Chapter 3: Beginning graphics: Working with shapes

In this chapter, we'll seehow to use Javato create graphical images using the Java2D packages.
The earliest versions of Javaallowed developers to create with relative easeprograms with a signi -
cant graphical component. However, beginning with releasel.2,Javahasincorporated sophisticated
graphical tools that are somewhat similar to PostScript. Our discussion here aims to intr oduce a few
of these tools. In the following chapters, we will seesome ideas for adapting them to mathematical
illustrations.

1: A r st example

Let's look at our rst drawing program, which draws a simple rectangle. This example usesonly
graphics features available in Javal.1, but it shows the outline of how we will draw and display
illustrations.

import javax.swing.*;
import java.awt.*;
public class DrawRectangle extends JPanel {
public void paintComponent(Graphics g) {
super.paintComponent(g); /I always include this
g.drawLine(100, 100, 100, 200);
g.drawLine(100, 200, 300, 200);
g.drawLine(300, 200, 300, 100);
g.drawLine(300, 100, 100, 100);
}
public static void main(String[]] args) {
DrawRectangle drawRectangle = new DrawRectangle();
JFrame frame = new JFrame("Draw Rectangle");
frame.setDefaultCloseOperation(JFrame.DISPOSE_ON_CLOSE);
frame.getContentPane().add(drawRectangle);
frame.setSize(400, 300);
frame.setVisible(true);

Notice that a classcalled DrawRectangle is de ned and that this classextends JPanel. You should
think of a JPanel as being like the canvas on which we draw and then place into a frame. (In fact,
earlier releasesof Javaused for thesepurposes aclasscalled Canvas an entirely appropriate name.) We
are subclassing JPanel to customize the paintComponent method. This will be a common technique.

Let's begin with aquick tour through the mainmethod. Tobegin, aDrawRectangle isinstantiated to
createthe pictur e we are drawing. Then a JFrameis instantiated and the DrawRectangle added to the
JFrame A JFrameessentially is the window seenon the computer screenthat will hold the gur e. After
setting its size, the JFrameis displayed on the computer screenwith the method setVisible(true)

For now, you should just think that adrawing surface hasbeeninserted into awindow and the window
displayed.
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Let's now focus on the method paintComponent of DrawRectangle for this is where the drawing
instructions are given. When the JFrameis displayed on the computer screen, the paintComponent
method of anything added to it is invoked. The method is called with a Graphics argument, an
important class providing a rendering engine Simply said, a rendering engine, in this case the
Graphics object, translates between the graphical commands we state and the actual pictur e that
is displayed on the computer screen. Here, we ask to draw four lines using Graphics's drawLine
method. We do not need to worry about the details of how the image will be displayed.

To draw aline between two points (X1;Y1) and (X2;y2), we use the method
g.drawLine(x1, vy1, x2, y2);

The arguments given here are int sand may be thought of as specifying pixels within the JFrame

Points are described in a coordinate system whose origin is at the upper left corner of the window .
The rst coordinate increasesaswe move to the right and the secondcoordinate increasesaswe move
downthe window . This choice of coordinate system requiresa bit of consideration: for instance, since
it is aleft-handed coordinate system, anglesare measured positively in the clockwisedir ection. Earlier
versions of Javadid not allow the programmer to changethe coordinate system. However, we will see
that Java2Dallows us to modify the coordinate system by an af ne transformation in the same way
this is done in PostScript.
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Finally, the instruction super.paintComponent(g) should always be the rst instruction in the
paintComponent method of a JPanel. Without it, some unexpected, and very weird, behavior may
result. The reasonfor this is a bit technical and not really relevant for us.

Exercise 1: Draw an equilateral triangle whose side is 100pixels and with one vertex at (100; 100).
Exercise 2: Draw a3:4:5right triangle whose hypotenuse is 100pixels long and displayed horizontally .
2: Javaz2D

With releasel.2,Javabeganproviding afew packagesthat add signi cantly more powerful graphi-
cal capabilities. Grouped together, thesepackagesform which is known asJava2D.In the next example,
we will draw the following pictur e asaway of intr oducing Java2D.
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import javax.swing.*;
import java.awt.*;
import java.awt.geom.*;
public class Distance extends JPanel {
public void paintComponent(Graphics gfx) {

}

super.paintComponent(gfx); /I standard setup
Graphics2D g = (Graphics2D) gfx;
g.setRenderingHint(RenderingHints.KEY_ANTIALIASING,
RenderingHints.VALUE_ANTIALIAS_ON);

/I define the elements we will draw
Point2D.Double pl = new Point2D.Double(100, 100);
Point2D.Double p2 = new Point2D.Double(200, 150);
Line2D.Double line = new Line2D.Double(pl, p2);
double r1 = 40; double r2 = 20;
Ellipse2D.Double circlel =

new Ellipse2D.Double(pl.x - rl, ply - rl, 2%1, 2*l);
Ellipse2D.Double circle2 =

new Ellipse2D.Double(p2.x - r2, p2y - r2, 2*%2, 2*2);
/I draw line
g.setPaint(Color.black);

g.draw(line);

Il fill  circles

g.setPaint(new Color(51, 51, 204));
g fill(circlel); g fill(circle2);

/I draw circles
g.setPaint(Color.black);
g.draw(circlel); g.draw(circle2);

public static void main(String[] args) {

This example is different, of course, from the rst though the outline is similar. We de ne the
paintComponent(Grahpics g) method of asubclassof JPanel to draw our image, which is displayed

Distance distance = new Distance();
distance.setBackground(Color.white);
distance.setPreferredSize(new Dimension(250, 250));
JFrame frame = new JFrame("Distance");
frame.setDefaultCloseOperation(JFrame.DISPOSE_ON_CLOSE);
frame.getContentPane().add(distance);

frame.pack();

frame.setVisible(true);

inside a JFrame

However, beginning with release 1.2, Java provides an instance of Graphics2D, a subclass of
Graphics , when the paintComponent method is called. This is asigni cantly more powerful rendering
engine and provides accessto the features of the Java2D packages. Therefore, to use this rendering
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engine, we need rst to declarethat it is an instance of Graphics2D, a feat accomplished by casting the
Graphics objectto a Graphics2D in the following way:

Graphics2D g = (Graphics2D) gfx;

This will be acommon instruction anytime you wish to use Java2D.

Next we setup the objectsthat we would like to draw. You will notice that theseare de ned in a
relatively intuitive way. First, we de ne points using the java.awt.geom.Point2D class. This class
is a convenient way to store the coordinates of a point and passthem to a variety of methods. It is
not possible, however, to display an instance of Point2D . Next, we de ne aLine whose endpoints are
the given points and two Ellipse s, circlesin this case,centered the two points. The Ellipse objects
are de ned in a slightly unusual way: the arguments given to the constructor describe the smallest
rectangle that contains the ellipse by specifying its upper left corner, its width and its height.

The inclusion of Double in the name of the class Point2D.Double is due to the fact that we
are representing the coordinates of a point using doubles. There is another version of this class,
Point2D.Float , in which the coordinates are represented by float s, 32-bit oating point numbers.
Of course,double s give greater accuracyin computations, but float swill run faster. This may be an
issue for consideration when constructing animations.

Now it's time to do the drawing. A Graphics2D always hasa java.awt.Paint  objectthat is used
when any drawing is performed. For the time being, you may think of a Paint objectasbeing merely
aninstance of java.awt.Color  though we will eventually seethat it cando much more. A convenient
class eld is Color.black , and the instruction g.setPaint(Color.black) has the effect of loading
our brush with black paint. The line is then drawn with the draw method, whose result is similar to
the stroke command in PostScript.

Next we changethe Paint on our brush by building a custom Color object. Color objectsmay be
constructed by specifying the amount of red, greenand blue (from the range 0 - 255)used to createthe
Color . After this, we fill  the circles. This hasthe effect of shading the inside of the circles. Then set
the Paint backto Color.black and draw the outline of the circlesusing the draw method.

If you study the JavaAPI, you will seethat the methods draw and fill  in Graphics2D require an
argument of type Shape The classeswe have seenhere, Line2D and Ellipse2D , subclassShapeand
so are acceptablearguments for thesemethods. (Technically, Shapeis an interface, a type of gadget we
will meetlater on.)

Exercise 3: What happensif you fill aline?

Exercise 4: How is the image changed if you Il and draw the circles rst and then draw the line?
Explain this behavior.

Exercise 5: Create a Javaprogram to illustrate the Proposition | from Book | of The Elements In
particular, you should specify two initial points, shown below in blue, and construct an equilateral
triangle containing the two initial points asvertices. Shadethe third vertex red.



Chapter 3: Beginning graphics 6

Exercise 6: Createa classGraphicalPoint that will display points like those shown in the gur e
above. You should specify the coordinates (X; YY), the Color and the size and provide a method for
displaying the point using methods like this:

public class GraphicalPoint {
double x, v;
double size;
Color color;
public GraphicalPoint(double  x, double vy);
public setPaint(Color  color);
public setSize(double size);
public void plot(Graphics2D @);

Exercise 7: Enhancethe GraphicalPoint classto allow the point to be drawn aseither a lled circle
or lled square. Add the following elds and instance method:

public static int CIRCLE;
public static int SQUARE;
public int style;

public void setStyle(int style);

3: Some more graphics primitives

In the last section, we met afew objects,namely lines and circles,that may be displayed graphically.
We call such an object a graphical primitive . We will now meet afew more.

Besideslines, Java2Dalso gives us the ability to work with quadratic and cubic curves.

A quadratic curve is de ned by threecontrol points, Pg, P1 and P,, asshown below:
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This is a quadratic curve of the form

(t)= a+ bt+ ct? where0 t 1

and
(0) = Po
%0) = 2(Po  Py)
(1) = P2

A quadratic curve may be instantiated as

QuadCurve2D.Double quad = new QuadCurve2D.Double(double x1, double y1,
double x2, double y2, double x3, double y3);

or by using

QuadCurve2D.Double quad = new QuadCurve2D.Double();
quad.setCurve(Point2D pl1, Point2D p2, Point2D p3);

Exercise 8. Createa Javaprogram to illustrate the gur e above.

Exercise 9: Quadratic curves may be obtained through an elegant subdivision process.Notice that if
we consider the curve (t) with eitherO t 1=2o0r1=2 t 1, we areleft with two new quadratic
curves, the control points of which are easily determined from the control points of the original curve.
If we de ne derived points by

Q1= (Po+ P1)=2

Q2= (P1+ P2)=2

Qs = (Q7+ Q9)=2
then the rst curve is given by the control points Py, Q; and Q3 while the secondcurve is given by Qgs,

Q2 and P,. This is shown in the gur e below. Createa program that takesthree control points, nds
the derived control points and then draws the two resulting quadratic curves.
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Exercise 10: Createaprogram that draws an approximation to a quadratic curve by drawing straight
lines obtained through continual subdivision using a command-line parameter n. You should begin
with three control points and create the control points for the two quadratic curves that describe
the two halves of the original quadratic curve. Continue this processof subdivision n times so that
2" quadratic curves are obtained. Then replace the curves by straight lines. This may be nicely
implemented recursively.

Exercise 11: Repeatthe exerciseabove with the following modi cation. Subdivide the original curve
until the curves obtained are suf ciently small, say when all control points lie within one pixel of one
another, and then draw straight lines.

A cubic curve is de ned by four control points, Pg, P1, P2 and P3, asshown below:

This curve hasthe form
(t) = a+ bt+ ct? + dt®

where
(0) = Po
%0) = 3(Po  Pa1)
%1) = 3(Ps  Py)
(1) = P3
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The rst and fourth control points determine the endpoints of the curve and the secondand third
determine the velocity of the cubic curve at the endpoints.

A cubic curve may be instantiated as

CubicCurve2D.Double cubic = new CubicCurve2D.Double(double x1, double y1,
double x2, double y2, double x3, double y3, double x4, double y4);

or using

CubicCurve2D.Double cubic = new CubicCurve2D.Double();
quad.setCurve(Point2D pl, Point2D p2, Point2D p3, Point2D p4);

Exercise 12: Reproduce the gur e above.

Exercise 13: There is no way for a computer to render a circle exactly. PostScript choosesto
approximate a circle by a sequenceof cubic curves. Construct an approximation to acircle by drawing
four congruent cubic curves. The ratio of the length of the segment joining an endpoint and its
corresponding control point to the radius of the circle should be 0.552.

Cubic curves may be drawn by a subdivision processsimilar to that for quadratic curves.

Several useful classesare subclassesof RectangularShape. In general, a RectangularShape is
described by specifying the upper left coordinates of the rectangle along with its width and height.

We have already met Ellipse2D . In general, it is constructed as

Ellipse2D.Double ellipse = new Ellipse2D.Double(double  ulx, double uly,
double width, double height);

Suchan ellipse will always be oriented with its axesparallel to sides of the frame in which it resides.
However, we will seein the next chapter how to rotate an Ellipse .

A simple Rectangle2D is instantiated in the sameway:

Rectangle2D.Double ellipse = new Rectangle2D.Double(double ulx, double uly,
double width, double height);

An arc of an ellipse is described by Arc2Dand may be instantiated using

Arc2D.Double arc = new Arc2D.Double(double ulx, double uly, double width,
double height, double angleStart, double angleEnd, int closure);

The rst four arguments de ne the bounding box of the ellipse while the next two, angleStart
and angleEnd, de ne the angular portion of the ellipse we would like to work with. That is, if we
parametrize the ellipse as

(t) = (acost; bsint);

then we look at the portion of the ellipse where angleStart t angleEnd. Pleasenote that these
angles, for historical reasons,are measured in degrees. The method Math.toDegrees may be used to
convert an angle measure from radians into degrees.
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The nal argument, closure , determines how the arc is completed. It may take on one of three
values, Arc2D.OPENArc2D.PIE and Arc2D.CHORWvith the results shown below.

Exercise 14: The following gur e gives avisual explanation of the two sums:

1+ 2+ 3+ 4+ i+ n= 7n(n2+ b

2
13+23+33+43+...+n3: n(n+1)
—

Createa Javaprogram that draws it.

Exercise 15: Begin by specifying the three vertices of a triangle and draw the inscribed circle along
with the threeangle bisectorsand angle markers to indicate the angle bisectorsasshown below.
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Here are a few things to remember: the coordinate system is left-handed so angles are measured
in the clockwise dir ection, the anglesin the Arc2D constructor are measured in degreesand the angle
returned by Math.atan2(y,x) is measured in radians. In the next chapter, we will seehow to alter the
coordinate system.

4: Creating more general shapes

In the last section, we saw afew simple graphical primitives. Now we'll seea class,GeneralPath,
that allows us to put them together easily. This classallows a Javaprogrammer to create shapesin a
style similar to that used in PostScript.

To instantiate a GeneralPath, we say simply
GeneralPath path = new GeneralPath();

and then add pieces—Ilines,quadratic curves and cubic curves—to the path. For instance,the following
code generatesthe gur e below.

g.setPaint(Color.black);

GeneralPath path = new GeneralPath();
path.moveTo(50, 50);

path.lineTo(150,  150);

path.quadTo(200, 200, 250, 150);
path.curveTo(250, 250, 150, 250, 150, 200);
path.closePath();

g.draw(path);

Please note that these methods require float s. If you are computing with doubles, you will
therefore need to castthe coordinates to float s.

Besidesadding line segments, quadratic curves and cubics to an existing path, one may add a
general Shapeusing the appendmethod of GeneralPath .
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Exercise 16: Draw acircle of radius 100pixels and add inscribed n-gons wheren = 4, 8 and 16.

5: Displaying text

Since we've been discussing how to draw and Il simple shapes,it may seem something of a
departure now to discuss how to display text. In fact, we will seelater in these notes that text is
actually very much like the Shapeswe have beenconsidering and canbeworked with in asimilar way.
However, since text operations are so common, Javaprovides some simple ways to deal with it.

First, a Graphics2D object storesa Font that is used for displaying text. Java2Dsupports relatively
sophisticated usesof fonts. For now, however, it will sufce to work with arelatively simple set of
fonts provided by Java2D.To instantiate a Font, we give its family, style and size as

new Font("sanserif", Font.BOLD, 12);

This gives us astandard bold Font without serifs at 12points. Wethen setthe Font of our Graphics2D:

g.setFont(new Font("sanserif", Font.BOLD, 12));

To display the word "text" at a location (X; y), we may use the method
g.drawString("text", X, Y);

wherex and y arefloat s.

It can be important to recognize how the point (X;y) determines where the String appears.
Consider the following gur e.

The point (X;y) given to the drawString method is shown in red. This point determines the
baseline of the String asit appearson the screen.

Thereis aclass,FontMetrics , that gives information helpful for measuring the layout of text. After
the Font has beenset, obtain a FontMetrics from the Graphics2D by

FontMetrics fm = g.getFontMetrics();
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A convenient way to obtain information about the size of the String we are to display is through the
getStringBounds method:

Rectangle2D rect = fm.getStringBounds("text", Q);

This gives arectangle that contains the String were it to be rendered at the point (0; 0).
Exercise 17: Explain why rect.y istypically negative and rect.height +rect.y is positive.

Exercise 18: Construct the gur e shown above. The rectangle containing the text should be centered
in the JPanel.

Exercise 19: Construct a method
public void drawString(String s, Graphic2D g, double x, double y, int anchor)

that draws the String s in abox speci ed by the point (X; y) and the argument anchor. The value of
anchor should come from alist of directions such asEAST, NORTHEASTNORTH.CENTEERNd soon.
For instance, if NORTHEA®Tused, the point (x;y) should be the upper right corner of the bounding
box asshown above.

Exercise 20: Draw the pictur e of the coordinate system shown at the beginning of this chapter.

6. Iterating over a path

The Pathlterator classis useful for determining the constituent pieces—linesaswell asquadratic
and cubic curves—of a Shape This is similar to the pathforall command in PostScript.

A Pathlterator  object is obtained by calling the getPathlterator  method of the Shapein
question:

Pathlterator  iterator = shape.getPathlterator(null);

(The argument is meant to be an AffineTransform , a classwe will meetin the next chapter.)

We canthen step through the piecesof the Pathlterator  using the currentSegment method:
public int currentSegment(float[] coords)

The argument is an array of six float sthat describethe geometry of the current piece of the Pathlter-
ator . Theint returned tells us what type of segment—line, quadratic or cubic curve—we are working
with. To obtain the next segment, use the next method of the Pathlterator

Here is some code that demonstrates how Javadraws a circle. Line segmentsare drawn in red,
qguadratic curves in greenand cubic curvesin blue.
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Ellipse2D.Double circle = new Ellipse2D.Double(50, 50, 200, 200);

Pathiterator iterator = circle.getPathliterator(null);
double lastX=0, lastY=0, beginX=0, beginY=0;
while(literator.isDone()) {

float]]  coords = new float[6];
int type = iterator.currentSegment(coords);
switch(type) {
case(Pathlterator. SEG_MOVETO): {
beginX = coords|[0]; beginY = coords[1];
lastX = coords|0]; lastY = coords[1];
break;
}
case(Pathlterator. SEG_LINETO): {
Line2D.Double line = new Line2D.Double(lastX, lastY,
coords[0], coords[1]);
g.setPaint(Color.red);

g.draw(line);

drawPoint(lastX, lastY, g);

lastX = coordslO0]; lastY = coords[1];
break;

}
case(Pathlterator.SEG_QUADTO): {

QuadCurve2D.Doublequad =
new QuadCurve2D.Double(lastX, lastY,
coords[0], coords[1],
coords[2], coords[3]);
g.setPaint(Color.green);
g.draw(quad);
drawLine(lastX, lastY, coords[0], coords[l], Q);
drawLine(coords[0],  coords[1l], coords[2], coords[3], Q);
drawPoint(lastX, lastY, @);
drawPoint(coords|0], coords[l], Q);
lastX = coords[2]; lastY = coords[3];
break;
}
case(Pathlterator. SEG_CUBICTO): {
CubicCurve2D.Double cubic =
new CubicCurve2D.Double(lastX, lastY,
coords[0], coords[1],
coords[2], coords[3],
coords[4], coords[5]);

break;

}

case(Pathlterator.SEG_CLOSE): {
break;

}

}

iterator.next();
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Theresulting gur e shows that circlesare drawn using four cubic curves asmentioned in an earlier
exercise.

We mentioned earlier that text may be treated asa Shape Hereis how to do it using some classes
from java.awt.font

Graphics2D g = (Graphics2D) gfx;

String string = "g";

Font font = new Font("serif", Font.PLAIN, 250);
g.setFont(font);

FontRenderContext frc = g.getFontRenderContext();

GlyphVector glyphVector = font.createGlyphVector(frc, string);
Shape shape = glyphVector.getGlyphOutline(O, 75f, 200f);

In this way, we can seethat the character “g” is created using only quadratic curves and line
segmentsin this font.
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Another class, FlatteningPathlterator , provides a Pathlterator that approximates a given
Pathlterator and in which all segments are line segments. The maximum error allowed in the
approximation is controlled by an argument to the constructor of the FlatteningPathlterator

Shown below is the result of using the FlatteningPathlterator to display the image of the
character“g” under the complex function f (z) = 1=z



