu)*(((a3L*tL+a2L)*tL+all) *tL+alL);
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Yy = mu * {({d3*t+d2)*t+dl)*t+d0) +
(1.0f - mu)*(((b3L*tL+b2L) *tL+blL) *tL+b0L) ;

if (opState == EDIT &é&
onPoint (new Point2D(x, y), mouseX, mouseY))
stateIndex = thisIndex;

if (showKnots)
{ 1f(3 == 1 3 == m)

g.filloval (iX(x)-2, iY(y)-2, 4, 4);
}

//if (first) first = false;
//else
g.drawLine (iX (x0), iY(y0), iX(x), 1iY({y)):

}

public void paintComponent (Graphics g)
{ super.paintComponent(qg);

if (paintFirstTime)
{ paintFirstTime = false;
JViewport jvp = (JViewport)getParent();
if (jvp != null)
jvp.setViewPosition(new Point(plotX(jvp), plotY(jvp))):
}

initgr{);
int left = iX(-rWidth/2), right = iX(rWidth/2),
bottom = iY(-rHeight/2), top = iY(rHeight/2);

// Draw grid and zoom rectangle
if (showGrid)

drawGrid(g) ;
if (opState == ZOOM && zoomX != zoomXt && zoomY != zoomYt)
{ int zLeft = iX{(zoomX), zRight = iX{(zoomXt),

zBottom = iY(zoomYt), zTop = iY{(zoomY) ;
if (zRight >= zLeft)
{ if {(zBottom >= zTop)

g.drawRect (zLeft, zTop, zRight - zLeft, zBottom - zTop):;
else :

g.drawRect (zLeft, zBottom, zRight-zLeft, zTop-zBottom);
)

else
{ if (zBottom >= zTop)
g.drawRect (zRight, zTop, zLeft-zRight, zBottom - zTop);
else
g.drawRect (zRight, zBottom, zLeft-zRight, zTop-zBottom);
}

Point2D[] P;
Point2D{} PL;
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// Draw the scribble
if (Scribble '= null)
{ P = new Point2D[Scribble.size()];
Scribble.copyInto(P);
for (int k = 0; k < Scribble.size(); ++k)
{ 1if (k > O)
g.drawline (iX(P[k-1].x), iY(P[k-11.y),
iX(P[k].x), iY(P[k].y));

}

// Repeat for each curve in State:
for (int k = 0; k < State.size{); ++k)
{ CurveState cTemp = (CurveState) (State.elementAt(k));
P = new Point2D[cTemp.V.size()];
PL = new Point2D[cTemp.Vl.size()];
cTemp.V.copyInto(P);
cTemp.V1.copyInto(PL);
g.setColor(Color.gray):;
for (int 1 = 0; i < cTemp.np; i++)
{ // if we're moving a control point, find
// which curve it belongs to
if (opState == EDIT &&
onPoint (P[i], mouseX, mouseY))
stateIndex = k;

// Show tiny rectangle around point:
if (showPoints)

{ 1f{(k == statelndex)
g.fillRect (iX(P[i].x)-2, iY(P[i].y)-2, 4, 4);
else

g.drawRect (iX(P[i].x)-2, iY(P[i].y)-2, 4, 4);

if (i > 0 && showPolygon)
// Draw line P[i-1]P[i]:
g.drawLine (iX(P[i-1].x), iY(P[i-1].y),
iX(P[1i].x), iY(P[il.y));
}
g.setColor(Color.black});
if (cTemp.np >= 4) bspline(g, P, cTemp.np, PL, cTemp.mu,
}

shiftAllowed = true;
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/7
/7
/7
/7
/7
/7
/7
/7
/7

File: CurveState.java
Author: Stephen Alberg
Uses: Point2D class

This file contains the class definition for a CurveState object.
The CurveState class performs the duty of registering the data
constituting each curve presently drawn in a multiresolution curve
editing system. It may also be used to save the last edit
information onto an undo stack.

import java.io.*;
import java.util.*;

public class CurveState implements Cloneable, Serializable

{

public Vector V; // Records the set of control points

// and any difference coefficients
public Vector V1; // The set of control points at resolution

// jCurr. Used for fractional curve editing
public int np; // The number of control points
public int statelIndex; // The "id" of the curve in the environment
public int jCurr; // Current level of resolution
public int nextNPsize; // Number of control points in next res.
public float mu; // Fractional offset from jCurr, if any

CurveState (Vector V, Vector V1, int np, int statelIndex, int jCurr,
int nextNPsize, flcat mu)
{ this.V =V; this.Vl = V1l; this.np = np;
this.statelndex = statelndex;
this.jCurr = jCurr; this.nextNPsize = nextNPsize;
this.mu = mu;

CurveState(int statelndex)

{ V = new Vector(); V1 = new Vector(); np = 0;
this.statelndex = statelndex:
jCurr = -1; nextNPsize = 4; mu = 0.0f;

}

public synchronized Object clone{) // overrides Object

{ return new CurveState((Vector) (V.clone{()), (Vector) (Vl.clone()),
np, statelndex, jCurr,
nextNPsize, mu);
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// Point2D.java: Class for points in logical coordinates.

import java.io.*;

public class Point2D implements Cloneable, Serializable

{

float x, y:
Point2D(float x, float y){this.x = x; this.y = y;}

public synchronized Object clone() // overrides Object
{ return new Point2D(x, y):

)
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// File: UndoStack. java

// Author: Stephen Alberg

/7

// This file contains the class definition of an UndoStack object. An
// UndoStack extends the basic properties of the Java Stack object by
// by providing more direct manipulation and limit checking of the

// stack size.

import java.util.Stack;
public class UndoStack extends Stack

{

int stackLimit;

UndoStack ()
{ super(): // instantiate the parent object
stackLimit = 5; // default stack size

}

UndoStack({int stackLimit)
{ super();
this.stacklLimit = stackLimit;

)

// Overrides parent method push()
public Object push(Object item)
{ Object o = super.push(item);

removeExtraObjects () ;
return o;

)

public void setStackLimit (int newLimit)
{ stackLimit = newLimit;
removeExtraObijects () ;

)

public int getStackLimit ()
{ return stacklLimit;

}

void removeExtraObjects ()
{ // The Stack object evidently appends the last insertion
// to the end of the parent Vector, rather than inserting
// at the beginning. Therefore, to trim the undoStack,
// keep removing elements at index 0.
while {(size() > stackLimit)
super.removeElementAt (0);
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