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r Ii file Edit Seorch Run Windows 

Untitled Te Ht 

H· 

: "'0 Drawing 

Figure 12.2 

r Ii file Edit Seorch Run Windows 

Untitled Te Ht 

progr11m DoNothing; 
begin 
end. 

I- : 

Drowing 

0 lnst11nt 

IQj 
MoveTo(O, O); 
LineTo(50, 50); 
LineTo(30, 1 BO); 
LineTo(150, 

In 
!QI JQJ 

Figure 12.J 
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The Line procedure 
Format: Line(dX, dY) where dX and dY are Integer values. 
Effect: Line draws a 11ne to the point that is dX units horlzontally 

and dY units vertlcally from the current position of the pen. Remember 
that a positive dX moves the pen to the right and a positive dY moves the 
pen down. Actually, Line(dX, dY) calls LlneTo(X+dX, Y+dY) where X and Y are 
the old pen coordinates. (X+dX, Y+dY) become the new pen coordinates. 

The Move To procedure 
Format: MoveTo(X,Y) where X and Y are Integer values. 
Effect: MoveTo moves the pen to the point (X,Y), but no drawing Is 

performed. 

The Move procedure 
Format: Move(dX, dY) where dX and dY are Integer values. 
Effect: Moves the pen dX horizontally and dY vertically without 

performing any drawing. 

You may try out these procedures In Immediate mode as follows. Pull 
down the Instant Window and give commands through It as shown In figure 
12.3. Note the DoNothlng program In the Program Window. It Is present 
because we have found that the Instant Window occasionally crashes the 
system If the Program Window Is empty. 

A Turtle Graphics Package 

Some versions of Pascal come with the capability of manipulating an 
Imaginary turtle on the screen. Many educators feel that "turtle graphics· 
Is an Ideal way to Introduce chlldren to computers and programming. 
Indeed, the language LOGO has gained much recognition as an Introductory 
language for chlldren because of Its turtle graphics capabll1tles. 
Unfortunately, there are no built-In turtle graphics routines for the 
Macintosh, but In this section we present our own small turtle graphics 
package. Of necessity, some of the explanations In this section are fairly 
mathematical. We have included these discussions for the reader who 
wants to understand how the package operates. We stress, however, that 
the mathematically unlncllned reader may skip the explanations and 
simply use the routines in the same manner that most people use the LOGO 
routines without understanding how they are actually Implemented. 
Indeed, for reference purposes, we describe the routines together, then 
discuss their Implementations. 
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A Macintosh Turtle Graphics Package 

The routtnes described below are Included (within programs that use 
them) on the disk that accompanies this book. Their listings are also 
given below. Remember that they are not system built-Ins, so you must 
Include them In your programs. 

The lnltlaHze procedure 
Format: Initialize. (no parameters) 
Effect: Initialize sets the global variables Angle (Integer), and X and 

Y (Real) that must be declared In your program. Angle Is set to zero, which 
means the turtle Is facing right. x and Y are each set to 100.0 and the 
turtle (pen) Is moved to the point ( 100, 100). This places the turtle In the 
center of the standard drawing window. If you change the size of the 
drawing window, as described below, then you will need to modify 
Initialize appropriately. 

The Tum procedure 
Format: Tum(Alpha) where Alpha Is an Integer value. 
Effect: Tum(Alpha) changes the turtle's heading by turning It Alpha 

degrees counterclockwise Ca negative Alpha produces a clockwise tum). 
Thus, Turn(90) Is a ·1ert· tum from the turtle's vlewPolnt and Tum(-90) Is 
a ·right• tum. Turn produces no drawing, but the next Line, LlneTo, or 
Forward draws In the turtle's new heading. 

The Forward procedure 
Format: Forward(Dlstance) where Distance Is an Integer value. 
Effect: Forward(Dlstance) moves the turtle forward Distance units 

In the direction or Its current heading. Forward does not change the 
heading or the turtle, but Forward does draw a line as It moves. 

The DegT oRad function 
Format: DegToRadCDegrees) where Degrees Is an Integer value. 
Result: DegToRad converts the angle given In degrees to an equiva­

lent angle measured In radians. The casual user does not need to Invoke 
the DegToRad function. It Is needed by our graphics system to convert 
angles given by the user In degrees Into angles In radian measure needed by 
the body or Forward. 

The procedure Initialize Is easy to write and Is given In listing 12.1. 
Note that Initialize needs to be modtfled when we change the size or the 
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drawing window. So, always be sure that you have the proper version or 
lnltlaltze for your program. Also, remember to declare Angle (Integer), 
and X and Y (Real) In your main program as global varlables that are used 
by the entire graphics package. 

procedure lnltlaHze; 
begin 

Angle:= O; 
x := 100.0; 
y := 100.0; 
MoveTo(Trunc(X), Trunc(Y)) 

end; 

Listing 12.1 

Procedln Tum Is also very simple. Tum keeps track, using the global 
variable Angle, or the CUrTent heading or the ttrtle. We subtract AIPha 
from Angle rather than add AIPha to Angle because or the fact that •up· on 
the Macintosh coordinate system ts ·ciown· tn a normal mathematical 
coordinate system. Tum also keeps the angle In the range from O to 359 
degrees by using the mod function. Tum Is given In listing 12.2: 

procedure Tum(AIPha: Integer); 
begin 

Angle := Angle - Alpha; 
Angle :• Angle mod 360 

end; 

Listing 12.2 

Function DegToRad, using the fact that Pt radians equals 180 degrees, 
converts an Integer angle given In degrees to a real result In radians. The 
function Is shown In listing 12.3. To use DegToRad you also need to 
declare Pl as a constant In your program with the value or 3.1415927. 

function DegToRad (Degrees: Integer> : Real; 
begin 

DegToRad :=Degrees* Pl I 160 
end; 

Listing 12.J 
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The Forward procedure 

Forward uses the Sin and Cos functions to compute the horizontal and 
vertical displacements Involved 1n moving forward Distance units. 
Because Sin and Cos expect real, radian arguments, DegToRad Is Invoked 
by Forward. Forward then calls Linero to actually draw the line. The 
geometry ls given in figure 12.4 and the Pascal code In listing 12.4. 

dh 

dh "' Distance • Cos(Angle) 

dY - Distance • Sin(Angle) 

Figure 12.4 

procedure Forward (Distance: Integer); 
var 

dh, dV: Real; 
begin 

dh :=Distance* Cos(DegToRad(Angle)); 
dv :=Distance* Stn<DegToRad(Angle)); 
x := x + dh; 
Y := Y + dv; 
LlneToCTrunc(X), Trunc(Y)) 

end; 

Listing 12.4 

As an example of our turtle graphics package, consider a program that 
draws a hexagon, then turns 1 O degrees and draws another hexagon, etc. 
The drawing of one hexagon ts simple: We loop 6 times drawing an edge 
and turning 60 degrees. If we tum 1 o degrees between hexagons, then we 
should repeat this process 36 times (360 degrees) to come back to where 
we started. List Ing 12.5 shows the program Roll 1ngHex and figure 12.5 
demonstrates its spectacular output. 

Note that RollingHex declares the constant Pi as we11 as the global 
variables Angle, X, and Y, which are manipulated by the graphics package. 
The variables Side and Roll, on the other hand, are variables that 
RollingHex uses tn Its own body to control the two for loops. 
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program RollingHex; 
(This program Illustrates the use of our graphics} 
(routines to draw and roll a hexagon . } 
const 
Pl= 3.1415927; 

var 
Angle : Integer; 
X, Y: Real; 
Side, Roll : Integer; 

(Graphics Package goes here.} 
begin 

Initialize; 
ror Roll := 1 to 36 do 
begin 
for Side:= I to 6 do 
begin 

Forward(SO); 
TumC60) 

end; (Inner For} 
Tum( JO) 

end (Outer For} 
end. 

listing 12.5. 

Figure 12.5 
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Manipulating Text and Drawing Windows 

To really use the Drawing window we need to be able to make It the 
size we need and to move It about the screen. These manipulations are 
easy, but first we need the notion of a ·rectangle." 

In Macintosh Pascal, a rectangle Is determined by four points, the 
coordinates of Its left, top corner and the coordinates of its right, bottom 
corner. OulckDraw Includes a predefined type Reel that Is a record 
consisting of four Integers. The four fields represent the left, top, right, 
and bottom coordinates of the rectangle. Hence, we may declare Window 
to be of type Rect by the declaration: 

var 
Window : Rect; 

Such a declaration Is needed for some of the window manipulation routines 
that follow. 

The SetRect procedure 

Format: SetRect(Wlndow, Left, Top, Right, Bottom) where Window Is 
a variable of type Reel and Left, Top, Right, and Bottom are Integer values. 

Effect: SetRect sets the four fields of Window to the four given 
values. Note the order of the points! A call to SetRect Is often needed 
before a call to SetorawlngRect or SetTextRect as described below. Left, 
Top, Right, and Bottom should be relative to the global coordinates of the 
Macintosh screen (that Is, (0,0) ls the left, upper corner, (511, 341) Is the 
right, lower corner, etc.) and they determine where the Window appears on 
the screen. 

The SetDrawlngRect procedure 

Format: SetDrawlngRect(Wlndow> where window Is a value of type 
Rect. 

Effect: SetorawlngRect positions the Drawing window so that It 
occupies the rectangle whose coordinates are given In Window. Thus, 
SetorawlngRect Is used to determine the location and size of the Drawing 
window. It does not make the Drawing window the active window (see 
ShowDrawlng below). Also remember that the drawing window always 
uses a local coordinate system so that (0,0) is its upper, left corner, no 
matter where It is located on the screen. 
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The SetTextRect procedure 
Format: 5etTextRect(Wlndow) where window Is a value of type Rect. 
Effect: SetTextRect detennlnes the size and placement of the Text 

Window. 

The ShowDrawtng procedure 
Format: ShowDrawlng. (No parameters) 
Effect: ShowDrawlng makes the Drawing window the currently active 

window and brings the Drawing window to the top of the desk. 

The ShowText procedure 
Format: ShowText. (No parameters) 
Effect: ShowText makes the Text window the currently active 

window and brings the Text window to the top of the desk. ShowText 
should be used before a prompt If there Is any danger that the Text window 
Is not visible. 

How large can we make the Drawing Window? The top menu bar Is 20 
pixels wide and Is not covered by the Drawing Window even If we use 
SetDrawlngRect to place the Drawing Window In the area of the menu bar. 
Thus, If we set one corner of the Drawing Window at (0,0) then no point 
whose Y coordinate Is Jess than 20 appears on the screen. Hence, (0, 20) Is 
a good left, top coordinate for the Drawing Window. on the other hand, the 
side and bottom bars of the Drawing Window Itself are 16 pixels wide. 
Again, any point whose coordinates place It In one of these bars will not 
be seen. However, as part of the Drawing Window, these side and bottom 
bars can be moved off the screen. Since the right, bottom corner of the 
screen Is (511. 341) and the bars are 16 pixels wide. If we place the other 
corner of the Drawing Window at (527, 357) then the usable portion of the 
Drawing Window occupies the entire screen except for the menu bar. In 
terms of the local coordinates of such a Drawing Window, (0,0) Is the left, 
top comer just below the menu bar while (511, 320 Is the right. bottom 
corner. The coordinate of 51 I comes from the fact that we are using the 
entire width of the screen while the 321 Y-cooordlnate results from the 
fact that 20 pixels are "lost" at the top of the screen. Note, therefore, 
that In local coordinates (256, 16 0 Is the approximate center of the 
screen. 

To Illustrate the use of these window manipulating procedures, 
consider the program Spiral of listing 12.6. 
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program Spiral; 
{This program illustrates the use of our graphics } 
(routines to draw a spiral whose angle you determine. } 

const 
Pi= 3.1415927; 

var 
Angle : Integer; 
X, Y: Real; 
Distance, Alpha : Integer; 
WindowSize: Rect; 

procedure Initialize; 
begin 

Angle:= O; 
x := 256.0; 
y := 161.0; 
Moveto(Trunc(X), Trunc(Y)) 

end; 

(Rest of Graphics Package goes here.} 

begin 
Initialize; 
Distance := I; 
ShowText; 
Write('Please enter angle for spiral: '); 
Readln(Alpha); 
ShowDraw ing; 
SetRect(WindowSize, 0, 20, 527, 357); 
SetDrawingRect(WindowSize); 
repeat 

F orw ard(D i stance); 
Distance := Distance + I; 
Tum(Alpha) 

until Distance> 300 
end. 

Ustlng 12.6 

395 
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Procedure lnltlallze has been lnclUded In the llstlng because It has 
changed. Spiral uses the whole screen as the Drawing window, so 
lnltlallze centers the turtle by moving It to the point (256, 161). Note 
that Spiral uses ShowText because tt wants to prompt the user ror some 
Input. ShowText ensures that the text window Is vlslble. Likewise, Spiral 
uses SetRect, SetDrawtngRect; and ShowDrawtng to make the Drawing 
window cover the entire screen. Finally, what ts It that Spiral draws? 
The reader should trace the repeat...unttl loop In Spiral with an angle 
(Alpha) or 90 degrees to see where the name comes from. Run Spiral 
several times with dtrrererent angles. Figure 12.6 shows the result with 
an angle or 89 degrees. Of course, the drawing fllls the screen and the 
program window Is no longer visible. You can recover the program window 
by pulling down the Windows menu and choosing ·sptrar. 

r S Fiie Edit Search Run Windows 

Figure 12.6 

We mention In passing one procedure that may be or great Interest to 
some readers. This Is the SaveDrawlng(Tltle) procedure with one 
parameter of type string. SaveDrawlng saves the contents or your Drawing 
window to disk In a format that may be read by MacPaint, the Macintosh 
artists' program. 
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Text In the Drawing Window 

Some systems make the placing of text within the graphics window 
an extremely difficult task. This Is not so with Macintosh Pascal since 
QulckDraw Includes several routines to make the work as simple as 
possible. We describe these now. 

The Drawstring procedure 
Format: Drawstrlng(Str) where Str Is any string value. 
Effect: Drawstring writes the given string to the Drawing window. 

The string begins at the current pen location and the new pen location Is at 
the end of the string. The appearance of the text, namely the size, font, 
and style, are determined by the procedures TextSlze, TextFont, and 
TextFace. 

The TextSlze procedure 
Format: TextSlze(Slze) where Size Is an Integer value. 
Effect: TextSlze changes the size of the text that Is written by 

Drawstring. For best results, Size should be one of the font sizes of the 
system (9, IO, 12, 14, 18, 24) or a multiple of one of these sizes. 

The TextF ont procedure 
Format: TextFontCFont> where Font Is an Integer value. 
Effect: TextFont sets the font that Is used by Drawstring. The only 

Interesting fonts we have found correspond to Font values of zero to five. 
We leave It as an exercise for the reader to discover what these fonts look 
like. 

The Textface procedure 
Format: TextFace(Face) where Face Is a set of styles. 
Effect: TextFace determines the style that Drawstring uses when 

writing characters to the Drawing window. Sets are discussed In the next 
chapter, but It suffices here to say that the styles you want are placed 
between square brackets and given as the argument to TextFace. Thus, 

Textface([bold, underline]); 

means that any string written with Drawstring Is both In boldface and 
underlined. The possible text styles are bold, Italic, underline, shadow, 
outline, condense, and extend. The reader can experiment with these to 
see what each looks like. 
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The statement 

TextFaceC [ 1 ); 

will restore the style to plain text. 

The program Textorawlng of listing 12.7 mustrates the ease of use 
of these tools. The resulting output Is shown In figure 12.7. Note that 
TextDrawlng sets the Drawing window so that a llttle portion of the 
program window Is visible behind It. 

program TextDrawlng; 
var 

Window : Rect; 
begin 

SetRect(Window, 70, 70, 500, 300); 
ShowDrawing; 
SetorawingRect(Window); 
MovetoC 10, 20); 
OrawString('This is all there is to itl'); 
TextFont(S); 
TextFace([Bold, Shadow]); 
TextSize(24); 
MoveTo(20, 100); 
Drawstrlng('Any child could do it.'); 
TextFace([)); {Plain Text) 
TextFont( 1 ); {Standard Font) 
TextSlze( 12); {Standard Sfze} 
MoveTo(30, 200); 
DrawString('Study the program to see how to get normal text back.') 

end. 

Listing 12. 7 

Rectangles and ovals 

Rectangles and ovals are two of the predefined shapes that can easily 
be drawn In Macintosh Pascal. A rectangle, as discussed earller, Is 
determined by four integers: The Left, Top coordinates and the Right, 
Bottom coordinates of the rectangle. Actually, a rectangle also uniquely 
determines an oval, namely the oval that Is tangent to the midpoints or the 
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rectangle. For example, the rectangles of figure 12.8 determine the 
Indicated ovals. Also note that If the rectangle Is a square, then the oval 
ts a circle. Since they are so similar we describe the routines for 
manipulating rectangles and ovals together. 

The FrameRect and Frameoval procedures 
Format: FrameRect(Box> or Frameoval(Oval) where Box and oval are 

values of type Rect. 
Effect: FrameRect and FrameOval draw the rectangle or oval 

determined by the argument. As always, the coordinates are Interpreted to 
be In the local coordinates of the Drawing window. 

The EraseRect and EraseOval procedures 
Format: EraseRect(Box) or Eraseoval(Oval) where Box and Oval are 

values of type Rect. 
Effect: EraseRect and Eraseoval erase the rectangle or oval 

determined by the argument. 

The PatntRect and Pa1ntoval procedures 
Format: PalntRect(Box) or Pa1ntoval(Oval) where Box and Oval are 

values of type Rect. 
Effect: PalntRect and Paintoval draw, and then flll in, the rectangle 

or oval determined by the argument. 

The sample program ModernArt Illustrates the use of these 
procedures. ModernArt calls the random number function and then draws 
three rectangles and three ovals of random size at random positions on the 
screen. The program Is shown In listing 12.8. One of the executions of 
ModernArt, showing great balance, bold Imagination, and deep suffering, Is 
shown In figure 12.9. Another lllustratton of these notions is shown In 
11st1ng 12.9. The program given there, AnlmatedBox, moves a box across 
the screen by repeatedly painting and erasing rectangles. Notice that 
SetRect Is In the loop and that the size of the box is constantly growing. 
Since AnlmatedBox Involves animation, you have to run It for yourself. 

Reading the Mouse 

Whl le not actually Included in Macintosh's OulckDraw routines, we 
present two built-Ins that can be used In conjunction with the graphics 
routines to produce some Interesting results. These two routines ·read" 
and report on the state of the mouse. 
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The Button function 
Fonnat: Button. CNo Parameters) 
Result: Button Is a Boolean function that returns True only If the 

button on the mouse Is currently being pressed. 

The GetMouse procedure 
Format: GetMouse(X,Y) where x and Y are Integer variables. 
Result: GetMouse sets X and Y to the current coordinates of the 

mouse. X Is, of course, the horizontal coordinate and Y Is the vertical 
coordinate of the mouse's current location. 

program ModernArt; 
(This program uses Random to draw three rectangles and ovals.} 

var 
Size, Box, Oval : Rect; 
Loop, Width, Length, Top, Left: Integer; 

procedure SetSlzes <var Width, Length, Top, Left: Integer); 
begin 

Width := Random mod 150; 
Length := Random mod 200; 
Top:= Random mod 200; 
Left := Random mod 300 

end; {Definition of procedure SetSlzes} 

begin 
SetRectCSlze, o, 20, 527, 357); 
SetDrawlngRectCSlze); 
ShowDrawlng; 
for Loop := I to 3 do 
begin 
SetSizes(Width, Length, Top, Left); 
SetRect<Box, Left, Top, Left+ Length, Top+ Width); 
FrameRect<Box); 
SetSlzesCWldth, Length, Top, Left); 
SetRect<Oval, Left, Top, Left + Length, Top+ Width); 
Frameoval(Oval); 

end (For} 
end. 

Listing 12.8 
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Ftgure 12.9 

program AnlmatedBox; 
(This program moves a box across the screen.} 

var 
Box: Reel; 
Top, Left, Size: Integer; 

begin 
SetRect(Box, 0, 20, 527, 357); 
SetDraw ingRect(Box); 
ShowDrawing; 
Top:= O; 
Left:= O; 
for Size:= 20 to 80 do 
begin 

Graphics and !DIDI 

SetRect(Box, Left, Top, Left+ Size, Top+ Size); 
PaintRect(Box); 
EraseRect<Box); 
Top:= Top+ 5; 
Left := Left + 5 

end 
end. 

Llsttng 12. 9 



Graphics end Sound 403 

The program Sketch of listing 12.10 Illustrates the use of Button and 
GetMouse, along with some of the graphics routines, to tum the Macintosh 
Into a sketch pad. 

program Sketch; 
(This program uses the mouse to turn the Mac into a sketch pad.) 

var 
Size: Reel; 
X, Y: Integer; 

begin 
SetRect(Size, 0, 20, 527, 357); 
Setoraw lngRect(S ize ); 
ShowDrawing; 
MoveTo( I 0, 20); 
DrawString('Stop'); 
SetRect(Slze, 0, 0, 50, 30); 
FrameRect(Size); 
Moveto(30, 320); 
DrawStrlng('Hold button to draw. Click In Stop box to stop.'); 
repeat 

while not Button do (Wait for mouse click.) 
; (Do Nothing} 

GetMouse(X, Y); 
MoveTo(X, Y); 
while Button do (Draw until button released.) 
begin 

GetMouse(X, Y); 
LirieTo(X, Y) 

end; 
GetMouse(X, Y) 

until (X < 50) and (Y < 30) 
end. 

Listing 12.1 O 

We want to draw whenever the mouse button Is held down and not draw 
otherwise. Hence, we use two wh11e statements Inside a big repeat 
until. The first while does nothing until the button on the mouse ts 
depressed. When the button Is depressed, then the now or control exits 
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from the while. Hence, all the first while does Is wait for the button to 
be pressed. The second while loops while the button Is held down, uses 
GetMouse to find the mouse, and uses UneTo to draw a line to the mouse's 
current location. These two while statements then repeat unless the 
mouse Is In the little stop box drawn at the top or the screen. The authors· 
artistic ability Is demonstrated using program Sketch In figure 12.1 O 

,. s File Edit Search Run Windows 

.. Hold button to drow. Click in Stop box to stop . 

Figure 12.10 

General Ing Sound 

To go along with Its dazzling graphics package, the Macintosh also has 
an extensive sound capability. There are three different sound 
synthesizers that we can use. These are: 

I. The four-tone synthesizer, for making harmonic tones with up to 
*four voices· simultaneously. 

2. The free-form synthesizer, for creating speech and complex music. 
3. The single, square-wave synthesizer for producing simple tones. 

All three synthesizers are accessed through built-in procedures. The first 
two synthesizers are quite complex to use and so we will not discuss them 
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tn thts book. but instead refer the reader to the Mactntosh Pascal 
Reference Manual. However. we do mention that the concepts needed to 
work wtth these procedures are covered in thts book (although the pointer 
type Is not discussed until the last chapter) and so the reader who ts 
wtlltng to fight through the manual should be able to use the fancier 
synthesizers. We ltmtt our dlscusston to the square-wave synthesizer. 

To access the Macintosh's square wave synthesizer. all we need to do 
ts tnvoke the butlt-tn procedure Note to produce a single tone. A call to 
Note Is of the following format: 

NoteCFrequency. Amplitude. Duration) 

where Frequency ts of type Integer (although the manual says Longlnt>. and 
Amplftude and Duration are values In the subrange 0 .. 255 of Integer. The 
value of Frequency determines the pttch of the tone, Amplitude controls 
the volume. and Duration controls the length of the tone. The smaller the 
value of Amplitude, the lower the volume Is. Duration Is measured In 6oths 
of a second. Table 12.1 shows some approximate frequencies to use to 
generate the various notes of a piano keyboard. We point out that the table 
can be easily extended to higher Clower> frequencies by multiplying 
(dividing) the last Cftrst> table entry by 1.05946. 

First Octave Second Octave 

liQli Frequency liQli Freauency 

c 131 (Middle) C 262 
c• 139 c• 277 
D 147 D 294 
o• 156 o• 311 
E 165 E 330 
F 175 F 349 
F· 185 F• 370 
G 196 G 392 
G• 208 G• 415 
A 220 A 440 
A• 233 A• 466 
B 247 B 494 

c 523 

Table 12.1 
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The simplest way to use the table Is to create a text me containing 
the frequencies or the notes we want to play. Then whenever we want to 
play some music, we can read the frequencies into an array In memory and 
access them directly. The text me Notes on the sample disk contains the 
frequencies that are listed In the table. The simple program Mary in 
listing 12.11 plays a primitive version or "Mary Had a Little Lamb: The 
program works by reading from a text me Numbers the sequence of notes 
that we want to play. That Is, a 3 in Lamb means that we want to play the 
third note listed In table 12. 1. 

program Mary; 
(This program plays "Mary Had A Little Lamb" by reading the ) 
(26 numbers from the text file 'Lamb' that represent the ) 
(frequencies of the notes for the song. The frequencies them-) 
[selves are read from the text file Notes. ) 

var 
Notes, Lamb: Text; 
Key: array[ 1 .. 26) of Integer; 
Freq: array[ 1 .. 25) of Integer; 
I: Integer; 

begin 
Reset(Lamb, 'Lamb'); 
Reset(Notes, 'Notes'); 
for I := 1 to 25 do 
Read(Notes, Freq[I]); 

for I := I to 26 do 
Read(Lamb, Key[I]); 

for I := I to 26 do 
Note(Freq[Key[I]], 7, 30); [This loop actually "plays· the song) 

(via the call to the built-in procedure Note. The 7 controls the) 
(volume and the 30 controls the duration. ) 

Close(Lamb); 
Close(Notes) 

end. 

Listing 12.11 
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We counted the notes that we need to play the song--that Is why 
there Is a loop from 1 to 26. This Is, of course, not very general and we 
will Improve on our "playing ab111ty• as we progress through this section 
of the chapter. Our rendition of "Nary" Is not very good because all notes 
are played with the same duration. A simple-minded way of fixing this Is 
to reaHze which notes need to be held longer On "Mary· we should hold the 
7th, 1 Oth, and 13th notes twice as long as an the others> and then "fudge" 
the ror loop by breaking It up Into several smaller ror loops. So we could 
change the body or the program of Hstlng 12.11 to have the following 
structure: 

for Tone:= 1 to 6 do .... (Play first 6 notes) 
(Play 7th note) 
for Tone:= 8 to 9 do .... (Play notes 8 and 9) 
(Play 1 Oth note) 
for Tone:= 11 to 12 do .... (Play notes 11 and 12) 
(Play 13th note) 
for Tone:= 14 to 26 do ... (Play the rest of the notes) 

Again, this "band-aid" Is far too clumsy to use In any sort of complex song 
so we develop a better way to play songs. 

To hear how nice our general method sounds, run the program 
Composer and load and play the song Solf from the sample disk with this 
book. This song, Solfeggletto, ls a nice example for the square wave 
synthesizer because It Is one of the few classical pieces that Is played 
almost entirely with single notes. We will explain later how the program 
Composer was written. 

Now we develop our song-playing capability. As a special bonus, we 
add a song-writing capability that allows us to compose our own works or 
allows us to ·copy· songs from a piece of music. Thus, very little musical 
ability Is required to ·write• songs. 

To get us In the proper mood, we use the graphics package to create 
our own piano keyboard. If you do not like our keyboard (for example, 
because It doesn't show enough keys>. we urge you to make your own. Look 
ahead to figure 12.11 to see our keyboard. A few comments should prepare 
you for the program Plano of listing 12.12. The white keys are drawn with 
some vertical lines. To draw the black keys, we use a procedure that 
draws a black rectangle and nested loops (to get 2 black keys, then 3 black 
keys) to get them In the correct positions. 

Now that we have our new piano, let's play it. How? With the mouse! 
We let the position of the mouse determine which key we want to press. 
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First, we read the frequencies corresponding to the white keys Into an 
array White and the frequencies of the black keys Into an array Black. 
Then, when we place our mouse on the fourth white key, for example, we 
call the Note procedure with a frequency of Whlte[4). We make two 
simplifying assumptions. Since the mouse position determines the notes 
that are played, we require the mouse to be on the lower part of the screen 
to play the white keys. That Is, we can't play the white keys while up In 
the "black" area (even though we may actually be on a white key). This 
allows us to divide the screen essentially In half, so that the Y-coordlnate 
of the mouse position can tell us Immediately which color of key we are 
pressing. The x-coordlnate determines which key. With the white keys, 
this is easy, since we can divide the screen (from left-to-right) Into 15 
equal pieces. We would like to do the same thing for the black keys. That 
Is, since there are Io black keys, If the mouse Is In the third tenth from 
the left end of the screen, we would like to play the third black key. 
However, because of the Jack of perfect symmetry among the black keys, 
such a simple-minded solution won't quite work. It will, however, If we 
Insert three Invisible black keys. These keys won't play any tones, but 
they cause the black keys to be uniformly distributed over the keyboard. 
The text file Scale contains the frequencies of the keyboard, much like the 
file Notes, except that the Information In Scale Is arranged In the order: 

15 white frequencies 

2 black frequencies 
very high frequency 

3 black frequencies 
very high frequency 

2 black frequencies 
very high frequency 

3 black frequencies 

The very high frequencies are undetectable by human ears, so If we try to 
play one of our Invisible black keys, we hear an "Invisible" note. The 
program In listing 12.12 reads the frequency Information from Scale, 
determines the key to be played based on the position or the mouse, and 
then actually calls the Note procedure when the mouse button ls pressed. 
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program Plano; 

const 
Amp .. 7; 
Dur .. 32; 
Width= 32; 
Depth= 180; 

type 
List = array( 1 .. 15] of Integer; 

var 
White, Black : List; 
X, Y, Tone: Integer; 

procedure Instructions; 
var 
TextWlndow: Rect; 

begin 
SetRectCTextWlndow, 16, 20, 500, 120); 
SetTextRect(TextWlndow ); 
ShowText; 
wrlteln('Polnt mouse at key and press button.'); 
wrlteln('To play a white key, point at the lower half of the key.'); 
write In; 
wrlteln('Use HALT from the PAUSE menu to halt this program.') 

end; (Definition of procedure Instructions) 

procedure lnttScreen; 
var 

R: Rect; 
begin 

SetRect(R, 16, 20, 496, 320); 
SetOrawlngRect(R); 
ShowOrawing 

end; (Definition of procedure lnltScreen) 

{ Cllnlinlllld) 
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procedure DrawWhlteKeys; 
var 

Key: Integer; 
begin 

MoveTo(O, 125); 
for Key:= 1 to 14 do 
begin 
Move(Width, 0); 
Ltne(O, Depth); 
Move(O, -Depth) 

end; 
llneTo(O, 125) 

end; [Definition of procedure OrawWhiteKeys) 

procedure BlackKey (var Key: Integer); 
var 

Black : Rect; 
Lap : Integer; 

begin 
Lap :• Width div 4; 
Key:= Key+ I; 

Graphics and S04Di 

SetRect(Black, Key* Width - Lap, 125, Key* Width + Lap, 220); 
PalntRect(Black) 

end; [Definition of procedure BlackKey) 

procedure DrawBlackKeys; 
var 

Key, Group, Pair, Triple: Integer; 
begin 

Key:= O; 
for Group := 1 to 2 do 
begin 
for Pair := 1 to 2 do 
BlackKey(Key); 

Key:= Key+ I; 
for Triple := I to 3 do 
B lackKey(!<ey ); 

Key:" Key+ I 
end 

end;[Deflnltlon of procedure OrawBlackKeys) 

(Conlinlllld) 
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procedure ReadTones; 
var 
Scale: Text; 
Index : Integer; 

begin 
Reset(Scale, ·scale'); 
for Index := I to 15 do 
Read(Scale, Whlte(lndex)); 

for Index := I to 13 do 
Read(Scale, Black[lndex)); 

Close(Scale) 
end; (Definition of procedure ReadTones) 

procedure PlayNote; 
var 

X, V: Integer; 
begin 

GetMouse(X, V); (Read Mouse) 
If V > 220 then 
begin 
X := X div Width+ I; 
tf X <I then 
X :=I; 

tr X > 15 then 
X:= 15; 

Note(Whlte(X), Amp, Dur) 
end 

else 
begin 
X := (X + 8) div Width; 
If x < I then 
X :=I; 

tr x > 13 then 
X:= 13; 

Note(Black(X), Amp, Dur) 
end (IF) 

end; (Definition of procedure PlayNote) 

( Ctllltlnlllld) 
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,. • file 

begin 
lnltScreen; 
I nstructlons; 
ReadTones; 
OrawWhtteKeys; 
OrawBJackKeys; 
repeat 
while not Button do (Walt for button.} 
; (Nothing} 

GetMouse(X, Y); 
If Y > 125 then 

PlayNote 
until False 

end. 

Listing 12.12 
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Now we add to our capabilities. Pointing to keys with the mouse and 
clicking the notes that we want to play might be amusing for a while, but 
Is much too clumsy for playing anything other than short, slow songs. So 
let us use the mouse to Indicate what sequence of notes we want to play, 
but Instead of just playing them when we click the mouse, let us store the 
sequence of notes to a me on disk (with the name of the song!). When we 
have finished specifying the sequence of notes, we can "play the song· 
often and effortlessly by reading the file. So we modify the Plano program 
to obtain Composer. Composer gives us a menu of rour options. We can 
play the keyboard as in Plano, and then select "Play· to hear our efforts 
played back to us. We may select ·save· to cause Composer to write our 
notes to a text file. The program asks us for the name of the song before 
creating a file. This is how Solf was written. "Load" requests the name of 
a previously stored song and places It Into memory so that we can "Play· 
It. Finally, "Clear" erases the current song from memory so that we can 
start over. In addition to writing the frequencies of the notes to a file, 
Composer also allows us to specify a duration by clicking any of the notes 
drawn above the keyboard. The duration of each note pictured Is half that 
of the note to its right. Thus, to write a song (or copy one from a piece of 
music). click a key and then click a note. The visible execution of 
Composer Is shown In Figure 12.12 

I Plo~ See text for help on using this progroa. 

I Loed 

I Sm The Composer 
I Cleer -~ d 0 

t---, ,......, ...----,--, ......, .-- ...----,--, .-- ...----,--, .-- .-- r-

Figure 12. 12 
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Because of the length of the program Composer, we w111 present It In 
pieces. Some of these pieces receive only short explanatory comments 
because of their similarity to the corresponding portions of Plano. 

program Composer; 

const 
Amp= 7; 
Eighth= 16; 
Fourth= 32; 
Half= 64; 
Whole= 128; 
Width= 32; 
Depth= 180; 

type 
L isl = array[ 1 .. 15) of Integer; 
Music = array[ 1 .. 200) of Integer; 

var 
White, Black : list; 
X, Y, Dur, NumNotes, Tone: Integer; 
Notes, Duration: Music; 
Song : string[20]; 
F: Text; 

procedure lnitScreen; 
var 
R: Rect; 

begin 
SetRect(R, 16, 20, 496, 320); 
SetDrawlngRect(R); 
ShowDrawing; 
SetRect(R, 100, 20, 496, 80); 
SetTextRect(R); 
ShowText; 
Writeln('See text for help on using this program.') 

end; 

( Co111/11111N1) 
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procedure ReadTones; 
var 
Scale: Text; 
Index : Integer; 

begin 
Reset(Scale, 'Scale'); 
for Index:= 1 to 15 do 
Read(Scale, White[lndex)); 

for Index:= 1 to 13 do 
Read(Scale, Blacl<[lndex)); 

Close(Scale) 
end; 

procedure PlayNote <var Tone: Integer); 
var 

X, Y : Integer; 
begin 

GetMouse(X, Y); (Read House} 
If Y > 220 then 
begin 
X := X div W1dth + 1; 
If X < 1 then 
X:= 1; 

If X > 15 then 
X:= 15; 

Tone:= White[X]; 
Note(Tone, Amp, our); 

end 
else 
begin 
X := (X + 8) div Width; 
If X < 1 then 
x := 1; 

If X > 13 then 
x := 13; 

Tone:= Blacl<(X]; 
Note(Tone, Amp, Our) 

end (IF} 
end; 

Listing 12.1 l 

415 
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Listing 12.13 contains the declaration section of Composer and the 
procedures to set up the drawing screen, read the tones from the text file 
Scale, and actually play the notes using the Note procedure. These 
procedures are like the ones In Plano. Note that lnltScreen also writes the 
"help message· to the text window. 

The procedure DrawScreen of listing 12. 14 contains the procedures 
for drawing the keyboard and the rest of the screen. DrawWhlteKeys, 
BlackKey, and DrawBlackKeys are as In Plano. DrawNotes draws the four 
notes above the keyboard, DrawChoices draws the menu boxes, and 
DrawName places "The Composer· above the keyboard. 

procedure DrawScreen; 
procedure DrawWhiteKeys; 
var 

Key: Integer; 
begin 

MoveTo(O, 125); 
for Key:= 1 to 14 do 
begin 
Move(Width, 0); 
Line(O, Depth); 
Move(O, -Depth) 

end; 
LineTo(l, 125) 

end; 

procedure BlackKey (var Key : Integer); 
var 
Black : Rect; 
Lap: Integer; 

begin 
Lap := Width div 4; 
Key:= Key+ 1; 
SetRect(Black, Key* Width - Lap, 125, Key* Width+ Lap, 220); 
PaintRect(Black) 

end; 

(Cont lnu11d) 
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procedure DrawBlackKeys; 
var 

Key, Group, Pair, Triple : Integer; 
begin 
Key:= O; 
for Group:= 1 to 2 do 
begin 
for Pair:= 1 to 2 do 
BlackKey(Key); 

Key:= Key+ 1; 
for Triple:= 1 to 3 do 
B lackKey(Key ); 

Key:= Key+ 1 
end 

end; 

procedure DrawNotes; 
var 
Note: Rect; 

begin 
SetRect(Note, 350, 90, 360, 100); 
Paintoval(Note); 
MoveTo(360, 100); 
LineTo(360, 80); 
LineTo(365, 85); 
SetRect(Note, 380, 90, 390, 100); 
Palntova l(Note ); 
MoveTo(390, 100); 
LineTo(390, 80); 
SetRect(Note, 410, 90, 420, 100); 
FrameOval(Note); 
MoveTo(420, 100); 
LineTo(420, 80); 
SetRect(Note, 440, 90, 450, 100); 
FrameOval(Note); 

end; 

( Ct1111/111111d) 
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procedure DrawChoices; 
var 

Box: Reel; 
begin 
MoveTo(30, 25); 
Drawstring('Play'); 
SetRect(Box, 20, 10, 80, 30); 
FrameRect(Box); 
MoveTo(30, 55); 
DrawString('Load'); 
SetRect(Box, 20, 40, 80, 60); 
FrameRect(Box); 
MoveTo(30, 85); 
Drawstring('Save'); 
SetRect(Box, 20, 70, 80, 90); 
FrameRect(Box); 
MoveTo(30, 115); 
DrawString('Clear'); 
SetRect(Box, 20, 100, 80, 120); 
FrameRect(Box) 

end; 
procedure DrawName; 
begin 

MoveTo( 120, 100); 
TextFace([bold]); 
TextSize(24); 
DrawString('The Composer'); 
TextFace((J); 
TextSize( 12) 

end; 

begin (Body of DrawScreen) 
DrawName; 
DrawWhiteKeys; 
DrawBlackKeys; 
DrawNotes; 
DrawChoices 

end; 

Listing t 2. t 4 
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The procedure Play Is shown In listing 12.15. Play simply calls the 
built-In procedure Note. The frequency Is determined by the key that was 
chosen with the mouse, while the duration Is determined by which of the 
four notes drawn above the keyboard was chosen for that note. 

procedure Play; 
var 

Index: Integer; 
begin 
for Index := I to NumNotes do 
Note(Notes[lndex], Amp, Duratlon[lndex]) 

end; 

Ust1ng 12. 15 

The remaining procedures of Composer are given In 1 lst Ing 12. 16. 
These procedures handle Composer's remaining menu options. Save writes 
Information to a text file. The user Is requested to enter a name of a song 
from the keyboard. This name Is stored In the string variable Song, which 
Is used In the Rewrite statement of Save. 

Load reads Information from a text file. As with Save, Load also asks 
for the name of a previously saved song. This name Is, of course, used In 
the Reset statement. 

DecideAction determines the position of the mouse on the screen and 
calls the appropriate menu procedure. Note that there is no Clear 
procedure. We simply set NumNotes equal to O In DecldeActlon If the 
mouse Is clicked In the Clear box. The last tf...then statement of Decide­
Action also determines the duration of the note, again by monitoring the 
mouse position. 

Finally, the main program Is given In listing 12.17. Notice how simple 
It Is. All the work Is accomplished In the procedures. Because of this 
modularity, Composer Is very easy to modify. We simply change the 
procedures that need changing and leave the rest of the program alone. 

We make some final remarks about Composer. Because of memory 
limitations with a 128K Macintosh, Composer can only handle songs of 200 
notes or Jess. In fact, after running Composer several times, you may 
receive an "Insufficient memory· error. In this case, tum off your 
Macintosh and start all over. Finally, because of the memory limitations, 
our Composer program is as compact as we could make It. This explains 
the lack of comments within the routines themselves. 
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procedure Save; 
var 

Index: Integer; 
begin 

Wrlteln('Enter name of song (RETURN):'); 
Read In( Song); 
Rewrite(F, Song); 
for Index:= 1 to NumNotes do 
begin 

Write(F, Notes[lndex]); 
Write(F, Duration[lndex]) 

end; 
Write(F, 0); 
Close(F) 

end; 
procedure Load; 
var 

Freq : Integer; 
begin 

Writeln('Enter name of song (RETURN):'); 
Readln(Song); 
Reset(F, Song); 
NumNotes := O; 
ReadCF, Freq); 
while Freq <> O do 
begin 

NumNotes := NumNotes + 1; 
Notes[NumNotesJ := Freq; 
Read(F, Duration[NumNotes)); 
Read(F, Freq) 

end; 
Close(F) 

end; 

procedure DecideAction; 
begin 

tf Y > 125 then 
begin 

PlayNote(Tone); 

( Con/111111111) 
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if NumNotes < I 00 then 
begin 
NumNotes := NumNotes + I; 
Notes[Numnotes) := Tone; 
Duration[NumNotes] :=Dur 

end 
end 

else 
begin 
if (X >= 20) and (X <= 80) then 
begin 
y := y div 10; 
case Yof 

I, 2: 
Play; 

4, 5: 
Load; 

7, 8: 
Save; 

10, 11 : 
NumNotes := O; 

otherwise (Nothing) 
end 

end; 
if (Y >= 90) and (Y <= 100) then 
begin 
X := X div 10; 
case X of 

35: 
Dur:= Eighth; 

38: 
Dur:= Fourth; 

41: 
Dur:= Half; 

44: 
Dur:= Whole; 

otherwise {Nothing} 
end 

end 
end 

end; 
Listing 12.16 

i21 
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begin 
lnitScreen; 
ReadTones; 
DrawScreen; 
Dur:= Fourth; 
NumNotes := O; 
repeat 
while not Button do (Wait for button.} 
; (Nothing} 

GetMouse(X, Y); 
DecideAction 

until false 
end. 

Listing 12.17 

We hope that this chapter has been an enjoyable one. The graphics on 
the Macintosh are striking and simple, and the sound capability Is 
remarkable. Those readers who don't quite appreciate these capabilities 
should run one or the better commerclally sold ·arcade" games for the 
Macintosh or "listen· to the Macintosh recite the Gettysburg Address. We 
also hope the reader appreciates the power or programming the 
Macintosh. Although the graphics are stunning, If what you really wanted 
was a "turtle graphics· package to teach programming to small chlldren, 
you essentlally have three alternatives: Do without; buy another computer 
or a commerclally produced turtle graphics package for the Macintosh (at 
a high cost, If one even exists); or program your own package, as we have 
outlined In this chapter. With a little bit or programming sk111 and a lot or 
creativity, you will be surprised at the remarkable things you can do. We 
suggest some projects for you to try In the exercises. 

Exercises 

12.1 Modify the slmulat Ion or exercise 7. 9 so that we can see the man's 
progress from the bar to home or jail. Denote the man by a moving circle, 
and label the bar, home, and jail. 

12.2 Write a program to simulate a typsy turtle that moves In random 
directions for random lengths (I 0-50 units). 
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12.l Wrtte a program that draws a gallows and a person at the gallows. 
Draw the person in six distinct procedures (head, body, 2 arms, 2 legs> so 
that In Chapter 14 we can make a Hangman game. 

12.4 Write a program to allow two players to play Tic Tac Toe on the 
Macintosh. Just by clicking the mouse In the appropriate cell, an X or an O 
should appear. 

12.S Write a game of Pong with J walls (toP and sides) and a moving 
paddle on the bottom of the screen. See figure 12. I J. 

/' 
/ ' 

----
Figure 12.13 

12.6 Write a program to simulate 600 rolls of two dice and display the 
results as a bar graph. 

12.7 Dr. Noble Price of M.l.T. (Mouse Institute of Technology) has spent a 
lifetime studying the behaVlor or animals In mazes. His research Indicates 
that mice are affected by the aroma of the cheese at the end of the maze. 

Jerry 

Tom 

Cheese 

Figure 12.14 
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In fact, the mouse, Jerry, of figure 12.14 rolls a die and moves right If he 
obtains a 1 or 2 on the die. He moves down If he obtains a 3 or a 4, while a 
5 causes him to move left and a 6 makes him move up. Thus, Jerry Is 
biased toward the cheese and should move, In a staggering fashion, from 
the upper left to the cheese In the lower right portion of the diagram. 
Tom, the cat, Is basically lazy and also hates cheese. Thus, Tom moves as 
Jerry except that Tom stays put If he rolls a 2 or a 4. Thus, Tom's 
behavior Is to wander about his starting position, the center of the grid. 
Neither animal leaves the grid. If a move would take an animal off the 
grid, then the move Is disallowed and the animal rolls the die again. Thus, 
for example, Jerry's first move must be either to the right or down. If he 
rolls a 5 or a 6, then he rolls again until he obtains a legal move. 

Write a program to simulate and graphically display the animals on a 
19-by-19 grid. Jerry starts In cell (1, 1), Tom In (10,10). and the cheese In 
(19,19). Run the simulation until a winner Is declared. Of course, Tom 
wins If he and Jerry ever occupy the same cell, while Jerry wins If he 
reaches the cheese without meeting Tom. Use an open oval to denote Jerry 
and a painted oval to denote Tom. Write a ·c· In cell ( 19, 19) to denote the 
cheese. 

12.8 Add graphics to the Russian Roulette problem of exercise 7.7. In 
particular, show the gun, the CLICK or BANG, the bullet if any, and the 
happy or dead player. 

12.9 Draw a helicopter that Is controlled by moving the mouse. If you 
redraw the chopper at the new mouse coordinates, the chopper will jump 
all over the screen. Rather than that, use the current position of the 
mouse to determine how Quickly the chopper moves. That Is, determine the 
new location of the chopper with the statements 

x := x + dX; 
Y := Y + dY; 

where the size and sign of dX and dY are determined by the mouse's 
position on the screen. For example, If the mouse Is In the center of the 
screen, then dX and dY are zero. If the mouse Is In the upper right comer, 
then dX and dY are + 1 o, and so on. Draw a landing pad at the bottom or the 
screen. Can you land without crashing? (You crash If you miss the landing 
pad or If either dX or dY ls larger than 3.) 
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Sets 

ttY PR06RN1 - A gem or algorlstlc precision. 
off erlng the most sUbllme balance between 
compact. efficient coding on the one hand. Ind 
fully commented leglblllty ror posterity on the 
other. 
YOUR PROGRAM - A maze or non sequlturs Uttered 
with clever-clever tricks Ind Irrelevant 
comments. 

Devtrs DP Dictionary 

The f1nal structured type avatlable 1n Pascal 1s the set type. While 
nearly all modern structured languages have arrays and records, very rew 
or them have a set capab111ty. This Is unrortunate because sets are easy to 
use and easy to understand. 

The word "set" has many dlrrerent meanings. In ract, the dictionary 
listing for "set" Is typically one or the longest. In Pascal, a set Is just a 
collection or objects. However, It Is necessary In a programm1ng language 
to place some restrictions on sets. That ts, sets In Pascal are not quite as 
general as sets In mathematics. The major restrictions are: 

1. The elements or a set must all be or the same ordinal type. This 
means that sets cannot contain real numbers, records, or arrays, nor can a 
set contain both 1ntegers and characters. 

2. Sets must be finite. This makes sense because the computer Is a 
finite mach1ne. In ract, each Pascal Implementation Imposes an upper 
limit on the size or any set. Many Implementations Impose a fairly severe 
s1ze limitation or 64, 128, or 256 elements In a set. The documentation 
for Version 1.0 of Macintosh Pascal Is not completely clear as to the set 
size 11mltatlon. However, we have executed programs using sets with as 
many as 10,000 elements. or course, too many large sets wm cause 
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memory problems. We suggest defining subranges, particularly for sets of 
integers, and then using these subranges in set declarations. Specifically, 
do not use "Integer" as the type of a set element. Examples of set 
declarations are given after a discussion of the operations on sets. 

Sets in Pascal are enclosed in square brackets. Although this is the 
same notation for array subscripts, we can always tell from the context of 
a statement what the square brackets mean. There are three basic 
operations performed on sets. These operations are binary operations 
because they take two sets as input and produce a third set as output. 
These operations are: 

Union (denoted in Pascal by "+"): The union of two sets A and B 
consists of all the elements that belong to either A or B. With sets, we 
are only concerned with whether an clement belongs to a set or not. There 
is no concept of belonging to a set "twice." So if an element belongs to 
both A and B, it appears In the union of A and B once. Thus, If A= [ 1,2,3] 
and B = (2,3,4], then A + B = [ 1,2,3,4). 

Intersection (denoted In Pascal by "*"): The Intersection of two 
sets A and B consists of the elements that belong to both A and B. So If A 
= [ 1,2,3) and B = (2,3,4], then A * B = (2,31. Note that there ls the 
posslbtllty that two sets have no elements in common. For example, let c = 
[ 1,2) and D = (3,4]. Since the intersection of two sets results in a set, 
what set is C * D? This is the set that contains no elements, called the 
empty set. In Pascal, the empty set is denoted by"(]". So, C * D = []. 

Difference (denoted In Pascal by "-"): The difference of two sets, 
written A - B, ls the set that contains the elements of A that do not belong 
to B. In other words, to form A - B, simply remove from A any elements 
that also belong to B. So If A= (1,2,3,4,5] and B = (3,4,5,6,7], then A- B = 
[ 1,2]. 

In addition to the three binary operations on sets, Pascal also 
provides for some Boolean tests on sets. The first of these is the equality 
test between sets. That is, one may test whether two sets are equal or 
not. Two sets are equal if they contain exactly the same elements. We 
mention here that sets are ·unordered" structures. That Is, the order In 
which the elements of a set are listed ls Irrelevant. So, [ 1,2,3) = (3, 1,2]. 
Additionally, there are two other Boolean tests that apply to sets. These 
are: 
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Subset (denoted in Pascal by "<="): This test involves two sets. A 
set A Is a subset of a set B if every element of A is also an element of B. 
So If A = [ 1,2,3), B = [2,3,4), and C = [2,3, 1,6), then ·A <= a· is False whl le 
• A <= c· ts True. 

Membership (denoted In Pascal by "In"): This test involves an 
element and a set. The result of the test Is True If the element belongs to 
the set, and False If the element is not a member of the set. For example, 
If A is a set of Integers with current value [ 1,2,3) and if X and V are 
Integer variables with current values 2 and 5 respectively, then ·x in A" Is 
True, ·v tn A" is False, and "(V-X) In A" ts True. This last example shows 
that the element in question does not have to be a variable, but can be any 
expression whose type is the same as the members of the set in question. 

Remarks 

There are two common sources of syntax errors among beginning 
Pascal programmers when working with sets. The first of these deals 
with confusion between the "in" and the"<=" relations. Remember that <= 
stands between two sets while in stands between an element and a set. 

The second difficulty is in testing if an element X is not a member 
of a set A. Many beginners write an incorrect test 1 ike this: 

if X not in A then ... 

This is, of course, wrong because not is an operator that takes a single 
Boolean Input Ca value that is either True or False) and reverses it. In the 
above formulation, an attempt is made to apply the not operation to "in 
A", which is certainly not a Boolean value< since It isn't even a complete 
expression). What is needed is the membership test applied first, giving a 
True or False value, and then the not applied to this. But there is still a 
chance for error as many beginners then write a second incorrect 
version: 

If not X in A then ... 

The reason that this is still wrong is that the not operator has the highest 
precedence of all Pascal operators. This means that the not operator is 
always applied as soon as possible. So the system tries to perform ·not x·, 
which again is nonsense <unless X happens to be a Boolean type, which is 
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usually not the case). So parentheses are necessary and the correct syntax 
Is: 

If not (X in A) then ... 

Set types/variables are defined/declared using the keywords set and 
of. We give several examples below, but first we point out that the 
subrange notation,· . .", introduced in Chapter 8 can also be used with sets. 
So the sets [1,4,5,6,7,9, 10] and [1,4..7,9, 10] are the same sets. 

type 
Digits= set of '0' . .'9'; 
Uppercase .. set of 'A' . .'Z'; 
Colors= (Red, Violet, Blue, Green, Yellow, Orange); 

var 
Nums: Digits; 
Numbers: set of 0 .. 9; 
Small : set of 1..5; 
Rainbow : set of Colors; 
Letters: Uppercase; 

Some remarks are in order. We point out that Nums and Numbers are two 
sets with different types of objects. The elements of Nums are characters 
while the elements of Numbers are integers. It is important to realize that 
the variable declaration for Small is like any other variable declaration in 
its effect, that of simply naming a variable and telling what Its type Is. 
Small is not a set containing the Integers from 1 to 5, as many beginners 
seem to think It is. Small is a set that ls permitted to contain only the 
Integers from 1 to 5, but the variable declaration does not assign any 
value to Small. This must be done with an assignment statement. So If 
the first statement In the body of the program were 

Small := [ 1,3,5); 

then Small would In fact contain the odd integers from 1 to 5. 
We mention again the difference between defining type names and 

then declaring variables using the type names (as ls done with Letters 
above) and declaring variables anonymously, i.e., without using a type name 
(as Is done with Numbers). The difference Is that anonymous variables 
may not be used as the inputs to procedures and functions since arguments 
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and parameters must have type names. So If we wanted Numbers to be the 
Input to some function, we would need to define a type name, like 

type 
Values= set of 0 .. 9; 

and then declare 

var 
Numbers : Values; 

Sets as Filters 

A very common problem in programming is examining data to make 
sure It Is of the proper form. An example from Chapter 8 involved reading 
in exam scores from the keyboard and computing a gradepoint average. 
Since typing errors are very likely, a thorough program needs to test each 
input to make sure it Is a legal one, I.e., one of the characters 'A', 'B', 'C', 
·o·, or 'F'. In most languages, this test would be made as follows: 

repeat 
Writeln('Enter the next exam score.'); 
Readln(Score ); 
if (Score< 'A') or (Score> 'F') or (Score= 'E') then 
Writeln('l llegal input. Try again.') 

unttl (Score>= 'A') and (Score<= 'F') and (Score<> 'E'); 

However, in Pascal, such a "filtering out" of bad data is most naturally 
accomplished by using a set because all we are doing is making sure that 
the input belongs to a certain set of values. So with the variable 
declaration 

var 
ValicLGrades: set of Char; 

and the assignment statement 

ValicLGrades :=('A' .. ·o·, 'F']; 

the above loop can be written as 
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repeat 
Wrlteln('Enter the next Score.'); 
Readln(Score ); 
If not(Score In ValicLGrades) then 

Wrlteln('l llegal input. Try again.') 
untt1 Score in ValicLGrades; 

Sets 

As another example, suppose we wanted to read some text from a file 
and count the number of words. We assume that the text contains only 
letters, digits, blanks, and the following punctuation symbols: , ! . ? • ; 

The program In I ist ing 13. 1 counts the words in the text file Typing. 
For simplicity we assume that the file begins with a word and ends with a 
single punctuation mark. 

We now tum our attention to a different use of sets. In these next 
examples, sets are not used as filters, but are used as the natural data 
structure for solving the given problem. In each case, there Is an alternate 
solution that does not employ sets--typlcally an array solution. However, 
it should be clear that the set solution is somehow "better." By this we 
mean that the set solution provides a clearer, less complicated algorithm 
for solving the problem than does the array solution. We repeat our earlier 
advice: "The sooner you start coding, the longer the job will take." In 
other words, the more time spent planning a solution, the better the 
solution will probably be. This does not mean just planning the algorithm, 
but also analyzing the best way to represent the data. Often, the proper 
choice of data structures can make a significant difference in the overall 
solution to a problem. This Is an important lesson for programmers to 
learn. What we hope to illustrate with these examples is that using sets 
to solve these problems makes the programs much easier to write. 

program WordCounter; 
(This program counts the number of words in the text file Typing.) 

var 
AlphaNumeric : set of Char; 
Separators : set of Char; 
Ch: Char; 
ScanningWord: Boolean; 
Count: Integer; 
Wordfile: Text; 

(Cont in1111d) 
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begin 
Reset(Wordfi le, 'Typing'); 
AlphaNumeric := ['A' .. 'Z', ·a·.:z·, '0' . .'9']; 
Separators:=['·, ·:, ·,·, '?', '!', ';']; 
Count:= 1; 
ScanningWord :=True; 
while not EOF(Wordfile) do 
begin 

Read(Wordfile, Ch); 
Write( Ch); 
if (Ch in Separators) and ScanningWord then 
ScanningWord := False; 

if (Ch in AlphaNumeric) and not ScanningWord then 
begin 

ScanningWord := True; 
Count := Count + 1 

end 
end; (While} 

Write In; 
Write In; 
Writeln('There were·, Count: 3, ·words in the text file Words.') 

end. 

Listing 1J.1 

Examples 

Soggies. the Breakfast of Programmers 

4Jl 

Every box of Soggles breakfast cereal contains one of 10 different 
prizes. If the prizes are distributed at random, on the average how many 
boxes of cereal must you purchase to acquire all 1 O different prizes? 

We solved this problem in Chapter 9 using arrays. Again, we generate 
a random integer between 1 and IO to simulate winning one of the IO 
prizes. We stop when we have won all 1 O prizes. Using sets, we start 
with the empty set (the set of prizes won so far), each time we win a 
prize, we add the number of that prize to the set (using set union), and we 
quit purchasing boxes of cereal when the set equals [ 1 .. 1 O]. Note that sets 
are a natural structure for this problem because of the nature of set union. 
If we win a prize for the second or third or subsequent time, It does not 
hurt anything to "add" that prize number to the set again. The solution to 
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the problem, which simulates 20 different people purchasing boxes of 
Soggles until each has obtained all 1 o prizes, Is given In listing 13.2. Try 
to predict the average before running the program. 

program SetSoggles; 
(This program uses sets to solve the Soggles problem.} 

const 
Experiment = 20; 

type 
Numbers = 1 .. IO; 

var 
Prizes: set of Numbers; 
Premium: Numbers; 
Count, Trials, Total : Integer; 
Average: Real; 

begin 
Total:= O; 
for Trials:= 1 to Experiment do 
begin 

Prizes:=[]; (Initialize Prizes to the Empty set.} 
Count:= O; 
repeat 

Premium := Random mod 1 o + 1; 
Prizes := Prizes + [Premium); 
Count := Count + 1 

untl I Prizes = [ 1..1 OJ; 
Wrlteln('lt took·, Count: 2, ·boxes to get them all.'); 
Total := Total + Count 

end; (For} 
Average:= Total I Experiment; 
Write In; 
Wrlteln('The average was·, Average: 5: 2, ·boxes to get all 10 prizes.') 

end. 

Listing 13.2 

The above solution is quite straightforward but there are some 
Important comments to make. The variable Premium takes on random 
values between I and IO representing the prize won. It is this value that 
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needs to be added to the set of Prizes. This is accomplished using set 
union. Recall that set union is an operation applied to two sets. 
Therefore, the brackets around Premium are absolutely necessary. If 
Premium is a Number, then [Premium] is a set consisting of one Number. 
Beginners often write the syntactically incorrect statement 

Prizes := Prizes + Premium 

which generates a type incompatibility error. Also note that the use of 
the empty set as the initial value of the set of prizes is similar to the use 
of 0 to initialize "running" sums and counters. 

The next example is one of our favorites. It demonstrates very 
clearly the Importance of using the appropriate data structure. It is also 
complex enough that a divide-and-conquer approach using procedures and 
functions is helpful in solving the overall problem. Finally, the finished 
product Is an entertaining and challenging number game for one player to 
play against the computer. 

The Game of Taxman 

This is a one-player number game designed by Diane Resek. The player 
chooses how many numbers (positive integers) are in the game, from 1 up 
to some upper limit. During the course of the game, the player and the 
computer each accumulate a total. The object of the game is for the 
player to accumulate a larger total than the computer, hereafter referred 
to as the Taxman. 

The player's total accumulates simply by selecting one of the numbers 
left In the game. The Taxman then gets all the numbers left in the game 
that divide evenly Into the player's chosen number. Once numbers are used 
(either by the player or the Taxman), they are removed from the game. 

There Is one major restriction on the numbers that the player may 
select. As In real life, the Taxman must always get something, so the 
player can never select a number unless at least one proper divisor of that 
number remains In the game. Once no numbers with divisors remain Cat the 
end of the game), the Taxman gets all the numbers left and the game Is 
over. 

For example, suppose the game Is played with the numbers I, 2, 3, 4, 
5, and 6. If the greedy player chooses 6, then the Taxman gets all the 
divisors of 6, namely 1, 2, and 3. But now the only numbers left in the 
game are 4 and 5. Neither has a divisor left in the game, so the Taxman 
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gets those also and wins 15 to 6. However, If the player Is a bit smarter 
and chooses 5 first, the player gets 5 and the Taxman gets 1. Now the 
numbers remaining are 2, 3, 4, and 6, and the smart player chooses the 4 
(before the 6), giving the Taxman 2. Finally, the player chooses 6 and wins 
15 to 6. When played with more than 50 numbers, the game can be quite 
challenging. Beginners are often surprised at the treasures they give the 
Taxman after a seemingly Innocent choice. 

An array solution to the Game of Taxman Is certainly possible and Is 
usually required In a language without sets. However, with arrays, there 
Is a bothersome detail In the algorithm, namely testing If the game should 
be terminated, I.e., discovering when there are no numbers with divisors 
left In the game. Array solutions typically use a component of 1 to denote 
that a number Is still left In the game and a O to denote that a number has 
been removed from the game. How, then, Is the En<LoLGame condition 
noted? The array must be scanned looking for a number left In the game, 
and then the divisors of that number must be examined to see If any of 
them Is left. If none remains, then another number remaining In the game 
must be located and a similar test applied to its divisors. This looping and 
testing can become quite tedious, and the algorithms often become 
unnecessarily comp Jicated. 

However, when one considers utilizing sets, some new Ideas spring 
forth. Although these ideas can be implemented In the array solution, it Is 
Interesting that the ideas seem to come to programmers who are thinking 
about sets in the first place. The point to be made here is that it Is 
important to be thinking about solving the problem in its most natural 
setting and not about how to manipulate arrays. 

Suppose the game consists of the numbers from 1 to N. Then the only 
Integers that can ever qualify as divisors are 1 to N div 2, and, in fact, 
each of these numbers will be the divisor of some number In the game. 
Place these numbers In a set at the beginning of the program, and each 
time anyone gets a number, remove that number from this pool of possible 
divisors. When this set is empty, the game Is over. 

Another detail handled nicely with sets Is determining whether a 
choice made by the player Is illegal because it has no divisors left in the 
game. The set of divisors of the chosen number can be formed, and If the 
Intersection of this set with the numbers remaining In the game is empty, 
the choice is illegal. 

Since this problem Is more complex than the Soggles problem, we 
present an outline of its solution in pseudo-code. This solution provides 
another example of structured, top-down programming where a sequence 
of small procedures Is used to divide and conquer the original problem. 
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Observe how closely the pseudo-code resembles the main program in the 
Pascal solution. Here Is the pseudo-code: 

Set up the original list of numbers. 
Repeat 

Repeat 
Display the scores and the list of numbers. 
Obtain a choice from the player. 
Form the divisors of that choice. 
If no divisors remain, threaten the player with an audit. 

Until the player makes a legal choice. 
Update the scores. 

Until the player has no legal choices. 
Give the rest of the numbers to the Taxman. 
Determine the winner. 

program Taxman; 
(This program plays the game ofTaxman, a number game} 
( designed by Diane Resek. See text for the rules} 

type 
Number _Set = set of I .. I 00; 

var 
Limit, Choice: Integer; 
Player _score, Taxman__Score : Integer; 
Divisor_Pool, Number _Pool, Divisors: Number _Set; 

procedure SeLUp; 
(This procedure initializes the scores and the pool of numbers.} 
begin 

Taxman__Score := O; 
Player _score:= O; 
repeat 

Writeln('How many numbers do you want to play with?'); 
Writeln('The maximum number allowed is 100.'); 
Readln(Limit) 

until (Limit> I) and (Limit<= 100); 
Number _Pool:= [!..limit]; 
Divisor _Pool := [!..Limit div 2] 

end; (Definition of procedure SeLUp.} 

( Co11t /11u11d) 
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procedure Display_Scores; 
(This procedure shows the scores and the remaining numbers.) 

var 
Index: Integer; 

begin 
Writeln; 
Writeln('Your score: ·, Player_Score: 4); 
Writeln('Taxman : ·, TaxmalLScore: 4); 
Write In; 
for Index:= t to Limit do 

if Index in Number _Pool then 
Write( Index: 4); 

Write In 
end; (Definition of procedure Display_Scores.) 

procedure Obtain (var Choice: Integer); 
(This procedure loops until the player makes a legal choice.} 

begin 
repeat 

Writeln; 
Write('What is your choice? '); 
Readln(Choice ); 
if not (Choice in Number_Pool) then 
Writeln('Try that again and I will have you audited!'); 

unti I Choice in Number _Pool 
end; (Definition of procedure Obtain.} 

procedure Form_Divisors (Choice: Integer; 
var Divisors: Number _set); 

(This procedure builds the set of divisors of the player's number.} 

var 
Index: Integer; 

begin 
Divisors := []; 
for Index:= 1 to Choice div 2 do 

if (Choice mod Index = 0) and (Index in Divisor _Pool) then 
Divisors := Divisors + [Index] (Set union with singleton set} 

end; (Definition of procedure FormJ)ivisors.} 

( Co111/11u11d) 
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function Sum (Nums : Number -5et) : Integer; 
(This function sums the elements of the set Nums.} 

var 
Index: Integer; 
Total : Integer; 

begin 
Total:= O; 
for Index := I to limit do 

if Index in Nums then 
Total := Total + Index; 

Sum:= Total 
end; (Definition of function Sum.} 

procedure Update_Scores (Choice: Integer; 
var Divisors : Number _Set); 

(This procedure adds the choice to the player's score and all of} 
(its divisors that remain in the game to the Taxman·s score.} 

var 
Index: Integer; 

begin 
Player _score := Player _score + Choice; 
Taxman_Score := Taxman_Score + Sum(Divisors); 

[Now, remove Choice and its Divisors from the game) 
Divisor _Pool :=Divisor _Pool - [Choice]; 
Number _Pool := Number _Pool - [Choice]; 
Divisor _Pool := Divisor _Pool - [Divisors]; 
Number_Pool := Number _Pool - !Divisors); 
Write In; 
Write('The Taxman gets: '); 
for Index := I to Choice div 2 do 
if Index in Divisors then 
Write( Index: 4); 

Write In 
end; (Definition of procedure Update_Scores.) 

( C1111l /1111ed) 
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procedure Determine_Winner; 
[This procedure decides who won and prints the final score.} 

begin 
Writeln; 
Writeln; 
if Taxman_Score > Player _Score then 
Writeln('The Taxman won -- as usual.') 

else if Player_Score > Taxman_Score then 
Writeln('You won -- expect an audit soon.') 

else 
Writeln('The game ended in a tie.') 

end; [Definition of procedure Determine_Winner.} 

begin [Body of Main program Taxman.} 
SeLUp; [Initialize the list of numbers.} 
repeat 
repeat 

Disp lay_Scores; 
Obtain(Choice); 
Form_Divisors(ChOice, Divisors); 
if Divisors= []then 

Writeln('Don"t try to cheat the Taxman!') 
unt ii Divisors <> []; 
Update_Scores(Choice, Divisors) 

until Divisor_Pool = Il; 
Writeln; 
Writeln('No factors remain, the Taxman takes all.'); 
Taxman_Score := Taxman_Score + Sum(Number_Pool); 
Number _Pool := []; 

Display_Scores; 
Determine_ Winner 

end. 

Listing IJ.J 

Sets 

The Pascal solution is given In listing 13.3. It should be read 
"bottom-up." That Is, the reader should first read the main program at the 
bottom of the listing to see the overall strategy of the solution. Then, as 
each procedure or function Is Invoked, the details of that particular 
procedure or function can be examined. Run the program and see if you can 
beat the Taxman with 50 numbers In the game. 
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The last example of the chapter points out that although the elements 
of a set must be of some simple, ordinal type, the components of other 
structured types can in fact be sets. For example, we can declare arrays 
of sets or records with set components. Such a scheme can be very useful, 
particularly In applications related to Graph Theory. Graph Theory Is an 
area of discrete mathematics that is becoming Increasingly important. A 
graph Is simply a set of points with some pairs of the points joined by 
edges. Graphs are very useful in representing various kinds of data. 
Examples include communications networks, transportation networks, 
relationships between pairs of people in a psychological study, and 
relationships between resources and users of a multi-user computer 
system. 

The Hierarchical Company 

The example we wish to consider is the following: The employee 
records of the Hierarchical Company contain an employee identification 
number and the Identification number of the employee's Immediate 
supervisor. The president of the company has employee number l and, of 
course, no supervisor. We present a program that reads in each employee's 
number, except for the president, followed by the number of the immediate 
supervisor of that employee. The program then prints out a summary 
listing all the subordinates of each employee. 

For example, suppose the graph in figure 13.1 represents the 
supervisor/subordinate relationships between the company's employees. 

2 1 

3 6 5 

Figure 13. I 
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The input corresponding to the graph of figure 13. I might be as follows: 

5 7 
7 I 
2 I 
6 4 
3 2 
4 I 

The pertinent output In this case would be: 

The subordinates of Employee I are: 2 3 4 5 6 7 
The subordinates of Employee 2 are: 3 
The subordinates of Employee 3 are: None 
The subordinates of Employee 4 are: 6 
The subordinates of Employee 5 are: None 
The subordinates of Employee 6 are: None 
The subordinates of Employee 7 are: 5 

Now suppose the relationships are given by the graph in figure 13.2. 

1 

4 

Figure 13.2 

Then the input might look like this: 

2 1 
4 3 
5 3 
6 5 
7 I 
3 2 

1 
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The pertinent output would be: 

The subordinates of Employee 1 are: 2 3 4 5 6 7 
The subordinates of Employee 2 are: 3 4 5 6 
The subordinates of Employee 3 are: 4 5 6 
The subordinates of Employee 4 are: None 
The subordinates of Employee 5 are: 6 
The subordinates of Employee 6 are: None 
The subordinates of Employee 7 are: None 

441 

To solve this problem, we use an array of sets. The array contains a 
component for each employee. Each of these components Is a set that 
represents the subordinates of that employee. Whenever we read an 
employee's number, followed by the supervisor's number, we do the 
following: 

1. Place the subordlnate's number Into the supervisor's set. 
2. Add the subordlnate's set Into the supervisor's set. 
3. Add the supervisor's set (since It has now possibly changed} Into 

any set that contains the supervisor's number. 

The solution shown In listing 13.4 obtains the structure of the company 
from the user at the keyboard, who enters Worker, Boss pairs for the graph 
In question. The user enters O, O to terminate the Input. Run the program 
and enter either of the graphs given In figures 13.1 and 13.2, or any other 
graph of your choosing. Note that the pairs may be entered In any order. 

Summary 

Although sets are rare among programming languages, they are an 
Important part of the Pascal language. The filter example certainly makes 
a strong case for using sets to validate input. But not only are sets 
convenient to use, they are easy to understand. Beginning programmers 
tend to have more success (at least less trouble} understanding sets than 
understanding arrays or records. Sets also give the programmer more 
options for structuring data, and the more options available, the more 
natural the algorithm for solving a problem Is likely to be. We Invite those 
readers who are not convinced of this to write their own array version of 
Taxman and compare the readability of the array version with the set 
version. 



442 

program Hierarchy; 
(This program lists the subordinates of each employee.) 
const 

Company_Size = IO; 
type 
Subordinates = set of I .. I 00; 

var 
Superiors: array[ I .. Company_Size] of Subordinates; 
Worker, Boss: Integer; 
Person, Individual : Integer; 

begin 
for Person:= 1 to Company_Size do 
Superiors[Person] := []; 

Writeln('For this program we assume a maximum of I 0 employees'); 
Writeln('numbered from I to 1 O.'); 
Writeln('Please enter two numbers giving a worker and boss pair.'); 
Readln(Worker, Boss); 
while Worker<> Odo 
begin 

Sets 

Superiors[Boss] := Superiors[Boss] + [Worker]+ Superiors[Worker]; 
(Add the Worker and all of the Worker's subordinates to the Boss's set) 

for Person := 1 to Company_Slze do 
If Boss in Superlors[Person) then 
Superiors[Person] := Superiors[Person] + Superlors[Boss]; 

(Add the Boss's set to the set of anyone superior to the Worker's Boss} 
Writeln('Please enter two numbers giving a worker and boss pair.'); 
Writeln('Enter "O O" to terminate the Input.'); 
Readln(Worker, Boss); 

end; 
for Person := I to Company_Slze do 
begin 

Write('The subordinates of Employee ·, Person: 2, · are: '); 
if Superiors(Person] =(]then 
Write('None') 

else 
for Individual := 1 to Company-5ize do 
tf Individual In Superlors(Person] then 
Write(lndividual : 3); 

Write In 
end 

end. 
Listing 13.4 
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Exercises 

13.1 Write a sets version of the program Keys (Chapter 11) that reads 
the text file Typing and compares the Qwerty and Dvorak keyboards. 

13.2 Our program Hierarchy outputs information for ten employees even 
if there are only seven employees. Modify Hierarchy so that it reports the 
subordinates of an employee only If that employee's number was entered. 

13.3 (Primes Revisited) If a whole number is not prime, then it must 
have a prime divisor less than or equal to Its square root. Since Maxint ts 
32,767 and Its square root Is 181.01657, any odd Integer represented tn 
Macintosh Pascal must be either prime or divisible by some prime between 
3 and the largest prime less than or equal to 181. 

Write a procedure that generates the set of odd primes through 181. 
Notice that since the square root of 181 Is 13.45362, you need only use the 
divisors 3,5, 7, 11, and 13 to generate the primes less than or equal to 181. 

Write a function Prime that uses the set generated above to test for 
primehood any large odd integers entered by the user. 

13.4 Write a program that reads a sentence from the keyboard and 
provides three 1 lsts: 

1. All the letters included in the sentence. 
2. All the letters excluded from the sentence. 
3. All the letters Included exactly once in the sentence. 

Remember that ·A' and ·a· are distinct letters. 

13.5 Everyttme you visit Wendy's you get a piece of a WendyBurger puzzle. 
If you collect all five pieces to complete the puzzle you win a date with 
Clara Pell, the famous ·Where's the Been?· lady. The probability of getting 
each piece is 0.5, 0.25, 0.10, 0.10, and 0.05 respectively. Write a program 
to run twenty trials that simulate the collecting of WendyBurger puzzle 
pieces. How many visits does tt take on the average to win? 
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String Manipulation 

AIBOHPHOBIA - The rear of pallndromes. 
Devn·s DP Dictionary 

computers probably spend more time deal1ng with non-numeric data 
than performing numeric calculations. Computers maintain lists of names, 
addresses, account numbers, and part numbers. Authors write books and 
articles using word processing programs and then store their works on 
magnetic disks. Thus, the programmer must have the ability to manipulate 
character Information In a computer. The Macintosh has a powerful string 
package for manipulating characters. Before we Investigate this, however, 
we will review the facilities available In Standard Pascal. 

The fundamental built-In type ln Pascal for handl1ng characters ls the 
Char type. Recall that variables of type Char consist of only one character. 
That ts, character variables In Pascal are not used to store words, names, 
or addresses. We looked at a few simple examples tn Chapter 8 that used 
the character type. The reader should recall that such simple tasks as 
changing a name from Last, First Middle to F. M. L. Involved setting up 
repeat ... unttl loops to process the Information character by character. 

Not every version of Pascal has a built-In string package, and there 
are certainly occasions where a program must process names or some 
other kind of data that ts more than just a single character. In Standard 
Pascal, this processing Is done using arrays of characters, as discussed In 
Chapter 10. For example, If we wanted to read the name 'Smokey The Bear· 
from the keyboard and store It Into memory, we could do tt as follows: 

Index:= O; 
Whtie not EOLN do 
begin 

Index := Index + 1; 
Read(Namellndex)) 

end; 

444 
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Here we assume that Name Is declared as a packed array (1..15) of Char. 
The difficulty of doing this Is that the length of Name Is a static 
attribute (or characteristic). The adjective static Is a common one In 
computer science. It ts usually used In contrast to dynamic. Static 
means unchanging while dynamic means varying. So we would be unable to 
store a name In Name that was longer than 15 characters. It Is precisely 
this Inflexibility that prompts most Pascal developers to Include a string 
package. 

Strings In Macintosh Pascal 

As we know, strings are declared using the word string. When a 
string Is declared, a size attribute, ranging from 1 to 255 and enclosed In 
brackets, can be given for the string. When there Is no size given, the 
default value of 255 Is assumed. An example of each kind of declaration Is 
given below: 

var 
Name : string; 
Address: strlnglJO); 

We point out that the size of a string Is a static attribute Indicating the 
maximum allowable length of any value of that string. However, the 
length of the string ts In fact dynamic. So a string variable can store 
values of any length up to Its maximum. 

There ts a special string value called the null string. This string 
has length O and Is denoted by " (two single quotes with nothing between 
them). Beginners sometimes confuse the null string with a blank. 
Although we can't see either one of them, they are dlff erent. A blank Is 
just another character Centered by typing the space bar), and so treated as 
a string, has length 1. There are blanks between the words of this 
sentence (and we can see them). The null string, however, has no length at 
alt. We could place 100 or 1000 null strings within the string 'Null' and 
when we printed the string out, It would still look like 'Null'. Believe It or 
not, the null string Is very useful. It Is often the Initial value of strings, 
just like o ts often the Initial value for Integer counters or ·running· sums 
and the empty set Is often the Initial value for sets. 

If one wants to think of strings as (packed) arrays of characters, 
Macintosh Pascal gives that flexibility. That ts, If St Is a string with 
current value 'Smokey The Bear·, then St[4) Is 'k', and the assignment 
statement 
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St[ 12) := 'P'; 

would change the value of St to 'Smokey The Pear'. If a reference ts made 
to a component of a string that Is undefined Ctn thts case, for example, 
Stl200]), this ts an error. 

Occastonally treating a string as an array of characters Is useful, but 
for the most part the programmer ts better off utilizing the butlt-tn strtng 
functions and procedures of Macintosh Pascal. Before we present these, 
we describe the simple operations on strings that are available for most 
Pascal types. 

First of all, asstgnments can be made freely among strtng types. 
Because of the dynamtc property of string length, we do not have to worry 
about length compatibility. However, we do need to make sure that we do 
not violate any size restriction. For example, tf SLI ts declared to have 
maximum stze 2, then the assignment statement 

SLI :•'ABC'; 

Is Illegal, glvtng the error message: 

A STRING value ts too long for tts intended use. 

We can also test the standard relations between two strings, namely 
•, <>, <, <•, >, > ... The ·1ess than• and ·greater than• relations wtth strtngs 
are lextcographtc (or alphabetic) relations. So, to say string A ts less 
than strtng B means that A ·comes before· B tn the dtctlonary. Actually, 
stnce strtngs can contatn any valid character, tt ts the ASCII code whtch 
really determines the lextcographtc ordering. There are several points 
that need to be made concemtng thts ordering. The upper case letters 
precede the lower case letters, so 'Banana· ts less than 'apple' (since 'B' < 
'a'). The blank ( or space) precedes all letters so 'Cat · < 'Cats'. Finally, 
'Cat' ts not equal to ·cat · stnce they are of dtff erent lengths. In fact, 'Cat' 
< 'Cat ', and tn general, an tnttlal substring of a string ts always less than 
the string ttself. 

Now we discuss several butlt-tn string procedures and functions. We 
follow the descriptions of these wtth several examples. 

The Length Funct ton 
Format: Length(Str), where Str ts any string value. 
Result: Returns the current length of Str. 
Example: If Str ='Smokey The Bear', then Length(Str) ts 15. 
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The Position Function 
Format: Pos(Substr, Str), where both Substr and Str are -any string 

values 
Result: A search for an occurrence of the value of Substr w1thtn Str 

ts made. The function returns the post ti on of the f trst character of Substr 
within Str. If Substr ts not found, the function returns zero. 

Example: If Str .. 'Smokey The Bear', Subt • 'The', and Sub2 • 'the', 
then PoS(Subt, Str) ts 8 and Pos(Sub2, Str) ts o. Also, PoS('e', Str> ts 5 
since that ts the position of the first 'e' In Str. 

The Concatenation Function 
Format: Concat(Strt, Str2, Str3, ... , StrN), where each parameter ts 

a string value. According to the Macintosh Pascal Reference Manual, the 
number of parameters ts ltmtted to a •practlcar number. 

Result: The parameters are concatenated tn the order ltsted. 
Example: If Strt .. 'dog' and Str2 .. 'house· then Concat(Strt, Str2) 

equals 'doghouse' while Concat(Str2, Strt >equals 'housedog'. 

The Copy Function 
Format: Copy(Source, Index, Count>, where Source ts a string value, 

Index and Count are Integer values. 
Result: This function returns the string value that ts Count 

characters long and begins at position Index of Source Ct.e., at position 
Source[ Index)). 

Example: If Str • 'Example', Place • 3, and Len .. 2, then Copy(Str, 
Place, Len) ts 'am'. Note that If the Copy function attempts to access 
characters outside the range of the Source string, this ts not considered 
an error. Only those characters wtthtn the range of Source are actua11y 
copied. So If Str ts as above, then Copy(Str, 3, 9) ts 'ample'. 

The Delete Procedure 
Format: Oelete(Source, Index, Count) where Source ts a string 

varlable1 Index and Count are Integer values. 
Effect: The substring of Sotrce of length Count begtootng at posttton 

Index ts deleted from source. Note that the value of Source ts actua11y 
changed by the Delete procedure. It ts a variable parameter Cwhtch 
explains why tt must be a string variable and not simply a string value). 

Example: If source .. 'Through', then Oelete(Source, 2, 2) causes the 
value of Source to be changed to 'Tough'. As wtth Copy, tf characters are 
referenced outside the range of Source, there ts no error, but only 
characters wtthtn the range are deleted. 
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The Omit Function 
Format: Omlt(Source, Index, Count) where Source Is a string value, 

Index and Count are Integer values. 
Result: Returns the substring of Source obtained by removing Count 

characters beginning at position Index. The value of Source remains 
unchanged. 

Example: If Source = 'Through', then Omlt(Source, 2, 2) ts 'Tough'. 
Source ts still equal to 'Through' after the evaluation of the function. 

Although Delete and Omit appear similar, Delete ts a procedure while 
Omit Is a function. So Delete Is used as a stand-alone statement to change 
the value of Its source. Omit, however, ts used within an expression and ts 
replaced by Its value (without altering the value of Its source). 

The Insert Procedure 
Format: lnsert(Source, Destination, Index), where Source ts a string 

value, Destination ts a string variable, and Index Is an Integer value. 
Effect: The string value given by Source Is Inserted Into the string 

value of Destination beginning at position Index. Note that the value of 
Destination Is changed"1>y the Insert procedure. If Index Is less than 1, 
Source Is Inserted on the left of Destination. If Index Is greater than the 
length of Destination, the Insertion Is to the right of Destination. 

Example: If Source .. 're' and Destination .. 'Bad', then lnsert(Source, 
Destination, 2) changes the value of Destination to 'Bread' while 
lnsert(Source, Destination, 3) changes the value of Destination to 'Bared'. 

The Include Function 
Format: lnclude(Source, Destination, Index) where Source and 

Destination are string values and Index Is an Integer value. 
Result: Returns the string obtained by Inserting the value of Source 

Into the value of Destination beginning at position Index. The value of 
destination ts not changed. 

Example: If Source .. 're' and Destination .. 'Bad', then lnclude(Source, 
Destination, 2) ts 'Bread' and lnclude(Source, Destination, 3) Is 'Bared'. In 
each case, the value of Destination remains equal to 'Bad'. 

Examples 

Now we use these procedures and funct tons to do some string 
processing. Some of the following examples have no apparent realistic 
applications, but are Included just for practice. 
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Examp1e 1: Suppose Word Is a string variable. Write a segment to 
Interchange the first and last letters of Word. That Is, If Word .. 
'Something', the segment should change the value of Word to ·gomethlnS'. 
While this may sound easy, the reader Is encouraged to try to accomplish 
this before looking at the solution below. The solution should be a general 
one that works for any value of Word, and not just the value given. 

This can actually be performed with one very "busy· statement, but 
for readability purposes, we write this as 4 statements: 

First:• Copy(Word, 1, 1 ); 
Last:= Copy(Word, Length(Word), 1 >; 
Middle :• Copy(Word, 2, Length(Word) - 2); 
Word := Concat(Last, Middle, First>; 

It ts worthwhile to explain the above process In detail. We are assigning a 
new value to Word, namely the concatenation of three strlngs--'g' + 

'omethln' + ·s·. Clearly, the first statement above assigns the first letter 
of Word to First. Also, the second statement assigns the last letter of 
Word to Last. Notice that the use of the Length function within the Copy 
function ts one way to make the solution a general one. Since we don't 
necessarily know how Jong the word ts that we are dealing with, we use 
Length to find the end of the word for us. To obtain the middle part of the 
word, we, of course, start at position 2 and extract all of Word except for 
the first and last letters. Thus, we want all but 2 characters, or 
Length(Word) - 2 characters. A common mistake for beginners ts to write 
Length(Word - 2). This ts nonsense because Word - 2 ts a meaningless 
expression. If the reader tests the above segment with several cases, It 
might be easy to be convinced that the solution Is a completely general 
one. This demonstrates the danger of jumping to conclusions. There ts, In 
fact, one case where the above segment does not perform as It should, 
namely when the length of Word ts exactly one. What happens? 

Examp1e 2: Write a segment to change the form of Name Ca string 
variable) from First Middle Last to Last, F. M .. 

We use the Pos function to find the blanks between names, the Copy 
function to extract the first and middle Initials, and the Delete function to 
remove the first and middle names from Name. The solution Is given In 
listing 14. 1. 
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program Reverse_Name; 

const 
Period='.'; 
Comma=·;; 
Blank=·'; 

var 
First, Middle: Char; 
Name: string[40]; 
Place: Integer; 

begin 
Writeln('Enter a name in the form: First Middle Last'); 
Readln(Name ); 
First:= Copy(Name, I, 1 ); [Find the first initial.} 
Place:= Pos(Blank, Name); [Find the first blank.} 
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Middle:= Copy(Name, Place+ 1, I); [Find the middle initial} 
Delete(Name, 1, Place); (Remove first name so we can search J 

[for second blank) 
Place:= Pos(Blank, Name); (Find second blank) 
Name:= Copy(Name, Place+ I, Length(Name) - Place); 
[Name now equals Last name) 
Name:= Concat(Name, Comma, Blank, First, Period, Blank, Middle, Period); 
Writeln('The reversed name is: ',Name) 

end. 

listing 14.1 

Example 3: Enter a sentence or length less than 256 characters from the 
keyboard and cooot the number or occurrences of 'e'. For stmpltclty, we 
will not search for upper case E's, but we mentton that In many text 
processtng sttuatlons, care must be taken to handle both upper case and 
lower case letters. 

This solution ts shown tn listing 14.2. Since the Pos flllctlon always 
searches from the beglmtng of the strtng, whenever we ftnd an 'e', we chop 
off the first part or Sentence up through that 'e'. Whtie thts makes the 
searchtng more efficient, we are only able to do thts because we don't need 
the value of Sentence. 
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program Ease; 
var 

Count: Integer; 
Place: Integer; 
Sentence : string; 

begin 
Writeln('Enter a sentence.'); 
Readln(Sentence ); 
Count:= O; 
Place:= Pos('e', Sentence); 
while Place <> o do 
begin 

Count:= Count + 1; 
Delete(Sentence, 1, Place); 
Place := Pos('e', Sentence) 

end; 
Writeln(The number of e"s in the sentence is: ·,Count); 

end. 

Listing 14.2 
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Example 4: Remove all occurrences of the letter 'e' from a given 
sentence typed at the keyboard and print the sentence without the e's. 

We present two strategies for removing e's. The first strategy treats 
the string as an array of characters. The second makes use of the string 
functions and procedures. In the first, we copy Sentence Into another 
string variable called Alternate. We do this by concatenating letters of 
Sentence one at a time to Alternate. Of course, we copy everything but the 
letter ·e·. Thts program, EChop I, Is given In list Ing 14.3. 

The second program uses the Delete procedure to remove the 
occurrences of ·e· and doesn't require the additional storage of Alternate 
because the occurrences of ·e· are removed directly from Sentence. Notice 
that the value of Sentence Is changed by EChop2, shown In listing 14.4. 

One of the exercises at the end of the chapter ls to test character 
strings to see If they are palindromes, which are words, phrases, or 
sentences that read the same forwards and backwards, like ·Madam, I'm 
Adam·. A good first step In that problem would be to follow the Idea of 
this example and remove all blanks and punctuation marks to obtain 
·MadamlmAdam·. 
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program EChop I ; 

var 
Sentence, Alternate: string; 
Place : Integer; 

begin 
Writeln('Please enter a sentence.'); 
Readln(Sentence ); 
Alternate:="; 
for Place:= 1 to Length(Sentence) do 

if Sentence[Place) <> ·e· then 
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Alternate:= Concat(Alternate, Sentence[Place)); 
Writeln('The sentence without any e" s is:'); 
Write ln(A l ternate) 

end. 

Listing 14.l 

program EChop2; 

var 
Sentence: string; 
Place : Integer; 

begin 
Writeln('Please enter a sentence.'); 
Readln(Sentence ); 
Place:= Pos('e', Sentence); 
while Place <> Odo 
begin 
Delete(Sentence, Place, I); 
Place:= Pos('e', Sentence) 

end; 
Writeln('The sentence without any e"s is:'); 
Writeln(Sentence) 

end. 

Listing 14.4 
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Example 5: Examine a piece of text and change all occurrences of 'cle' to 
'eel'. 

Before providing the solution, we discuss the application behind such 
a process. Many word processing programs can help find and correct 
spelling errors. Although most do so by looking words up In a ·dictionary· 
stored on a disk, with certain rules It may be possible to actually program 
various error-detecting capablltties. This example Is taking care of the 
rule: 

·1 before E except after c: 

There are, of course, some exceptions to this rule Cllke ·science· and Its 
derivatives), but In many cases, the number of exceptions Is small, and 
before a spelling change Is made, the program could make sure It Is not 
changing one of the exceptional cases. Natural languages are so complex 
compared to formal languages such as Pascal that we are a long way from 
having computerized proofreaders. For example, Imagine trying to •teach· 
a computer how to recognize when to use •there· as opposed to •their: 
wm computers ever ·understand· the Intended meaning of everyday 
phrases such as 

"This ticket good for one fare from Chicago to Lake Forest or Vice 
Versa.· 

or wm computers expect people to travel from Chicago to Vice Versa? 
Despite such dlff lcultles, natural language understanding remains one of 
the most researched areas of artificial lnteHtgence. The solution to 
the spelling checker Is given In ltstlng 14.S. The program reads a list of 
words (all entered on one ltne) from the keyboard. one of Its executions ts 
shown In figure 14.1. 

TeHt 
Enter spel I ing I isl: 
recieve deceive science believe percieve 

The "corrected" I ist is: 
receive deceive sceince believe perceive 

Figure 14.1 
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program Speller; 

const 
Pattern= 'cie'; 

var 
Spelling: string; 
Place : Integer; 
List: Text; 

begin 
Write ln('Enter spe 11 ing 1 ist:'); 
Readln(Spe 1 ling); 
Writeln; 
Place:= Pos(Pattern, Spelling); 
while Place<> Odo 
begin 

Spelling[Place + 1] := 'e'; 
Spelling[Place + 2] := 'i'; 
Place:= Pos(Pattern, Spelling) 

end; 
Writeln('The "corrected" list is:'); 
Writeln(Spell ing) 

end. 

Listing 14.5 
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Notice that In the above program we have used both the string 
capability and the array of characters representation. The reason for 
mixing here ts one of efficiency. To find the pattern 'cle', It ts easer to Jet 
the Pos function search as opposed to doing a character-by-character 
search. Such a character search wouJd Involve stopping at each 'c', 
checking the next Jetter to see If It ts an 'I', and If so, checking to see If 
the next Jetter Is an 'e'. However, once we have found such a pattern, It ts 
more efficient to directly Insert the two letters after the 'c' using the 
character components rather than empJoylng the Delete/Insert procedures 
or the Concat/Copy functions. It ts up to the programmer to choose those 
operations that are most efficient for the partlcuJar situation. In fact, we 
remark that using Pos as we have here ts efficient In terms or the actual 
writing of the PascaJ program but ts Jess eff tclent In terms or execution. 
The reason Pos ts not very efficient tn this case ts that tt returns to the 
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beginning or the string each time to resume Its search for the pattern 'cle', 
and so Is searching over text that has already been processed. Other string 
packages often provide a function similar to Pos, but with the capability 
or specifying a starting position other than the first position of a string. 
Such Implementations tend to Increase searching efficiency. 

Summary 

The beginner Is often surprised at how often the need for character 
manipulation arises. It may seem that reversing strings Is simply an 
exercise In using the string manipulation functions. But consider a 
business that keeps all or Its customer records on disk. It Is likely that 
these records are Indexed by last names so that given records can be 
easily found. However, If the business wishes to pull the names from the 
disk to use In a letter, the names need to be In normal order. There are 
two options: Store the names twice, once as Last, First, and another time 
as First Last. This uses twice as much storage, and although computer 
storage Is becoming less and less expensive, It still Isn't free. The other 
alternative Is to store the names only In the form Last, First, and make the 
software that processes the names and writes the letter manipulate the 
names Into the form needed. 

Systems programming Is another area where manipulation of string 
Information Is crucial. A Pascal program Is treated by the system 
translator as a string of characters. The translator's first job Is to parse 
the program, that Is, to break It up Into Its component parts, like keywords 
and operators, so that the program can be checked for syntax errors. 

With so many dtrrerent kinds of data being stored In computer 
systems, It Is up to the programmer to find the way through the data, 
extracting the Inf ormatlon needed ror a given application. In many 
situations, the string manipulation functions, like Pos and Copy, provide 
the easiest way to find the desired Information. 

Exercises 

14.1 Write a function that accepts a string and counts the number or Z's 
(both 'z' and 'Z') In the string. 

14.2 Write a function Distinct that accepts a string and outputs True 
only If all the characters of the string are distinct. For example, 
Dlstlnct('Maclntosh') Is True while Olstlnct('Pascal') Is False since Pascal 
contains two a's. Notice that Dlstlnct('Bob') ts True. 
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14.J As chief censor or Stktnta, tt ts your duty to implement the latest 
royal decree that states: 

f)ncdor" • ._ bJW k call• Wttte 11* 11Jttte lDW k 
~--. 
Write a program that reads a sentence and outputs the ·censored· version. 
Be careful that you do not keep changing the same word over and over. 

14.4 Rtteway ayay rogrampay hattay ranslatestay entencessay tntoyay 
tgPay atinl.ay. The rules ror Ptg Latin are: 

If a word begins with a vowel CA, E, I, o, U), then ·yay· ts added to the 
end of the word. Thus, ·Apple· becomes • Appleyay·. On the other hand, tf 
the word begins with a consonant, then that consonant ts moved to the end 
and ·ay· ts added. Thus, ·Macintosh· becomes ·actnt05tt1ay•. 

14.5 Write a program that translates Ptg Latin back tnto English. Are 
there any problems with thts translation? Can you think of a word or 
sentence that can't be translated back without ambiguity? 

14.6 Write the function PlaceCStr, Pattern, Index), which ts a smart 
version of Pos(Str, Pattern). Place returns the position of the first 
occurrence of the string Pattern tn the target string Str starting tts 
search at the 1ndexth place. For example, Place(' Pascal', ·a·, 3) returns 5, 
the location of the f trst ·a· beginning with the third character tn 'Pascal'. 

14. 7 A palindrome Is a phrase that reads the same backwards as 
forwards. For example 

Able was I ere I saw Elba 

ts a palindrome. The notion of a palindrome can be extended to tnclUde 
phrases such as 

Madam, I'm Adam 

that, except for blanks and punctuation, read the same backwards as 
forwards. We tnclUde such phrases tn our definition of a palindrome for 
this exercise. 
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Write a proced\J'e Strip that removes all the blanks and punctuation 
from a string. Strip may assume that commas and hyphens are the only 
punctuation In the given string. Thus, Strip would tum 'Madam, Im Adam' 
Into 'MadamlmAdam'. 

Write a procedure Flip that reverses a given String. Thus, Flip would 
turn 'Pascal' Into 'lacsaP'. 

wrtte a procedure LowerCase that converts all the letters of a given 
string to lower case. Thus, LowerCase would convert 'Pascal' Into 'pascal'. 
Note that Lowercase leaves the blanks and punctuation, If any, alone. Hint: 
Lowercase Should make use of the built-In functions Ord and Chr. 

wrtte a program that finds the winner In a palindrome contest. The 
rather strange rules are: 

1. If an entry Is not a palindrome, It scores o points. 
2. If an entry ts a palindrome, It scores 1 point for each character, 

not counting blanks or punctuation Thus, 'Madam, Im Adam' scores 11 
points. 

3. If an entry Is a palindrome with respect to blanks and punctuation, 
then It scores a bonus of 30 points. Thus, 'Able was I ere I saw Elba' 
scores 19 + 30 .. 49 points. Note that case changes are allowed In entries. 

Here are the contestants and their entries. You may make a text file of 
them If you wish <two lines per entry> and add entries of your own. We 
Include these to get you started. 

Name 
Eve F lrstperson 
Adam Flrstperson 
Abel Flrstperson 
Napolean Bonaparte 
Minnesota Fats 

Theodore Roosevelt 
Marquis de Sade 
Ralph Shively 

Entry 
Eve 
Madam, Im Adam 
Abel was I ere I saw Caln 
Able was I ere I saw Elba 
Doc, note, I dissent-a fast never prevents a 
fatness-I diet on cod 
A man, a plan, a canal, Panama 
Evil I did dwel-lewd did I live 
Naomi-sex at noon taxes, I moan 

Your program should output each person's score, whether the bonus was 
earned, and finally, the name of the winner followed by the winning entry. 
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14.8 Write a program that uses your graphics or exercise 12.J to play a 
game or hangman. In the game or hangman the computer selects a secret 
word at random from a text file or words. The computer displays a star 
(*)for each letter in the word, thereby giving the player the length or the 
word. The player then tries to guess the word letter by letter. If the 
letter guessed is in the word, then the computer shows all instances or 
that letter in the given word. For example, if the secret word is ·hangman· 
and the initial guess is ·a·, then the display changes from "*******' to 
·•a•**a•·. If the letter guessed is not in the word, then the computer 
draws the next piece or the player at the gallows. If the player guesses 
all the letters or the word before the computer completes the drawing 
then the player wins, otherwise the player hangs. 
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Recursion 

RECURS I VE - See RECURS I VE. 
Devll's DP Dictionary 

In Pascal 1t 1s possible for a procedlre or function to Invoke Itself. 
Th1s 1s known as recursion since the function or procedure ·re-occurs· 
within Itself. This chapter Illustrates several Instances In which 
recll'Sion leads to elegant solutions of seemingly complex problems. We 
prov1de several examples so that you may begin to recogn1ze sttuat1ons 
where recursion Is an appropriate Instrument to apply. 

To avoid an infinite sequence of cans, there must, of course, be some 
means whereby the given procedure or funct1on stops invoking more 
Instances of Itself. Thus, for recursion to apply, both of the f ollowtng 
must be true: 

1. There must be at least one trMal case that ends the 
sequence of recursive calls. 
2. There must be some way to put together solutions to ·easy· 
Instances to solve ·hard· Instances of the problem. 

Let us cons1der an example to see how these pr1nc1ples apply. The 
factor1al function was Introduced In Chapter 7. For example, 51 Is 
5*4*J*2* 1 or 120. In general, NI Is N * (N-1) * (N-2) * ... * J * 2 * I. This 
expression, wr1tten equivalently as NI ., N * (N-1 )I, Is the approach needed 
If we wish to write a recursive factorial function. It says that the ·hard" 
problem of finding NI can be solved by simply multiplying N and (N-1 )I. 
Likewise, (N-1)1 Is simply the product of N-1 and (N-2)1. To prevent an 
Infinite descent, we need a trivial, nonrecurslve case that ends the 
process. Since 01 Is def lned to be I, we use this case to end the recursion. 
For example, trace how the computer could use the above Ideas to compute 
JI. First, JI= 3*21, and 21 .. 2*11, and 11 = 1*01. Since 01 ls defined to be I, 

459 
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the computer traces backwards that 11 is also 1, 2! Is 2, and thus, 3! Is 6. 
Listing 15.1 shows the recursive, Pascal version of Factorial: 

function FactorlalCN : Integer) : Longlnt; 
begin 
if N = o then 
Factorial := 1 

else 
Factorial := N * Factorlal(N-1) 

end; (Recursive Definition of function Factorial} 

Listing 15.1 

Notice that the then clause contains the trivial case In which 
Factorial is simply assigned a value. The else clause contains the general 
case in which the factorial of N is computed using the factorial of N-1. 
Also observe that unlike nonrecursive functions, recursive functions are 
allowed to use the function name on the right-hand-side of an assignment 
statement within the body of the function. As an exercise to aid in your 
understanding of recursion, carefully trace the evaluation of Factorial(S). 
If you see how Factorial(S) Is evaluated, then you are well on your way to 
understanding recursion. 

Also note that Factorial returns a long Integer, rather than a regular 
Integer, to help avoid overflow. Actually, 131 overflows even Longlnts, so 
Longlnts postpone the overflow problem only a little bit. Furthermore, 
note that recursion is not needed to compute the factorial function. 
Indeed, In Chapter 7 we Implemented Factorial as a simple, iterative 
(looping) function. This Illustrates a fact about recursion: Any problem 
that can be solved with recursion can also be solved without recursion. 
Why then should students ·waste time" studying recursion? The answer, 
Illustrated in the examples that follow, Is that In many Instances the 
recursive solution provides a short and elegant solution to what appears to 
be a very complicated problem. Thus, recursion Is simply a tool that can 
make problem solving easier. The trick Is to learn to recognize when 
recursion applies. Let us consider several situations, some old, some new, 
In which recursion can be used. 

An excellent example of the power of recursion Is provided by the 
puzzle known as the Tower of Hanoi. Figure 15.1 Illustrates the puzzle In 
which one must move the tower of disks from peg 'A' to peg 'C' by only 
moving one disk at a time. Also, one can never place a large disk on a 
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small disk. If you have never played with this puzzle, make some disks 
from paper and solve the puzzle with three or four disks before reading the 
next section. 

A B c 

Figure 15.1 The Tower of Hanoi 

We will write a procedure Towers(N, 'A', 'B', 'C') that will solve 
general Tower of Hanoi problems. That Is, given a positive Integer N, and 
three pegs labelled 'A', 'B', and 'C', the procedure should give us explicit 
move-by-move lntructlons for getting the N disks from peg 'A' to peg ·c· 
using peg 'B' as the auxiliary peg. For example, the output from Towers(2, 
'A', 'B', 'C') should solve the two disk problem with the following 
Instructions: 

Move disk I from peg A to peg B. 
Move disk 2 from peg A to peg C. 
Move disk I from peg B to peg C. 

Throughout this discussion, disk I is the smallest disk, disk 2 Is the next 
smallest, etc. 

It Is far from obvious how to write the procedure Towers. Let us 
consider looking for a recursive solution. We need a trivial case of the 
puzzle to end the recursion. If there were going to be a Tower of Hanoi 
puzzle on your final exam, how many disks would you like to see on the 
first peg? Most of us would agree that the puzzle with only one disk is 
indeed trivial. Secondly, how can we use solutions to smaller puzzles to 
help us solve the N disk puzzle? Figure 15.2 shows how to patch solutions 
to easier puzzles together to solve "hard" puzzles. Namely, solve the N 
disk puzzle in three stages: 
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Move the N-1 top disks from peg A to peg B. 
Move disk N from peg A to peg C. 
Move the N-1 top disks from peg B to peg c. 

A B 
Stage 1 

c 

A B C 
Stage 2 

I lA c I 
A 8 c 

Stage 3 

Figure 15.2 Recursive Solution 

) 

Moving the N-1 top disks is simply an instance of solving the N-1 disk 
problem. Thus, we have an algorithm, much as in the factorial problem, for 
solving N disk puzzles from N-1 disk puzzles. Listing 15.2 shows the 
Pascal for our pseudo-code: 
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procedure Towers (N: Integer; 
From, Aux, Dest : Char); 

begin 
if N = I then 
Wrlteln('Move disk 1 from peg·. From,· to peg·. Dest) 

else 
begin 

Towers(N - 1, From, Dest, Aux); 
Wr lteln('Move disk·. N: 1, · from peg·, From,· to peg·. Dest); 
Towers(N - 1, Aux, From, Dest) 

end (If) 
end; (Recursive definition of procedure Towers) 

Ltsting 15.2 
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You should work through the above procedure for N = 2 or N = 3 to see 
how it works. In particular, note how the From, Dest, and Aux pegs are 
used. That is, to move N disks from the From peg to the Dest peg, the 
Tower procedure first moves N-1 disks from the From peg to the Aux peg 
using the Dest peg as the auxiliary peg. Then it moves the Nth disk to the 
Dest peg and then moves the N-1 disks from the Aux peg to the Dest peg 
using the From peg as the auxi llary. 

program Hanoi; 
(This program recursively solves Tower of Hanoi puzzles.} 

var 
N: Integer; 

procedure Towers (N: Integer; 
From, Aux, Dest: Char); 

begin 
if N = I then 

Writeln('Move disk I from peg·. From, · to peg·. Dest) 
else 
begi'n 

Towers(N - 1, From, Dest, Aux); 
Writeln('Move disk·, N: I,· from peg·, From,· to peg·, Dest); 
Towers(N - I, Aux, From, Dest> 

end (If} 
end; (Recursive definition of procedure Towers} 

(Conlln1111d) 
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begin (Body of main program Hanoi} 
Writeln('Please enter the number of disks in the puzzle.'); 
Readln(N); 
Towers(N, 'A', 'B', 'C') 

end. 

Listing 15.3 

Listing 15.3 shows the complete program Hanoi that prompts the user 
to enter N, the number of disks, then invokes the recursive procedure 
Towers to print the explicit Instructions for moving the N disks from peg 
'A' to peg 'C'. If you are not Impressed with the brevity and elegance of 
this solution, consider writing your own non-recursive solution. We 
think you will quickly learn to appreciate recursion. 

In Chapter 14, we presented an exercise to test strings to see If they 
were palindromes. A palindrome, of course, Is a phrase that reads the 
same backwards as forwards. Let us write a recursive function to test for 
palindromes. In general, we need only check the first and last letters of a 
string. If they are different the string cannot be a palindrome. If they are 
the same, then throw them away and repeat the process on the remaining 
string. Eventually, we must come down to a string of zero or one 
character. These are our trivial cases because any such string Is a 
palindrome. Here, then, Is our pseudo-code: 

If the length is zero or one, then it Is a palindrome, 
else if the first and last characters don't match, then It Isn't. 
Otherwise, throw away the first and last characters and repeat. 

The resulting recursive function, Pals, Is contained, along with a main 
program to show it off, In listing 15.4. 

The next example is a counting problem. Suppose you would like to 
know how many strings of zeros and ones you can form of a certain length 
that do not contain two consecutive ones. For example, there are 3 such 
strings of length 2. They are 00, 01, and 10. Likewise, there are 5 of 
length 3. They are 000, 001, 010, 100, and 101. Can you find the 8 of 
length 4 and the 13 of length 5? (How about the 17,711 of length 20?). 
More Importantly, do you see a pattern that will help you compute these 
numbers? Table 15.1 shows the values for lengths up to 5. 
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program RecurslvePals; 
(This program uses the recursive function} 
(Pals to test given strings for "pallndromeness"} 

var 
Sentence : string; 

function Pals CS: string>: Boolean; 
begin 
If (Length(S) = 0) or (Length(S) = 1 > then 
Pals:= True (Trivial case of a palindrome.) 

else If S[ 1) <> S[Length(S)) then 
Pals:= False (Trivial case of a NON-palindrome.} 

else 
begin 

(Delete the first and last characters and try again.) 
Delete(S, 1, D; 
Delete(S, Length(S), I>; 
Pals := Pals(S) 

end (If} 
end; (Recursive definition of function Pals) 

begin 
Write In(' Please enter your candidate sentence:'); 
Readln(Sentence ); 
If Pals(Sentence) then 
Wrlteln('lt Is a palindrome.') 

else 
Wrlteln('Sorry, not a palindrome.') 

end. 

Listing 15.4 

Length 
1 

Number of Strings 
2 

2 3 
3 5 
4 8 
5 13 

Table 15.1 
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We hope a pattern becomes clear. The next value is always the sum of the 
last two values. That is, In general, if Count(N) counts the number of such 
strings of length N, then Count(N) = Count(N-1) + Count(N-2). This is 
clearly a recursive relationship! Since the recursive expression involves 
two previous values, we need two trivial cases to get us started. We take 
Count( 1) = 2 and Count(2) = 3 as the trivial cases and then use the 
recursive formula for any N ~ 3. 

Before we write the program, let's see If we can understand where 
the recursive relationship comes from. Consider constructing a string of 
length N that does not contain two consecutive ones. It either starts with 
a o or a 1. If it starts with a 1, then It must have a O next (why?) and then 
there are N-2 places left to consider. Any legal string of N-2 characters 
can occupy these spots. Hence, there are Count(N-2) legal strings of 
length N that begin with a 1. We leave it to the reader to argue that there 
are Count(N-1) legal strings of length N that begin with a 0. Thus, there 
are Count(N-1) + Count(N-2) legal strings of length N altogether, and the 
recursive relationship Is established. If you are still confused, try to see 
how the 8 legal strings of length 4 come from the 5 strings of length 3 and 
the 3 of length 2. 

Notice that we do not need two separate cases for the two trivial 
cases. Because of the simplicity of the situation, we have Count(N) = N + I 
for both N = I and N " 2. Finally, the simple program Zeros._and....Ones, 
which invokes the recursive procedure Count, Is given In listing 15.5. 

program Zeros_and....Ones; 
(This program Invokes the recursive function Count(N) to} 
(count the number of strings of Os and Is of length N that} 
(can be made that do not contain two Is In a row. } 

var 
N: Integer; 

function Count (N: Integer>: Integer; 
begin 
If N < 3 then 
Count:= N + I 

else 
Count := Count(N - 1 > + Count(N - 2) 

end; (Recursive definition of function Count} 

(Conlin1111d) 
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begin 
Wrlteln('N': 5, 'Number of strings'); 
for N := I to 20 do 
Writeln(N: 3, Count(N): 10) 

end. 

Listing 15.S 
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Run the program Zeros_an<LOnes and watch lt slow down as N grows. 
Why does the program get so slow? Computers are supposed to be fast, 
but when the output reaches the upper teens, lt gets much slower than we 
humans. For example, suppose the output ls as follows: 

14 
15 
16 
17 
18 
19 

987 
1597 
2584 
4181 
6765 

10946 

All the computer has to do to get the 20th term ls to add 10,946 and 
6, 765. Why does lt take so long? The answer Is that even though the 
computer only has to add Count< 19) and Count( 18) to f Ind Count(20), the 
computer didn't remember Count( 19) or Count( 18) and has to compute them 
both again. Of course, Count( 19) Involves Count( 18) and Count( 17), etc. 
And then, when It finally computes Count( 19), lt discovers that lt needs 
Count( 18) and starts all over on that calculation. Remember that 
computers are dumb and that recursion can be very Inefficient! Recursion 
ls not really appropriate for this situation and we leave the details of a 
more efficient, nonrecurslve solution to this problem to the exercises. 

Snowflakes and Flowsnakes 

In 1904 Helge von Koch described an interesting geometrical shape 
that has come to be known as Koch's Snowflake. It is an Ideal example for 
Macintosh Pascal as It combines graphics and recursion, and, hence, allows 
the beginner to "see" recursion at work. Koch's snowflake is constructed 
as follows: You begin with an equilateral triangle as In figure 15.3a. 
Then, on each side you place an equilateral triangle of one third the size of 
the original. This gives the design of figure 15.3b. Of course, one repeats 
this process on the new figure producing the designs of figure 15.3c and d. 
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a b c d 

Figure 15.3 

Koch's Snowflake Is the figure you get if you repeat this process forever! 
To avoid an infinite loop, we incorporate a level in our recursive procedure 
and each time the procedure calls itself, the level is reduced by one. When 
the level reaches zero, then the recursion stops. The procedure DrawSide 
of Listing 15.6 presents the recursive Pascal version that draws one side 
of Koch's snowflake. The reader should trace (with paper and pencil!) a 
call to this procedure with a Level of 2 or so. Notice that DrawSide makes 
use of our graphics package of Chapter 12. 

procedure DrawSlde (Length, Level : Integer); 
begin 
If Level = 0 then 
F orward(Length) 

else 
begin 

Length := Length div 3; 
DrawSlde(Length, Level - 1 ); 
Tum(60); 
DrawSlde(Length, Level - 1 ); 
Tum(-120); 
DrawSldeCLength, Level - 1 ); 
Tum(60); 
DrawSlde(Length, Level - 1) 

end [If) 
end; 

Listing 15.6 

The program Snowflake, that calls DrawSides three times, is given in 
listing15.7. Its execution with Level equal to 4, is given in figure 15.4. 
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program Snowflake; 
(This recursive program draws Koch's snowflake.} 

const 
Pl= 3.1415927; 

var 
Angle: Integer; 
X, Y: Real; 
Length, Level, Side: Integer; 
Size: Rect; 

(Procedure DrawSlde and Graphics Package goes here.} 

begin (Body of main program Snowflake} 
SetRect(Slze, o, 20, 527, 357); 
SetDrawlngRect(Slze>; 
Showoraw Ing; 
Length := 243; (3 to the 5th powerl} 
Level:= 4; 
Initialize; 
for Side := I to 3 do 
begin 
DrawSlde(Length, Level); 
Tum(-120) 

end (For} 
end. 

Listing 15.7 
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It is clear why this design is called a snowflake. The reader who runs 
the program Snowflake also discovers why mathematicians call such 
designs "flowsnakes: We hope that carefully observing the execution of 
Snowflake will Increase your understanding of how recursion actually 
works. 

As another, different example, consider the recursive tree shown in 
figure 15.5. The tree has intentionally been constructed asymmetrically 
to make It look more like a real tree. We leave It to the reader to trace 
the program Tree, given In listing 15.8, to see how the recursion Is 
performed. Many other interesting trees can be drawn by modifying the 
constants Size, LAngle, RAngle, and Level. 
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Figure 15.4 

Figure 15.5 
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program Tree; {This recursive program draws a tree.} 
const 

Pl= 3.1415927; 
Size= 30; 
LAngle = 40; 
RAngle = 25; 
Level= 5; 

var 
Angle : Integer; 
X, Y: Real; 
Window : Rect; 

(Graphics Package goes here.} 

procedure Backward (Distance: Integer); 
begin 
Tum( 180); 
F orward<D I stance); 
Tum(l80) 

end; 

procedure DrawBranch (Size, Level : Integer); 
begin 

if Level = O then 
begin 
Forward(Slze); 
Backward(Slze) 

end 
else 
begin 
Forward(Slze); 
Tum(LAngle); 
DrawBranch(Slze, Level - I); 
Tum(-LAngle ); 
DrawBranch(Size, Level - I); 
TumC-RAngle); 
DrawBranch(Slze, Level - 1 }; 
TumCRAngle); 
Backward(Slze) 

end 
end; (Continued) 
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begin [Body of main program Tree) 
SetRectCWlndow, O, 20, 527, 357); 
SetDrawlngRect<Wlndow); 
ShowDrawlng; 
Initialize; 
Turn(90); 
Llne(O, -3 *Size); [Draw Trunk of tree) 
Y := Y - 3 *Size; 
DrawBranch(Slze, Level) 

end. 

Listing 15.8 

Exercises 

Recurs ton 

15. 1 Write a non-recursive version of the program Zeros_ancL.Ones from 
the text. 

15.2 Modify the constants Size, LAngle, RAngle, or Level of the program 
Tree to produce some new varieties. 

15.3 Write a recursive function Exponent(X, K) that computes x"'. Is this 
an appropriate use of recursion? 

15.4 The greatest common divisor (gcd) of two posit Ive integers X and Y 
is Is defined to be the largest positive Integer that divides evenly Into 
both X and Y. For example, gcd(2I,15) = 3, gcd(22, 15) = I, and gcd(30, 15) 
= 15. The Euclidean algorithm is a standard way of finding the gcd of two 
Integers. The Euclidean algorithm essentially says: Divide Y Into X where 
Y is the second of the two numbers. (Usually Y is the smaller of the two 
numbers, but this is not necessary.) If Y divides evenly into X, then the 
gcd(X, Y) = Y. If Y does not divide evenly Into X, take the remainder and 
divide It Into Y. If that division is not even, divide the second remainder 
into the first remainder. Continue this process until a division operation 
has no remainder. The divisor for the "last" division is the gcd(X, Y). 

The two statements on the following page give a nice recursive 
formulation for the Euclidean algorithm. Use these to write a recursive 
function to compute the gcd of two integers. Test your function on several 
pairs of integers by writing a main program that asks for two integers 
from the keyboard and computes their gcd. 
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gcd(X, Y) = Y If X mod Y = O 
gcd(X, Y) = gcd(Y, X mod Y) If X mod Y" o 

15.4 Wallalumps breed according to the following strange rules: I and 
2-year old Wallalumps produce I child each. 3-year old Wallalumps 
produce 2 children each. Older Wallalumps do not bear children. Assuming 
that you begin with 10 I-year old Wallalumps and 10 2-year old 
Wallalumps and that no Wallalumps die, write recursive and nonrecurslve 
versions of a program to count the Wallalump population for each of the 
next Io years. 



Chapter 16 

Po1nters and L1nked L1sts 

LINO - Last In. Never out. 
Devlrs DP Dictionary 

The array ts an example of a static data structure. It ts called stattc 
because tts stze must be ftxed when the program ts wrttten. For example, 
suppose you haVe an array of 100 elements, bUt suddenly you ftnd that you 
need to store a 101st element tn the array. It can't be done wtthout halttng 
the program, changtng the deelaratton of the array, and rumtng the 
program agatn. In thts chapter, we are gotng to tntroduce ltnked ltsts as an 
example of a dynamic data structure. As we shall see, ltnked ltsts can 
grow to any arbttrary stze (that ftts tnto the RN1 of the computer> and are 
not ltmtted to some ftxed, predeclared stze. 

In the general sttuatton, you may need many arrays. Betng stattc data 
structures, thts probably leads to a poor uttltzatton of memory. Ftgure 
16.1 Illustrates a frustrattng problem that can occur wtth separate arrays. 

Figure 16.1 

As mustrated, four of the arrays are nearly empty, and, hence, great 
amounts of memory are betng wasted. But unfortunately, one of the arrays 
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has overflowed, and the program abends (abnormally ends) because there Is 
no more room In the indicated array. We call this poor memory 
management because we have simultaneously wasted memory In four of 
the arrays and yet have no available memory In the other array. 

With linked lists, memory utl lizatlon Is as depicted In figure 16.2. 
That Is, each dynamic list uses just the amoun! of memory that It needs. 
Overflow only occurs when all available memory_ In the computer Is In use . 

• - • Figure 16.2 

In the dynamic situation the system keeps track of memory 
utilization and gives and takes back memory from our linked lists. For 
now, let us suppose we have two "black boxes,· New and Dispose, that 
magically fetch and dispose of memory for us. We shall have more to say 
about New and Dispose later. 

The array Is, of course, an ordered sequence of elements. Note that 
the elements of an array are even stored physically In order In RAM. We 
shall want our linked lists to be ordered sequences of elements, but we 
shall not Insist that the elements of the linked list be stored physically In 
order. That Is, we shall distinguish between the logical order and the 
actual physical order of the elements. As long as we can easily recover 
the logical order, It Is not essential that the elements actually be kept In 
physical order. The mechanism that we use to recover the logical order Is 
simple: Each element contains a "pointer· to the next logical element. 
Thus, a linked list Is usually drawn as In figure 16.3. 

List 

Figure 16.l 
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It Is Important to realize that the cells depicted above may be anywhere In 
memory. For example, the element that P points to Is logically the 
element after the element that a points to. However, the cell that P 
points to may come before, or even be on the ·other side. or memory from, 
the cell that a points to. As long as we have a pointer, List, to the first 
cell, we can use the pointers to quickly recover the logical order of the 
linked list. 

The components of a linked list are called nodes. As shown In f lgure 
16.3, we Implement the nodes of a linked list as records with two fields. 
The first field Is an Information field and the second field Is a link field 
to the next node In the list. The Information field ts determined by the 
given application. If much Information Is betng stored, then the 
Information field can Itself be organized as a record. In the example that 
follows, let us suppose that the Information field consists or just a name 
(30 characters) and an Identification number (Integer). 

We first tum to the question of how the link field Is Implemented. 
This situation Is so Important that Pascal provides a "pointer type· just to 
Implement such dynamic data structures. A pointer ts declared as follows: 

var 
P : Alnteger; 
X: Integer; 

Notice the little A tn the declaration. This means that P ts not an Integer, 
but a pointer to an Integer. That Is, P contains the address or a cell that 
can contain an Integer. Contrast the dlff erence between P and X as shown 
In f tgure 16.4. 

x 

p-0 D 
Figure 16.4 

Since P Is a pointer (and not an Integer), the assignment P := 6 ts an 
tllegal mtxtng or types and does not assign 6 to the Integer that P points 
to. The correct statement Is PA := 6 and this Is read as: 

"The Integer that P points to Is assigned the value 6". 
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That Is, the • symbol Is used In two distinct ways that the beginner must 
carefully distinguish: 

The symbol • Is used on the left of type names In var and type 
sections to declare pointer variables. 

The symbol • Is used on the right of pointer variables In the body of 
the program to reference the actual element that the pointer Is pointing 
to. 

The beauty (and confusion) of pointers Is that we can use both the pointer 
(address) as well as the value (contents) of the cell being pointed to. That 
Is, If Panda are both pointers to the same type, then both of the following 
are valid: 

Q := P; 
a·:= P"; 

The first assigns P's value to a so that a now points to the same cell that 
P does. The second assigns the value pointed to b.y P to the cell that a 
points to. Both operations are needed In what follows. The first moves 
pointers, the second moves Information accessed through the pointers. For 
example, suppose that P lnltlally points to an Integer with current value 7 
while a lnltlally points to an Integer with current value 4. Then the effect 
of each of the above assignments Is Illustrated In figure 16.5. 

P-G 

a-~ 

Q :• P; a·:• P"; 

Figure 16.5 
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Let's use po1nters to declare a linked list. The complete declaration 
Is given In listing 16.1: 

type 
lnfoFleld = record 

Name: strtng[30]; 
ID_No : Integer 

end; 
UstPtr = "Node; 
Node .. record 

Info: lnfoFleld; 
Link: UstPtr 

end; 

var 
List : UstPtr; 
Newlnfo: lnfoFleld; 
Index : Integer; 

Ltsttng 16. 1 

Notice that the Node Is a record with two fields as promised. The Info 
field Is very straightforward. The link field ls of type UstPtr which Is 
simply a pointer to another node. Note the "chicken and egg· problem with 
this declaration. That Is, a Node references a UstPtr and a UstPtr 
references a Node. This Is the one case In Pascal that something may be 
referenced before It Is declared. That Is, It Is legal to declare a pointer to 
an object even before that object Is Itself declared. Also notice that we 
keep track of a linked list with just one pointer, List, to the first element 
of the list. 

Operattons on Ltnked Ltsts 

Suppose that List has been declared as above as a UstPtr. Recall that 
declaring List does not give It any Initial value. How should we Initialize 
List? We shall suppose that every list has a special first element, called 
a llsthead. The purpose of the llsthead Is twofold: It makes every list, 
even the empty list, "visible" and It makes many routines that follow 
easier to write. Figure 16.6 depicts two linked lists with llstheads. 
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Ltst1 /\ 

Ltst2--

Figure 16.6 

List 1 In ftgure 16.6 contains 3 elements (In addition to the ltsthead). 
Llst21s the empty 11st that contains no elements Cother than the llsthead). 
Notice that the last element or a list needs some special nun po1nter to 
Indicate that there 1s no next element. In Llst2 we see that the pointer 
f1e1d of the listhead contains this special value. Again, because of this 
need, Pascal conta1ns a special pointer constant nll ror precisely this 
situation. The nll po1nter Is used to mark the end or a linked list. It Is 
Important that the last link be set to nll. ror 1f some "old" pointer value 
Is left In the last link f1e1d then we might mistakenly think that the llst 
goes on beyond the last element, and we would likely end up accessing 
lnval1d data. 

Thus, to Initialize List, we need to get a new node (the 11sthead) and 
make List point to this node. We also need to put nll In the ltnk f le1d or 
this node. Note that we do not need to place any Information in the 
Information field of the llsthead. Listing 16.2 shows the lnitiallze 
procedure In Pascal. 

procedure lnltlallze (var List : LlstPtr); 
begin 
New(Llst>; 
Llst·.unk := nn 

end; (Defln1tion or procedure lnitiallze} 

Listing 16.2 

The bunt-In procedure New Is very useful. If Pis a pointer to some type T, 
then New(P) causes the system to allocate a new cell or memory or type T, 
and to place the address or this cell In P. One should always draw pictures 
with 11nked 11sts to help visual1ze what is happening 1n the computer's 
memory. Figure 16.7 depicts the action or New(Llst). 
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List --GJ!l 
Figure 16.7 

Another simple procedure that Is useful Is one that prints the 
contents of a linked list. Clearly, the only way to print the contents of the 
nodes Is to trace through the pointers going from node to node until we 
encounter the ntl pointer. We must also skip the llsthead and begin with 
the first node. Here ts the pseudo-code for our plan: 

set P to the link field of list (P points to first element>. 
While P Isn't ntl do 

Print the contents of the node P points to. 
Advance P to the next node (P becomes link of P). 

listing 16.3 gives the Pascal equivalent of the above. The reader should 
draw a picture and carefully trace the code. 

procedure Prlntltst (list : LtstPtr); 
var 

P: llstPtr; 
begin 
P := ust·.unk; 
while P <> ntl do 
begin 
Wrlteln(P-.lnfo.Name: 30, P-.lnfo.ID_No: 10); 
P :• P-.llnk 

end 
end; (Definition of procedure Prlntllst) 

Listing 16.l 

A routine to print a list Is not of much value unless we also have 
routines that allow us to construct lists. As we shall see, Inserting and 
deleting elements from lists Is not difficult. Indeed, as figure 16.8 
shows, to Insert an element after the element Q points to only Involves 
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getting a new node, putting the new Information Into It, and then adjusting 
a couple of links: + 0 

I '-..... P-tE-) 
Figure 16.8 

For ease In discussion In the remainder of the chapter, we shall use 
some "imprecise· but shorter temlnology. Namely, we wm refer to "node 
P" even though P Is a pointer to a node and not a node Itself. When we 
make such a reference, we are, of course, referring to the node pointed to 
by P. With this convention, we do not have to keep repeating phrases like 
"the node pointed to by P". With this in mind, we present the pseudo-code 
for the Insertion operation that places a new node after the node a: 

Get a new node and let P point to it. 
Place the new Information In the Info field of node P. 
Set the link field of node P equal to the link field of node a. 
Set the link field of node a equal to P. 

The reader should verify that these Instructions produce the drawing of 
figure 16.8. To test your understanding, you should also draw a picture and 
see what Is wrong with the above pseudo-code if we reverse the order of 
the last two statements. When changing link fields, you should always be 
careful to consider the order in which you make your changes. 

We Include our Insertion routine In a procedure Build that constructs 
an ordered linked list. That Is, we shall choose to Insert new elements 
Into the list so that the list remains ordered. Notice that PrlntUst then 
prints the list In order! How do we find the correct place for a new 
element? We use two pointers P and a, with a following behind P. We 
want to find the place where O's Info Is smaller than the new Info and P's 
Info Is larger than the new Info. Then, clearly, the new node belongs 
between P and a, so we use the above routine to Insert It after a. What If 
the new Info belongs at the end of the list? Then P eventually becomes nil 
and we Insert after a anyway. Hence, since we are only lnterested in 
o, we can set P to nil as a signal that the proper place has been found. 
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our build routine In pseudo-code ts: 

Set Q to list. 
Set P to link or List. (Q will follow behind P} 
While P ts not nll do 

tr P's Info Is bigger than the new Info then 
Set P to nll (exit the loop w1th place round} 

else (advance a and P and keep looking} 
Set Q to P 
Set P to link of P 

Insert the new element after the node that a points to. 

Trace the above pseudo-code Insert Ing "13" Into the linked list shown 
In figure 16.9. 

List 

Figure 16.9 

The Pascal equivalent of our pseudo-code ts given In listing 16.4. It 
orders the nodes by the llLNo rteld or the Information record. In our 
pseudo-code, we did not worry about such details. or course, in the actual 
Implementation we have to choose one or the fields as the "key" field on 
which all or the nodes are ordered. It is just a minor modification to order 
the nodes alphabetically by name. 

Note that Build works even If the linked list ts Initially empty. In 
that case, a points to the llsthead and P ts already nll, hence, the whlle 
executes zero times and the new element Is Inserted after the llsthead. 
Thus, Build can be used, after Initialize, to construct an ordered, linked 
list. 

We have gathered the procedures Initialize, Build, and Prlntllst Into a 
main program, Ltnke<Lltsts, that uses these procedures to build an 
ordered, linked list or ten elements. The program Is shown In listing 16.5. 
You should run the program with data of your own design. 
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procedure Build (List : LlstPtr; 
Newlnfo: lnfoFleld); 

var 
P, a : LlstPtr; 

begin 
a:= List; (Q will follow behind P. } 
P := List".Llnk; (New element will go between a and P.} 
while P <> nil do 
begin 

if P".lnfo.IDJlo >= Newlnfo.IDJlo then 
P := ntl (Exit loop} 

else 
begin 
a := P; (Move a and P forward one link.} 
P := P".Llnk 

end (If} 
end; (While} 

(Get new node, put info Into it, link It In after Q.} 
New(P); 
P".lnfo := Newlnfo; 
P".Llnk := a·.unk; 
a·.Llnk := P 

end; (Definition of procedure Build.} 

Listing 16.4 

program L inke<LL lsts; 
(This program mustrates the use of llnked lists.} 

type 
lnfoFleld =record 

Name : strtng[30]; 
ID_No : Integer 

end; 
LlstPtr = "Node; 
Node = record 

Info: lnfoFleld; 
Link : LlstPtr 

end; 

( Co111/111111d) 
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var 
list : LtstPtr; 
Newlnfo: lnfofleld; 
Index: Integer; 

Pointers and Linked Lists 

(Procedures INITIALIZE, PRINTLIST, and BUILD go here.} 

beg1n (Body of main program, llnked..l.lst.} 
lnltlaltze<Llst>; 
for Index:= I to 10 do 
beg1n 

Wrlteln('Please enter name number·, Index: I>; 
Readln(Newlnfo.Name); 
Writeln('Please enter the ID number for·, New Info.Name); 
Readln(Newlnf o.IDJlo); 
Bulld(ltst, Newlnfo); 

end; (For) 
Write In; 
Wrlteln('Here Is your list In order by ID number:'); 
Prlntllst(Llst) 

end. 

Ust1ng 16.5 

Deleting from a linked list Is also easy. As shown In figure 16.10, we 
have only to adjust a pointer to delete the node that P points to. However, 
note that since the link field of the node before P must be changed, It Is a 
good Idea to have a pointer a to the node that precedes P. 

Figure 16.1 O 

Also, what shall we do with the newly ·freed" node P? It would be 
wasteful to simply abandon It. We should return It to the system for 
recycling. Since this Is a common and Important need with dynamic 
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memory allocatton, Macintosh Pascal provides a built-In recovery 
procedure, Dlspose(P). We should think of Oispose(P) as the opposite of 
New(P). New(P) allocates a unit of memory from the system for our use 
while Dtspose(P) returns that unit of memory to the system. We leave the 
details of the deletion routine to the exercises, but do not forget to tnvoke 
Dispose tn your deletion routine. 

Exercises 

16.1 Wrtte a function CounLNodes that accepts a potnter to a ltst and 
returns a count of the mmber of nodes in the I ist. Do not count the 
ltsthead. 

16.2 Wrtte a procedure Delete(ltst, ID-Hum) that deletes the node from 
the linked ltst list whose 10...No is the gtven ID...Num. If there Is no such 
node, Delete prints a "Sorry, not found" message. Remember to Invoke 
Dispose to actually free the given node. 

16.l Write a procedure Flip(Ltst) that Inverts the order of List. That Is, 
the last element Is now the first element, the next-to-last element Is now 
the second element, etc. 

16.4 <Compare with Exercise 9.19.) The Lake Forest College RuMtng Club 
needs a program to sort out the wlooer In Its Strawman Triathlon. The 
competition consists of a 1/4-mlle swim, a 5-mlle blcycle ride, and a 
2-mlle run. The data for each competitor ts available on the text file 
Triathlon on the Sample diskette accompanying the book. There are two 
lines for each person. The first line Is the name, of type strtng[30). The 
second line contains a category (either the character 'S', 'F', or 'A' for 
Student, Faculty, or Administration respectively) followed by 3 real 
numbers representing, tn hours, the swim time, bike time, and run time 
respectively. 

Using linked lists with pointers, Identify the following Individuals: 
1. overall Grand Champion (Best swn of times). 
2. Grand Champion and runner-up In each category. 
3. overall best swimmer and runner-up. 
4. overall best biker and runner-up. 
s. overall best runner and rumer-up. 
6. Best Sport Award <Worst swn of times). 
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In case of a tie for a first prtze, award duplicate prizes and no runners-up 
prizes tn that competition In case of ties only among the runners-up, 
award duplicate runners-up prtzes. 

Htnt: Use several ordered, linked lists. Insert each person Into the 
appropriate lists. Take advantage of modular programmtng--do not wrtte 
an Insertion routine for each list! 

Warning: Remember, do not test real numbers for true equality. 
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Entries followed by (Prog) are titles of programs In the text. 

A (Prog), 91 
Abacus,3 
Abend, 302, 475 
Abs,218 
Abundant Numbers, 177, 259 
Act Ive Window, 29 
Ada,6 
Add (Prog), 141 
Adjusting Windows, 34 
Amicable Numbers, 259 
Analytical Engine, 6 
and operation, 120, 122-124 
AnlmatedBox (Prog), 402 
Anonymous types, 322 
Apple Menu, 207-208 
Arctan, 218 
Arguments, 223 
Armstrong Numbers, 177 
Arranging output, 84-86 
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as Args/Params, 323 
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component type, 288 
multi-dimensional, 319-332 
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parallel, 300-301, 323-324, 

328,331 
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searching, 309-315 
simple operations, 294-296, 

324-327 
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Artificial Intelligence, 9, 453 
ASCII, 273-274 
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Assignment statement, 75-76 
Augusta, Ada, 6 

Babbage, Charles, 5 
Bagels (Prog), 251-255 
Bagels Game, 250-255 
Base, 106 
Base Conversion, 275-277 
BaseConverslon, (Prog) 277 
BASIC, 14, 81-82, 262-263 
Batch, 99 
begtn,69-70, 125 
Binary system, 8, 276 
Binary search, 312-315 
Bit, 8 
Block structure, 245 
Blocks (Prog), 246 
Body 

of function, 223-224 
of procedure, 235 
of program, 69-70 

Boole, George, 120 
Boolean variables, 120-124 
Buffer, file, 380 
Buggy (Prog), 59-60, 67 
Build procedure, 481-482 
Built-in functions 216-218 
Burroughs, William, 4 
Button function, 401 
Byte, 8 

Cancel, 46 
Car Payment example 105-106 
Car _Payment (Prog) 108-109 
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case statement, 168- 173 
case index, 169 
case label, 169 

Chartype,261-265, 444 
Character manipulation, 444-455 
Check, 197 
Chr, 272-273 
Circle (Prog), 92 
Circle-2 (Prog), 93 
Click, 11 
Clipboard, 57, 184, 196 
Close option, 24-29, 57-59 

shortcut, 24-29 
Closing 

files, 57-59 
windows, 56 

Close (Pascal stmt), 111, 364 
Coln (Prog), 219 
Combinations 229-233 
Combinations (Prog), 230 
Comb5-And...Perms (Prog), 232 
Comments, 90 
Compiler, 14 
Composer (Prog), 414-422 
Compound statement, 124- 126 
Computational type, 282 
Computer 

definition, 9 
genera I purpose, 5 
generations, 8-9 

Concatenation, 355-357 
Concatenation function, 447 
Conditional stmts, 126-137 
Conjunction, 122 
const,93 
Constants, 91, 93-94 
Conversion between Integers 

and reals, 88-89 
Coordinates, 385 
Copy option, 184, 187 
Copy function, 447 

Copying files, 114-117 
Cos,218 
Count (Prog), 139 
CounL2 (Prog), 146 
Counters, 134 
Create (Prog), 365-366 
Creating a program, 35-44 
Cut option, 184-186 
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Dashed procedure, 235-236 
Oashed-2 procedure, 237-238 
Debug (Prog), 199 
Debugging example, 51-55, 

199-207 
DegToRad function, 389-390 
Delete procedure, 447 
Deleting files, 208 
Deletions, linked list, 484-485 
Die (Prog), 220 
Ole, simulation of, 218-221 
Difference Engine, 6 
Difference, Sets, 426 
Disjunction, 122 
Disk files, 340 
div, 87 
DMde and Conquer strategy, 

216,250-255,433 
Division (Prog), 157 
Documentation, 11 
Dollars_To_DM (Prog), 167 
Double click, 11, 29, 39 
Double type, 282 
Drag, 11, 34 
Drawing Window, 29-34, 57, 196 

manipulating, 393-394 
text In, 397-398 

Drawstring procedure, 397 
Drive option, 44-46, 48, 181 
Oup Ii cat Ing files, 212 
Dvorak keyboard, 375-376 
Dynamic, 445, 474 
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Ease (Prog), 451 
Easter 

algorithm, 242-244 
exercises, 260, 336 

Easter _Sunday (Prog), 243-244 
EBCDIC, 273 
Echo Rule, 113 
EChop 1 (Prog), 452 
EChop2 (Prog), 452 
Edtt menu, 183-189 
Edit (Prog), 185 
Editing a program, 35-44 

·EOVAC, 7 
Efficiency of searches, 315 
Eject option, 45, 63, 115 
Elshoff, James, 90 
Empty Trash, 117, 208 
end,69-70, 125 
End of File function, 149-152 
End of Line function, 374 
ENIAC, 6 
Enter key, 43 
Enumerated type, 269-271 
EOF, 149-152 
EOLN,374 
EraseOvalprocedure,400 
EraseRect procedure, 400 
Errors 

logical, 200 
real arithmetic, 87, 283 

Everywhere, 191-195 
Exp, 218 
Exponent, 106 
Extended type, 282 
EZ Come--EZ Go example, 

371-373 

Factorial function, 227-232, 
459-460 

FactTable (Prog), 228 
Fan key, 63 

Fan shortcuts, 198 
Fetch (Prog), 367 
Fields, output, 339-340 
File,339-340 

buffer, 380 

469 

File menu, 44-45, 179-183 
window, 380 

Files, 359-383, 
copying, 208-210 
deleting, 208 
disk, 340 
duplicating, 212 
extema 1, 340 
internal, 340 
merging, 368-371 
organizing folders, 210-214 
random access, 359, 378-379 
sequential, 359-383 
text, 373-377 
updating, 368, 371-373 

Find, 191 
Flowsnakes, 467 
for statement, 165-168 
Formatting 

automatic, 82-83 
output, 84-86 

FORTRAN, 14 
Forward procedure, 389, 391 
FrameOval procedure, 400 
FrameRect procedure, 400 
Function 

body, 223-224 
heading, 222 
invocation, 223 
side effects, 226 
vs.procedures,235-236 

Games Magazine, 17-18, 
20-21, 98 

Gauss, Karl Friedrich, 242 
GC0,472 
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Get, 380-382 
GetMouse procedure, 401 
Global variables, 226, 244-249 
Go option, 50, 55, 197 
Go-Go, 197,204 
GPA (Prog), 275 
Graphics, 385-424 

recursive, 467-472 
turtle, 388-392 

Graphs, 439 

Halt, 198, 203 
Hanoi (Prog), 463-464 
Har<LCopy (Prog), 113 
Hardware, 10 
Harmonic Serles example, 

143-144 
Heading 

function, 222 
procedure, 235,237 
program, 69 

Hexadecimal, 276 
Hierarchical Company, 439-441 
Hierarchy CProg), 442 
High Level Language, 14 
Highlighting text, 39 
Hollerith, Herman, 5 
Hotel (record example), 343-348 

Icon, 12 
tf...then, 126-128 
if ... then ... else, 129-132 
if VS. Whtie, 146-147 
lmagewrlter printer, 63, 183 
Include function, 448 
Index, 286 
Index type, 288 

of an array, 286 
Initialize option, 45-46 
Initialize procedure, 389-390, 
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Initializing variables, 82, 
141-142 

Initials CProg), 265 
Input 

Redirecting, 109-113 
Restoring, 114 

Insert procedure, 448 

Index 

Insertion In Linked list, 480-482 
Insertion Sort, 316-319 
Instant Window, 57, 184, 

195,205-207,258,303 
Integer, 77 
Interactive Input, 99-100 
Interpreter, 14 
Intersection of sets, 426 

Jacquard, Emil, 5 

K, 8 
Keys (Prog), 376 
Keywords, 69 
Koch's Snowflake, 467-470 

Language 
high level, 14 
low level, 13-14 
machine, 13-14 
structured, 15 

Leibniz, Gottfried, 4 
Length function, 354, 446 
Lexicographic, 446 
Library, I 06 
Line procedure, 237-238, 388 
Linear Search, 310-312 
Linero procedure, 387 
Linked Lists, 475-485 

Operations, 478-485 
Linked Lists CProg), 483-484 
Usthead, 478-479 
Listing a program, 62-63 
Ln,218 
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Loading programs, 59-62 
Local variables, 226-228, 

244-249 
Logical 

error, 200 
variable, 120 
vs. physical order, 475 

Logo,388 
Longlnt, 229, 281 
Loops, 142 

MacPaint, 396 
MacWrite, 110 
MakeJriends (Prog), 371 
Marcotty, Michael, 90 
Mark I, 6 
Mary (Prog), 406 
Maxima, 153-156, 298-299 
Maxint, 77, 155 
Membership in sets, 427 
Memory, 9- Io 

volatile, 44 
Menu, 11 
Merge (Prog), 370-371 
Merging Files, 368-371 
Minima, 153-156 
mod, 88 
ModemArt (Prog), 401 
Modular Programming, 15-16 
Mouse, 11 

reading, 400-403 
Move procedure, 388 
MoveTo procedure, 388 
Moving & adjusting windows, 34 
Multiple case labels, 171 
Murphy's Law, 105 

Neat (Prog), 83 
Negation, 122 
Nest (Prog), 247 
Nested (Prog), 158 

NestecL2 (Prog), 159 
Nested t f's, 132-136 
Nested loops, 158-165 
New option, 59, 180 
New procedure, 479-480 
Newton, Isaac, 4 
Nodes,476 
Nonvolatile memory, 10 
not operation, 120, 122-124 
Note procedure, 405 
Notes, frequency table, 405 
NoLSo_Good (Prog), 114 
Null else, 137 
Null string, 445 
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Observe Window, 57, 184, 196, 
201-205, 303 

Octal, 276-277 
Omit function, 448 
Open, 24-29 

Open option, 180-181 
Open ... option, 59 
Pascal statement, 378 
shortcut, 24-29 

Opening MacPascal, 29-34 
Operating system, 10, 22 
or operation, 120, 122-124 
Ord, 271-272 
Ordinal type,269-271 
otherwise clause, 170 
Output 

printing, 63 
redirecting, 113-114 
restoring, 1 14 

Ovals, 398-400 

Packed arrays, 353 
Page Setup option, 182 
Paintoval procedure, 400 
PaintRect procedure, 400 
Palindrome, 45 I, 455, 464-465 
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Parameters, 222, 237-244, 323 
value, 238 
variable, 238-244 

Party (Prog), 346-347 
Pascal, Blaise, 3 
Pascaline, 3 
Paste, 184, 186, 188 
Pause option, 54, 102 
Pause menu, 198,201,258 
Payl (Prog), 266-267 
Pay2 (Prog), 267-268 
Pay3 (Prog), 268-269 
Pedant ics, 150 
Pedantics (Prog), 148 
Pedantics_2, 150 
Pedantics_3, (Prog), 154 
Pedantics_4, (Prog), 161 
Perfect Numbers, 177, 259 
Permutations, 231-233 
Physical vs. logical order, 475 
Piano (Prog), 409-412 
Pixel, 12, 385 
Precedence,86, 123 
Pointers, 476-478 
Position function, 447 
Precision, 282 
Pred, 271 
Prime numbers, 259, 443 

function, 221-222 
Prime Numbers (Prog), 164 
Print opt ion, 62-63, 182-183 
Printer, 11 
Printing output, 63 
Printllst procedure, 480 
Problem Solving, 13, 120 
Procedures, 233-244 
Procedures vs. functions, 

235-236 
Programs 

debugging, 51-55 
loading, 59-62 

Programs (Continued) 
renam Ing, 64-65 
running, 49-50 
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Prompt message, 105 
Pseudo-code, 107, 139, 143, 

251,369,435 
Punched Card, 5 
Put, 380-382 

Quit option, 59, 63, 183 
Quitting MacPascal, 63-63 
Qwerty keyboard, 374-376 

RAM, 10 
Random, 218-220 
Random access files, 359, 

378-379 
Random number generation, 

217-221 
RandSeed,256 
Read, 100-105 
Read vs. Readln, 103-104 
Read-only access, 363 
Readln, I 00-105 
Real, 77-78 
RealEquallty (Prog), 283 
Record 339-357 

fields, 341 
Hotel Example, 343-348 
selection, 341-342 
variant, 350-352 

Rect (built-in type), 393 
Rectangles, 398-400 
Recursion, 459-472 

inefficiencies, 467 
Recursive graphics, 467-472 
RecursivePals (Prog), 465 
Relational operators, 121 
Renaming 

disks, 64-65 
programs, 64-65 
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repeat ... unti1, 137-144 
repeat vs. while, IS6-IS7 
Replace, 191-192 
Replace with, 190-192 
Resek, Diane, 433 
Reserved words, 69 
Reset, (Pascal stmt), 111, 

363 
Reset option, SS, 197, 204 
Reset switch, 6S 
Reverse-Harne (Prog), 4SO 
Revert, 187 
Revert option, 182 
Rewrite, 113, 361-363 
RollingHex (Prog), 392 
ROM, 10 
Round, 89, 217 
Run menu, SO, SS, 196-198 
Running programs, 49-SO 
Running sum, 140-141 

Sales (Prog), 112 
SANE, 106-107,217 
SAT (Prog), 331 
SAT example, 331-332 
Save as option, 44-4S, 48, 

66-67, 181-182 
Save option, 46-47, 49, 

181-182 
Save vs. Save as, 181-182 
SaveDrawing procedure, 396 
Saving programs, 44-49 
Scientific notation, 77 
Scope CProg), 248-249 
Scope rules, 244-249 
Screen dumping, 63 
Search (Prog), 192 
Search For, 190-192 
Search menu, 189-19S 
Searching algorithms, 

309-315 

Seek, 378-379 
Select All, 184 
Selection Sort, 334 
Semantics, 76 
Semicolon, 73, 12S 
Sentinel value, 147 
Sentinel vs. EOF processing, 

150-IS2 
Sequential access files, 

359-383 

i93 

Series (Prog), 144 
SetorawingRect procedure, 393 
SetRect procedure, 393 
Sets, 425-442 

as filters, 429-430 
difference, 426 
equallty,426 
intersection, 426 
membership, 427 
subsets, 427 
union, 426 

SetSoggies (Prog), 432 
SetText procedure, 394 
Shortcuts 

close, 24-29 
fan, 198 
highlighting, 39 
open, 24-29 

ShowDrawing procedure, 394 
ShowText procedure, 394 
Shrink box, 34 
Side effects, 226, 241 
Simple (Prog), 22-23, 38-S7 
Simulation, 303-304 
Sin, 218 
Sketch (Prog), 403 
Sloppy (Prog), 83 
Snidely_ l (Prog), 291-292 
Snidely-2 (Prog), 293 
Snowflake (Prag), 469 
Snowflakes, 46 7 
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Software, 10-11 
Soggies (Prog), 305-306 
Soggies example, 303-307, 

431-433 
Solfeggietto, 407 
Sonny Tan (Prog), 96 
Sonny Tan example, 94-96 
Sorting arrays, 316-319 
Sound, 404,422 
Special Macintosh Pascal 

types, 281-282 
Special menu, 117, 208 
Speller (Prog), 454 
Spiral (Prog), 395 
Sqr, 218 
Sqrt, 113, 218 
SquaresJ.ncLCubes (Prog), 224 
Statement 

assignment, 75-76 
case, 168-173 
Close, 111, 364 
compound, 124-126 
conditional, 126-137 
for, 165-168 
if, 126-132 
Open,378 
Read and Readln, 100-105 
repeat ... until, 137-144 
Reset, 111, 363 
Rewrite, 113, 361-363 
Seek, 378-379 
with, 348-349 
while, 144-153 
Write and Writeln, 70-72 

Static, 445, 474 
Step, 197,205 
Step-Step, 198,205,207 
Stops In, 198,203-204 
Stops Out, 198 
Stored program 7 
Stretch box, 34 

string, 78 
String 
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avoiding built-In, 352-357 
manipulation, 444-455 
null, 445 
ordering, 446 
size, 445 

Structured 
languages, 15 
programming, 139, 216 
programming example, 

250-255 
Subrange types, 280-281 
Subscript, 288, 302 

out of bounds, 302 
Subsets, 427 
Succ, 271-272 
Syntax, 69 

Table (Prog), 166 
Tag field of record, 350 
Taxes (Prog), 172 
Taxman (Prog), 435-438 
Taxman game, 433-438 
Temperature (Prog), 155-156 
TestEOF (Prog), 377 
Text file, 110, 373-377 
Text Window, 29-34, 49-50, 

57, 196 
manipulating, 393 

Textorawlng (Prog), 398 
TextFace procedure, 397 
TextFont procedure, 397 
TextSize procedure, 397 
TickCount, 256 
Top Down 

design, 107, 304 
example, 250-255 
programming, 15-16, 139, 

216 
Tower of Hanoi puzzle, 460-464 
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Trailer value, 147 
Trash, 117 
Tree (Prog), 471-472 
Triple click, 39 
Trunc, 89, 217 
Truth tables, 122 
Turn procedure, 389-390 
Turtle Graphics package, 

388-392 
TV (Prog), 279 
Twelve Days of Christmas, 

307-309 
Type, 261-283 

computational, 282 
double, 282 
enumerated, 269-271 
extended, 282 
ordinal, 269-271 
same, 322-323 
subrange, 280-281 
type section, 268-269 

Type size, 196 
Type size option, 57 

Union of sets, 426 
Untitled Window, 29, 31 
Updating files, 368, 371-373 
User-Defined types, 266-272 
uses, 107 
UTFR {Prog), 152 

Value parameters, 238 
var,80-81 
Variable 

global, 226, 244-249 
Initialization, 82 
local, 226-228, 244-249 
notion of, 73-75 
parameters, 238-244 
Pascal, 75 
types, 77-79 

Variant records, 350-352 
ViewJ'riends (Prog), 371 
VlewJ'riends2 (Prog), 382 
Volatile memory, 10, 44 
Volume (disk name), 111 
Von Koch, Helge, 467 
Von Neumann architecture, 7 
Von Neumann, John, 7 

What to find, 190-194 
while, 144-153 
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while vs. repeat, 156-157 
Widget Works array examples, 

291-294,296-302,328-301 
Window 

active, 29 
Drawlng,29-34,57, 196 
Instant, 57, 184, 195, 

205-207,258,303 
Observe,57, 184, 196,303 
Text,29-34,49-50,57, 196 
Untitled, 29, 31 

Window to a file, 380 
Windows 

closing, 56 
manipulating, 393-394 
Windows menu, 56-57 
moving and adjusting, 34 

Wirth, Niklaus, 13 
with statement, 348-349 
WordCounter (Prog), 430-431 
Write vs. Wrlteln, 70-71 
Write-only access, 361 
Writeln, 70-72 
WriteStrlng procedure, 

354-355 

Xmas {Prog), 308-309 
Xpwrl, 107 



497 

MACINTOSH PASCAL DISKETTE IS AVAILABLE 

For your convenience, a diskette Is available from the publisher to 
accompany this book. The diskette contains all sample programs from the 
book as well as text files for the sample programs and exercises. The 
diskette wm operate on any Macintosh computer that utrnzes Macintosh 
Pascal software, Version 1.0. To order the diskette, please return the 
order form below with check or cred1t card Information. 

"l11JClntosh # Is a r8fllsterlld trlldllmark of Apple Computer, Inc. 

r------------------------------------------------------------------------i 
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Ordering Information 
can ( 301) 251-9050 or write to Computer science Press, Inc., 11 Taft Court, Rookvtlle, 
Marylend 20850, to order our publlcetlons. Ask for our complete cetelog of quality books at 
ell levels from Introductory to the 81Wenced levels. Residents of Marylend should 8'tl 51 
sales tax. Prices subject to ch8ngl3 without notice. 

MACINTOSH PASCAL 
DISKETTE 
ISBN 0-88175-088-3 

QUAN. 
ttS20.oo, __ 

Sub Total 
Postage end Handling $2.00 

Total 

PRICE 

0Payment enclosed Ovisa No. ______ OMastercard No.-----
Stgnatur..__ __________ _ Expiration d8t...,11 ____ _ Nam.,__ ____________________ _ 

Amlr'~---------------------Clty sta...__ _____ Zlp ------
ALL ORDERS FROM INDIVIDUALS MUST BE PREPAID 

0 Ml my 11811le to your malling list. Dsend me your current catalog. 
Computer Science Press, Inc., I ITencourt. Rockville, MD 20850. USA. (301) 251-9050 ! _______________________________________________________________________ _ 
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