Da vid J. Ec k

(July 1995)

Lab Man ual for Macin tosh

The Most Complex Mac hine:

Department of Mathematics and Computer Science

Hobart and William Smith Colleges

Genev a, New Y ork 14456

Con ten ts

Lab 0

Lab 1

Lab 2

Lab 3

Lab 4

Lab 5

Lab 6

Lab 7

Lab 8

Lab 9

Lab 10

Lab 11

Lab 12

Lab 13

Lab 14

Intro duction to the Macintosh

Data Representation

Logic Circuits

Memory Circuits

Intro duction to xComputer

Assembly Language Programming

Subroutines in xComputer

T uring Machines

Interrupts and I/O in xComputer

Intro duction to xT urtle

Thinking ab out Programs

Subroutines and Recursion

Sorting

Multitasking in xT urtle

Graphics and Geometric Mo deling

. . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . .

Lab Num b er 0 for

Ab out this lab:

The Most Complex Machine

The Most Complex Machine

In tro ducti on to the Macin tosh

The Most Complex Machine: A Survey

of Computers and Computing

The Most Complex Machine

This lab and the software used in it accompany

, an intro ductory computer science textb o ok by David Eck

(published 1995 by AK Peters, Ltd., 289 Linden Street, W ellesley

, Massachusetts 02181;

ISBN 1-56881-054-7

). Supp ort for the text, software and labs is av ailable on the W orld

Wide W eb at http://math.hws.edu/TMCM.htm l . David Eck can b e reached at the e-mail

address eck@hws.edu. This lab is protected by copyright but can b e freely distributed for

priv ate, individual use, provided that no charge is made for it other than a reasonable fee

for duplication and media. However, I stipulate that neither this lab nor the software used

in it should b e used in a course unless the textb o ok, , is also

adopted for use in that course.

by David J. Eck

This is an intro ductory lab which is meant mostly

to intro duce you to the use of the Macintosh computer. The Macintosh is

designed to b e easy to use, and the programs you will use in this course

are written to require minimal computer exp ertise. Even if you have never

used a computer b efore, this lab will teach you most of the general facts you

need to know in order to feel comfortable doing the rest of the labs. If you

already know how to use a Macintosh computer, you probably won’t learn

much from this intro ductory lab; however, there are several go o d reasons for

you to quickly work through the lab anyway

. First, you might pick up a few

useful techniques you didn’t know b efore. Second, you need to know how to

access the software you will use in the labs. And finally

, xSimpleEdit—the

program used in this lab—will familiarize you with some features that it

shares with other programs that you will use in later labs.

Y ou should have a floppy disk containing the software used in the labs,

or, if the software is already stored on the computer system you will b e using,

you should know where to find it. It will b e useful, though not essential, to

have read Chapter 1 of in order to obtain an

overview of how computers really work.

like this

Getting Started:

scr e en saver

desktop always

only

then do not

In tro duction to the Macin tosh Lab 0, P age 2

Sh ut Do wn Sp ecial

Sh ut Do wn Sp ecial

Sh ut Do wn

Y ou should read through any lab worksheet in adv ance—not only

will this let you do some planning, but it will often make the lab easier to

do and more meaningful. (Also, you can make note of things you need to do

at the computer; such things are usually written in slanted typ e, .)

This is esp ecially imp ortant for this lab, since in this case if you don’t read

the lab in adv ance you will sp end most of your time at the computer just

reading it.

Most of the remaining labs in this b o ok b egin

by asking you to start up some sp ecific program. It is assumed that you

know where to find the programs and how to start them. How you do so will

dep end on the exact situation in which you are doing the labs. There are

two ma jor p ossibilities: Either you carry the programs around with you on

your own floppy disk, or the programs are installed on the computer system

you are using. I will describ e the general pro cedure, but there are many

p ossible v ariations, esp ecially if you are using a computer in a computer-

equipp ed classro om or lab oratory

. In that case, you might need to find out

ab out lo cal customs. (If you are using the b o ok as part of a course, you

will undoubtably b e told what you need to know; if by some chance you are

working on your own, ask anyone who lo oks like they know what they are

doing.)

First of all, you need to know how to turn your computer on and off.

Many mo dels of Macintosh can b e turned on by pressing a button in the

upp er right corner of the keyb oard. (In some cases, it might b e necessary

to turn on the monitor with a separate switch.) These computers can b e

turned off simply by selecting the command from the

menu. If you don’t know anything ab out menus, don’t worry . Y ou will by

the end of this lab.

Other Macintosh mo dels have a p ower switch lo cated on the front or back

of the machine. (There might b e a separate p ower switch for the monitor.)

The p ower switch can b e used to turn the computer on; to turn it off, you

should first use the command from the menu and

turn off the p ower. It is imp ortant that you simply turn off the

p ower without using the command first.

Many computers have a program called a installed that

will either dim the screen or display some changing image after the computer

has b een left turned on but idle for some time. This is supp osed to prevent

damage to the screen that can result from displaying the same image for to o

long. If the screen saver has b een activ ated, you can deactiv ate it by moving

the mouse.

When you turn on the computer, the screen will display a work area called

the , similar to the one shown in Figure 0.1. The desktop contains

0.1.

ons datafolder disk tr ash b ar tro duction to the Macin tosh Lab 0, P age 3

Edit

Macintosh desktop, showing sever al ic ons, two op en windows and menu b ar. The arr ow, which is c al le d the , is use d to p oint to a lo c ation the scr e en. Its p osition is c ontr ol le d by moving the mouse.

which are pictorial symb ols for information stored on the computer.

icon can represent a program, a do cument (also called a or a , or a . There is also an icon called the which I will ab out later. Each icon has a name, which is displayed under the icon.

folder is a container that can hold programs, do cuments and other

A disk can also hold programs, do cuments and folders. A disk is t from a folder b ecause it is an actual physical ob ject, while a folder merely a collection of information stored somewhere on a disk. In addition icons, the desktop can display . Windows are used by programs display information. There are also “directory windows” that are used to w what information is stored in a folder or disk. Such directory windows the only ones you will see when there is no program running.

, across the top of the screen is the . The menu bar tains several individual menus, with names such as and . Each u contains a selection of commands that can b e accessed using the mouse.

apple on the left of the menu bar also represents a menu, called the u. There will probably b e other menus represented by single b ols on the far right of the menu bar. When you run a program, it

Around: c ontinuing to hold the button down ctdagging b ar en double-clicking age 4

Disk ecial ry selecting and dragging the disk at the upp er right corner of your computer screen ry op eningclosing some disks and folders. T ry dragging things from one folder to then dragging them back. T ry throwing something in the trash, dragging it out again.

have its own menu bar containing menus and commands appropriate for program. The program’s menu bar replaces the usual desktop menu bar the program is running.

w, it is finally time to do something with computer. T o use a Macintosh, you need to learn how to use the mouse.

mouse is used to select items, to op en them and to drag them around.

is also used to cho ose commands from a menu. There are a lot of different to learn here, but most of them are very natural. If you have previous erience with Macintosh computers, you should already know everything in section. If you have used the Windows system on IBM-typ e computers, ou know most of it, but there are a few differences that you will have to get to. o a disk or folder icon or a particular window, just p oint at it with mouse and click the mouse button. The item you select will b e indicate that it is selected. Clicking is also used for other purp oses. F or if you click on the small square b ox found in the upp er left corner a window, that window will close.

ou can move an ob ject around by it. That is, p oint the mouse it, press the mouse button and, , ve the mouse; release the button when the mouse is at the p osition you ant. If it’s a window you want to drag, you must grab it by the runs along the top of the window.

ou can move an item from one folder or disk to another by dragging item and dropping it on the folder or disk to which you want to move

If you drag something that’s stored on one disk to another disk or to a that is stored on another disk, it will b e copied instead of moved. If ou drop a folder, do cument or program on the trash icon, it will b e thrown way . (If you do this accidentally

, you can op en the trash by double-clicking and drag the item back out of the trash; however, once the trash has b een you can no longer get it back.) If you drop a floppy disk icon in the the disk will merely b e ejected from the computer and removed from desktop; it will b e erased. In fact, this—and not the in the menu—is the prop er way to remove a disk.

ou can something by on it. That is, p oint the at it and quickly click the mouse button two times. If you double-click disk or folder icon, a window will op en showing you the contents of the or folder. The window can b e closed as describ ed ab ove.

o cho ose a menu command, p oint the mouse at the menu name in the it down and Soft w are:

ry cho osing the command from the utro duction to the Macin age 5 out This Macin t osh Apple

Quit Ab out

Apple u bar. Press the mouse button and . A menu of commands app ear b elow the menu bar. While continuing to hold down the mouse move the mouse to the command you want. The command that the is p ointing at will b e hilited (unless it is not legal at the moment).

you release the mouse button, the hilited command, if any

, will b e

(Recall that the menu is indicated by the small apple b ol at the left end of the menu bar.) This will op en a small window taining some information ab out the computer you are using.

you double-click on a program icon, that program will b e started up. If ou double-click on a do cument icon, the program that created that file will en and, usually

, a window will b e op ened showing the do cument. When program op ens, its own menu bar will app ear on the top of the screen. In all cases, there will b e a menu containing a command that b e used to terminate the program. Knowing this much, you should feel to try starting up some programs to see what happ ens. Usually

, there b e things for you to click on and commands for you to try

. Generally , first command in the menu will b e called “ something other.” This command might give some useful information ab out the

Also, lo ok for commands in the menu or in other us. o do the labs in this manual, you need to certain programs and data files. Y ou might have these programs data files on a floppy disk, or they might b e installed on the computer ou will b e using. I will assume that you know where to find this software.

you have the software on a floppy disk, insert that disk into the slot on front of the computer. An icon for the disk will app ear on the desktop.

k on the icon to op en it; it might actually op en automatically you insert the desk. If the software is installed on your computer, you t have to op en one or more folders on the disk to find it.)

you have the software only on a floppy disk, you should make a copy keep the original as a backup. If you have your own computer, you can y the software onto your computer’s hard disk, if it has one. Otherwise, ou should copy it to another floppy disk. If you don’t know how to do this, someone or lo ok it up in a Macintosh computer manual.

you are using software installed on a computer that you don’t own, ou will need a floppy disk on which you can keep any files that you create the labs. If you need to buy a disk, buy a “3-1/2 inch double-sided, ty” disk. (Don’t buy a “high-density” disk unless you know the you will b e using can handle it—all newer Macintoshes can, but a

SE or a Mac Plus generally cannot.)

Simple Program:

dol l b ars om b ox gr ow b ox title b ar close b ox ommand-key e quivalent age 6

Double-sided en File Op en

Edit File New the file Sample

File and op en it.

ou shouldall this information and exp eriment with each of these features.

ry selecting the command from the menu new disk must b e b efore it can b e used. When you insert unformatted disk into the computer, a b ox will app ear telling you that needs to b e initialized. What you need to do will b e obvious, except in the case of a double-density disk, there will b e two buttons lab eled . Y ou should click on the button lab eled

: Do not initialize a disk that you have previously on an IBM-typ e computer unless you want to throw away all the data that disk; a disk can contain IBM data or Macintosh data but not b oth the same time.

or this lab, you need a program named a data file named “Sample Edit File.”

are two ways to do this. If you double-click the Sample Edit File icon, then the program will start up will op en the file. (The Sample Edit File was created using the program

The Macintosh rememb ers this fact, and when you double-click the file, it starts up the program that created it and tells that program op en the file.) Alternatively

, you can start up the program directly by king on the program icon. Once the program is started, you can the command from the menu to op en a data file. The is discussed in more detail b elow.

a very simple text-editing program. It allows you to typ e and edit text, to save the text as a file and to send the text to a printer.

similar typ e of text editing will b e used in several programs in later labs. is quite limited and is very far from b eing useful as word-pro cessing program, it do es show many of the features common to tosh programs. Y ou will use it to learn ab out these features.

you op en the file, a window app ears on the screen that lo oks much e the one in Figure 0.2. This window displays the information from the

In this case, the window contains information ab out , the the , the and the .

youwhat the text in the window tells you to do, you will end up by closing window.

you should work with to learn the basics of text-editing of using menus. Almost every Macintosh program has a menu and menu. The commands in these menus can v ary somewhat from to program, but some commands are used in almost all programs.

and menus for are shown in Figure 0.3.

The comop ens up a new, empty window into which you can typ e some text.

the letter “N” to the right of the word “New” in this menu. This is a for the command. This means

0.2.0.3.

age 7 typic al Macintosh window c ontaining some text to b e e dite d. Y ou an typ e text into such a window. Y ou c an then e dit the text, print it, or save it as file.

File and Edit menus use d in the pr o gr am xSimpleEdit. The c om- in these menus ar e available in many Macintosh pr o gr ams.

instead of selecting the command from the menu, you can simply hold wn the command key on the keyb oard and typ e the letter “N.” (The comkey is the key with an apple and/or a cloverleaf symb ol on it.) Y ou learn how to read menus to find out the command-key equiv alents common commands, since using them is easier than using the mouse to eplac e p oint o ar d ry typing and editing some text, including op ening a second window copying text from one window to another age 8 Cop y P aste Cop y Clear Edit astey Cut en Sa v e Sa v e As File en the commands. (This is esp ecially true for the , and erations in the menu.)

ext editing is easy on the Macintosh. As you typ e characters, they ear on the screen at the p osition of a blinking . Y ou can ve the insertion p oint with the arrow keys or with the mouse. (T o use the just click at the p osition where you want the insertion p oint.) The key will erase the character to the left of the insertion p oint.

ou can hilite a range of text by dragging the mouse across it. That is, the mouse button at some p osition in the text, then hold the button wn while moving the mouse. T ext will b e hilited as you move the mouse.

you move the mouse outside the window, the text in the window will scroll.

the mouse button when you are done. Once the text is hilited, you use the , and commands from the menu.

command will remove the hilited text from the window. Hower, it will save a copy of the text in a sp ecial place called the .

some text is in the Clipb oard, you can use the command to place copy of that text at the current insertion p oint. Thus, you can move text one place to another by cutting it from one place and then pasting it at different place. (If some text is hilited when you use the paste command, text from the Clipb oard will the hilited text.)

ou can cut and paste from one window to another and even from one to another. After you paste some text, a copy of it is still in the oard, so that you can paste the same text into several different places you want. The command is similar to the command except it do es not remove the hilited text; it merely puts a copy of it in the oard so that it can b e pasted elsewhere. command will remove hilited text from a window without a copy of it in the Clipb oard. Hitting the delete key while some text hilited will have the same effect. command is used to cancel the effect of the most recent comor typing. F or example, it might b e used to “un ” text that you ve unintentionally erased. Once the undo command has b een applied, the in the menu changes to , which can b e used to “undo the

(The exercises at the end of lab will give you more opp ortunities to do some text editing.)

, and commands in the menu allow you work with files saved on a disk. allows you to op en a file that exists. A new window is op ened in which the contents of the file are yed. When you edit the contents of that window, you don’t change the itself—just the copy of the file’s contents that is displayed in the window. g b ox0.4.

age 9 v e v e As v e New v en o make the changes apply to the file itself, use the command. If you ant to store the changed text in a new file, leaving the original unaltered, the command. Rememb er that the changes that you make b ecome p ermanent until you save them! (Note that the first time you to a window that you created with the command, a new will b e created, just as if you had used the command instead.)

you use , you will see a that allows you to cho ose file you want to op en. A dialog b ox is a sp ecial typ e of window that the g b oxes for op ening and saving files. The b oxes you se e on your omputer might lo ok differ ent fr om these if your Macintosh is running “System 6” ad of “System 7,” but the only r e al differ enc e is the metho d use d to move fr om disk to another. In the System 7 b oxes as shown, you c an click on the Desktop and then double-click on the name of the disk you want to sele ct. The Sys- 6 b oxes c ontain a Drive button inste ad. Clicking on this wil l move you fr om disk to another; ke ep clicking on it until you get to the disk that you want.

op-up menu age 10 v e As Sa v e v t File age Setup ry op ening a file or two ry entering some text in a new w, saving that text in a file, and then reop ening that file.

ry this.

tosh uses to ask you a question or allow you to enter information. Once dialog b ox is on the screen, you have to do something to make it go away efore you can do anything else. (Often there is a Cancel button that you click to make the b ox go away and cancel any op eration in progress; for when using , click the cancel button if you decide you don’t ant to op en a file after all.) When you use —or on a new w—you get a dialog b ox that allows you to name the new file you are and to sp ecify the folder in which it should b e stored. Thedialog b oxes are shown in Figure 0.4.

t the top of each dialog b ox is the name of a folder or disk. Beneath name is a scrolling list of the items stored in that folder or disk. (In case of the command, a file will app ear in this list only if the knows how to op en it; for , only files containing text app ear.) If you double-click on any folder in this list, that folder will b e ened and will replace the name at the top of the dialog b ox. The name the top is actually a , which can b e used to move back up folders or disks containing the current folder or disk. (Point at the name the mouse and press and hold the mouse button; it should b e obvious to do.)

op ening a file, lo cate the file you want and then double-click on its or click on the Op en button. . F eel free to the disk and op en files that lo ok interesting.

saving a file, you should make sure that the folder or disk at the of the dialog b ox is the place where you want the file to go. (If you don’t w which folder the file is saved in, you might not b e able to find it again!)

yp e a name for the file into the rectangle at the b ottom of the dialog b ox.

ou might have to click in the rectangle first, if you don’t see the blinking p oint there. (Hint: Whenever some text is hilited, if you just start yping, the hilited text will b e deleted and replaced by what you typ e; there no need to get an insertion p oint and erase the text by hand.) After typing name, click on the Save button or just press the return key

. (Another t: Whenever a button has a heavy b order around it, pressing the return ey is equiv alent to clicking on the button.)

other thing that you can do with the text in a window is print it.

, this just requires cho osing the command from the menu then clicking on the Print button in the dialog b ox that app ears on the wever, there can b e some complications. The print dialog b ox contains options you can set (although some of these will have no effect in F urther options are av ailable in a Page Setup dialog b ox, h you will see if you cho ose the command; if you want to this command, you must do so b efore you print. Finally

, b efore you print age 11 oser on t Windo ws wsws t on t 1: File Edit Windo ws 2: y P aste aste ok at the commands for the , and us in . Sometimes the commands are active, and sometimes are grayed out and therefore unav ailable. T ry to figure out the condiunder which each command is grayed out, and write up your observ a- e a file—not just a window!—con taining the line “This a stupid file” rep eated 128 times. Y ou only have to typ e the line once, and use and commands. Explain how you made the file. What the smallest numb er of and commands needed to make the (Y ou need far fewer than 128.)

, your computer must b e connected to a printer and that printer ust b e “selected.” Y ou can select a printer using the command, h should b e av ailable in the menu. If you need to use the Cho oser don’t know how to do so, ask someone or lo ok in your computer manual.

two additional menus, a menu and a u. When you have several windows op en, the menu can b e to move easily from one window to another. (Of course, you can also ve to a new window by clicking on it, but that only works if at least some of the window is visible.) Many of the programs you will use in later have a menu.

menu controls the app earance of the text displayed in a winw. It is divided into two parts. The upp er part controls the size of the

(The size is sp ecified in “p oints.” The more p oints, the bigger the

The current size of the text is checked; when you cho ose a new size, check mark will move. The b ottom half of the menu controls the t, that is, the style of character used to display the text. Y ou can try out t fonts and different p oint sizes. Although the other programs you use do not have a menu, many of them do have similar menus that ou will use to select one option from among several.

was a lot to learn in this lab, esp ecially if you have not used

Macintosh b efore. Y ou should continue to work until you feel reasonably with the computer and with the program. Also, try other programs that are av ailable to you. Y ou should find that you figure out a lot ab out how to use them, since most Macintosh programs ork in similar ways.

lab ends with a numb er of exercises for you to work think ab out and write up. Y ou should do them you have gained erience with Macintosh computers by working through the lab. Some of require further work on the computer. Y our resp onses might b e part a lab rep ort, if you are doing this lab as part of a course.

onsistent user e tro duction to the Macin age 12

3: 4:

in detail how you could make a new file containing the last paragraph from the file Sample Edit File used in this lab (without yping the paragraph!). There are at least two essentially different ways to this. T ry to think of b oth of them.

Macintosh is designed to have a

This means that most programs work in the same way

, so that uch of what you learn ab out one program also applies to other programs.

several examples of this that you have seen during your exploration the Macintosh in this lab. Why is a consistent user interface is useful? Num b er 1 for one

Represen tation

Most Complex Machine

Most

Machine e al ly out this Lab:

kground: Bits, Bytes, Etc:

Most Complex Machine: A Survey

Computers and Computing

Most Complex Machine lab and the software used in it accompany an intro ductory computer science textb o ok by David Eck

1995 by AK Peters, Ltd., 289 Linden Street, W ellesley

, Massachusetts 02181;

1-56881-054-7

). Supp ort for the text, software and labs is av ailable on the W orld W eb at http://math.hws.edu/TMCM.htm l . David Eck can b e reached at the e-mail eck@hws.edu. This lab is protected by copyright but can b e freely distributed for ate, individual use, provided that no charge is made for it other than a reasonable fee duplication and media. However, I stipulate that neither this lab nor the software used it should b e used in a course unless the textb o ok, , is also for use in that course.

y David J. Eck the different typ es of information in a comare represented by strings of just two basic symb ols: zeros and ones.

same string of zeros and ones can represent many different items of all dep ends on how it is interpreted. In this lab, you will see the string of thirty-two bits interpreted in six different ways. Y ou will learn something more ab out the “feel” of using a Macintosh computer topic of data representations is covered in Section 1.1 of

The relev ant material is reviewed here, but it would b e ery useful to have read that section for more p ersp ective ab out what is on. fundamental unit of is a . A bit is a quantity that can take on either of the two alues or . By taking on one of these two v alues, it can represent by answering a single yes-or-no question, with the v alue

“yes” and meaning “no.” Of course, for it to represent

. . Program:

same R eps etation c o de ger Represen tation Lab 1, P age 2

File in the usual sense, you have to know what question is b eing ered. The “question that is b eing answered” is the of bit. The same bit can have almost any meaning, dep ending on how it is terpreted. stringing together a sequence of bits, we can represent more than just wo p ossible v alues. A string of two bits can represent four p ossible v alues, onding to the bit-patterns 00, 01, 10, and 11. The v alues might e the numbers 0, 1, 2, and 3; or they might b e the four different things can o ccupy a square in a game of checkers: red piece, black piece, red and black king; or, they might have any one of indefinitely many other terpretations. Again, the meaning dep ends on the interpretation.

string of eight bits is called a . A byte has 2 —that is 256— t bit-patterns. These 256 different bit-patterns can b e used to enco de different v alues. In one common application, the bit-patterns are used co des for letters, digits and other characters. Although such an enco ding b e done in many ways, the most common asso ciation of bit-patterns characters is the , which is used in most computers.

stringing together bits (and keeping their interpretation straight!) we represent any data that the computer might have to deal with. In this you will lo ok at just six of the p ossible interpretations of a string of y-two bits. The interpretations considered here are, in a sense, built to the design of the computer itself. F or example, the computer can— the direction of a program—take a thirty-two bit v alue from a certain lo cation and treat it as an , that is a p ositive or negative number. The computer can do things with that string of bits that are things to do with an integer, such as add it to another numb er divide it by seventeen. It can also display the integer on its screen in

“human-readable” form.

six interpretations you will see for a string of thirty-two bits are: a numb er, an integer, a hexadecimal numb er, a real number, a string four characters and an eight-by-four grid of pixels. Y ou should rememb er you will b e lo oking at string of thirty-two bits interpreted in t ways. Y ou should also rememb er that the same bit-patterns could e interpreted in other programs in an endless v ariety of ways: as a bar music, or the chemical ingredients in a bar of soap, or your tab at your vorite bar, or .

o b egin the lab, start up the program , h you will find in the folder named “Files for Lab 1.” Y ou will see a w like that in Figure 1.1, but with different v alues in the rectangular oxes. This is a very simple program, with just one functional command— the menu. (Y ou can also quit this program simply by closing window.)R

1.1. b oxesRepresen age 3 fr om the pr o gr am Data R eps. The window displays six values differ ent typ es, but e ach value is r epr esente d in the c omputer by the same thirtybits.

window contains six rectangular b oxes, lab eled with the typ e of data h contains. The first five b oxes are . Many Macintosh use text-input b oxes to allow you to typ e in data to b e used by program. Some Macintosh hints: If all or part of the contents of a ox are hilited, you can simply start typing to erase and replace the hilited haracters. If a b ox contains a blinking insertion p oint, anything you typ e b e inserted at that that p oint. Y ou can move the insertion p oint with the w keys or by clicking with the mouse at the new lo cation. T o move the p oint to a different text-input b ox, just click in that b ox. (Actually , easiest way to move from one text b ox to another is to press the tab key;

will hilite the contents of the next b ox so that you can just start typing new v alue.)

ou might find that you are only allowed to typ e certain characters into text-input b ox, or that the numb er of characters or the contents of the ox are restricted in some other way

. In the program , when you one of these restrictions, the computer will b eep at you. (Most of restrictions are obvious; for example, the b ox lab eled “Binary” can only tain the binary digits 0 and 1.)

sixth b ox in the window, lab eled “Graphics,” is not a text input b ox.

b ox is divided into an eight-by-four grid of small squares which can b e black or white. Each of the thirty-two squares corresp onds to one of bits in the binary numb er. The square is white if the corresp onding bit

0 and is black if that bit is 1. If you click the mouse on one of these squares, . . yp es: 1 0

� � � � � cimal digits R eps Most Complex Machine

Represen age 4

Binary Bo x. In teger Bo x. Hexadecimal Bo x. ry changing the contents of each of the six b oxes in the window.

k on each button to see effect.

yp e in some integers and observe the bit-patterns represent them. Include some negative numb ers. Can you say anything out how negative numb ers are represented?

will change from black to white or vice versa. If you click and drag, you change several squares at once. This is the easiest way to change sp ecific in the numb er.

as so on as you make any change, the contents of all the other bases are hanged as well. This is b ecause each b ox is really displaying the same string thirty-two bits, interpreted in different ways.

three in the lower right corner of the window provide anway to change the contents of the b oxes.

button named “Random” will pro duce a different bit-pattern h time it is pressed.

is a description of what you are seeing in each of the b oxes in the program window, along with some suggested

Note that you are certainly exp ected to learn all the details of different representations. The imp ortant idea here is just that different tations are p ossible.

is the most direct display of the thirty-two bit number, showing a zero or one to represent each individual bit. If ou typ e fewer than thirty-two bits in this b ox, the computer will fill in with zeros on the left.

binary numb er can b e interpreted as a p ositive teger (0, 1, 2, 3, 4, ) in a natural way

, as explained in Section 1.1 of

Representing the negative integers ( 1, 2,

) is trickier. However, it is always true that a binary numb er whose bit is 1 represents a negative number. This is explained in Subsec-

2.2.3 in the text.

is difficult (for humans) to read long of zeros and ones. Hexadecimal numb ers are a kind of shorthand writing such strings. A hexadecimal number is written using the sixteen

1, 2, 3, 4, 5, 6, 7, 8, 9, A, B, C, D, E, and F. The letter stands for 10, B for 11, and so forth. A hexadecimal numb er is a numb er in the “base 16,” just as ordinary integers are in the “base 10” and numb ers are in the “base 2.” F or example, the hexadecimal numb er would b e written in decimal as:

= 2 16 + 11 16 + 7 16

2 256 + 11 16 + 7 1 695 1.2. R eps R epsnotation 2 16 2 16 2 16 2 2 age 5

Real Bo x. est this corresp ondence by entering some hexadecimal numbers and obhow they translate into binary . r epr esentation of a non-zer o r e al numb er as a string of thirtybits. Sp e cial bit p atterns ar e use d for the numb er zer o, as wel l as for the values and minus infinity. The r epr esentation has thr e e p arts: a “sign,” an “exonent,” and a “mantissa.” In the binary numb er system, a mantissa c onsists of

1, fol lowe d by a de cimal p oint, fol lowe d by a string of zer os and ones; in the r ep- esentation use d for r e al numb ers in a c omputer, the 1 b efor e the de cimal p oint is d, and only the bits fol lowing the de cimal p oint ar e r epr esente d. The eight-bit onent is use d in a r ather o dd way: First of al l, if al l eight bits of the exp onent e 1’s and if al l the other bits in the numb er ar e 0’s, then the c orr esp onding r e al er is “infinity”; “minus infinity” is obtaine d fr om this by turning on the leftbit. Aside fr om these c ases, the eight bits r epr esent a p ower of two; the p ower given by c onverting the eight-bit binary numb er to de cimal and then subtr acting F or example, 01111111 r epr esents the p ower 0; 10000000, the p ower 1; and the p ower 1.

conversions from hexadecimal to binary and vice versa are much eas-

Each hexadecimal digit corresp onds to a string of four binary digits acto the rules 0 = 0000 , 1 = 0001 , 1 = 0010 , 3 = 0011 , ,

= 1111 .

mathematics, a real numb er is one that can include decimal p oint and any numb er of digits—even an infinite numb er—after decimal p oint. On a computer, there is a limit on the numb er of digthat can b e represented, so that real numbers can only b e represented ximately

. In , if you typ e in more digits than can b e repreted, the extra digits will b e ignored and will b e erased when you move another input b ox. (If you typ e more than ab out eight digits in the Real ox, you will notice that the entries in the other input b oxes stop changing.)

representation for real numbers is complicated by the fact that real umb ers can b e written in . In standard scientific notaa numb er can b e multiplied by a p ower of ten. F or example, 3 75 10

3.75 times 10000, or 37500, since ten raised to the fourth p ower is

On a computer, 3 75 10 is written as 3.75e4. The “e4” means

10 raised to the exp onent 4.” This notation is used in the Real input ox in the program . � � R eps R eps R aning Represen age 6

Ascii Bo x. Graphics Bo x. 1: 2: 3: 4:

bit patterns used to represent real numbers are quite complicated.

are based on a binary-num b er version of scientific notation in which owers of two are used instead of p owers of ten. Some strings of bits don’t en represent legal real numb ers; such bit strings are shown as “(inv alid)” the Real input b ox. There is even a sp ecial bit pattern that is assigned represent infinity (denoted “INF” in the real b ox). Some of the details of representation are explained in Figure 1.2.

eight bits needed for each character, a thirtywo-bit binary numb er can represent a string of four characters. Some of p ossible characters, such as the tab character, are “non-printing.” Such haracters are drawn in as small squares.

is explained ab ove.

yp e in some real numb ers and observe the bit patterns that represent

(Don’t worry ab out all the details of the representation; they are not ortant.) Check that turning on the leftmost bit will change a p ositive umb er to its negative. Make the numb ers INF and INF, based on the in the caption of Figure 1.2.

ry typing in some ords to see what numb ers they corresp ond to. Note that each character onds to a two-digit hexadecimal numb er. Why?

ry drawing some to see what letters or numb ers the bit-patterns represent.

the program to find out which character has

I co de 120. Use the program to find the ASCI I co de of the character ‘@’.

o do the latter, start with “All Zeros” and then replace the last character the ASCI I Co de b ox with @. What happ ens if you just typ e @ by itself to the ASCI I b ox? Why?

yp e the following integers into the Integer input b ox, and e the corresp onding pictures in the graphics b ox: 1, 2, 4, 8, 16, 32,

4096, 65536. What pattern do you see in the pictures? Explain numbers pro duce this pattern.

yp e a four-letter word, such as “TIME,” into the ASCI I de text input b ox of the program . Then, in the graphics b ox, the bits on and off in the third column from the left. What have you vered ab out the of the third bit from the left in the eight-bit

I co de of a letter?

ou could typ e “1000” into any of the five text input oxes. Explain carefully the meaning of this string of symb ols when it is yp ed into each b ox. How is it p ossible that the same string of symb ols can ve different meanings in different circumstances? (Recall the definition of

“symb ol.”)

age 7 a working computer, the interpretation of a given string of bits has b e kept straight by someone or something. At this p oint, you don’t know ab out computers to understand exactly how this is done, but you t b e able to make some go o d guesses. T ry it! Think ab out the analogy information stored in b o oks.

gic gates out this Lab:

Circuits b er 2 for

OR NOT AND OR NOT Most

Machine W l is p ossible in theory to construct a computer tirely out of transistors (although in practice, other typ es of basic comonents are also used). Of course, in the pro cess of assembling a computer, transistors are first assembled into relatively simple circuits, which then assembled into more complex circuits, and so on. The first step in pro cess is to build , which are circuits that compute basic op erations such as , and . In fact, once , and are av ailable, a computer could b e assembled entirely from such

In this lab you will work with (simulated) circuits made up of , gates. Y ou will b e able to build such circuits and see how they erate. And you will see how simpler circuits can b e combined to pro duce complex circuits.

lab covers much of the same material as Chapter 2 in

The lab is self-contained, but many of the ideas covered are covered in much more depth in the text, so that it would b e useful you to read Chapter 2 b efore doing the lab.

b er that you should read through the lab worksheet in ance of starting a lab. In addition to exercises for you to do, the lab off OR NOT OR NOT and Circuits:

Circuit s Lab 2, P age 2 o gicCir cuits o cuits Most Complex Machine

1 Input 2 Output Input 1 Input 2 Output Input Output

Gates for L ab 2 the data file , and op en it. (It should b e in a folder

.) On the screen, you will see the window shown in

2.1. T ry turning the inputs on and off to check that the gates have correct b ehavior for all p ossible inputs.

en the file named . Play with its inputs and try to ver the rule that determines the output in terms of the input. The of the circuit is a hint.

orksheet contains background material for you to read, and you should not ve to sp end your time at the computer reading this material.

logic gate is a simple circuit with one or wo inputs and one output. The inputs and outputs can b e either or , the v alue of the output is completely determined by the v alues of the

(with the proviso that when one of the inputs is changed, it takes small amount of time for the output to change in resp onse). Each gate es a simple computation. Circuits that do complex computations can b e by connecting outputs of some gates to inputs of others. In fact, an tire computer can b e built in this way . are drawn using standard symb ols for , , and gates, shown in Figure 2.1. This figure shows a window from , the that you will use in this lab. The window shows a “circuit b oard” taining an gate, an gate, and a gate. Each gate has one or wo inputs and one output, with the inputs on the left and the output on right. , a circuit b oard window is used as a base on which you construct complex circuits from simpler comp onents. The circuit b oard eight input leads on the left and eight output leads on the right. These b e connected to the inputs and outputs of the circuit comp onents. Every or output can b e either ON or OFF. Y ou have control over the inputs the left of the circuit b oard; just click on the word ON or OFF on the left the screen to change it. Aside from these inputs, which you control, all other v alues are determined by the simple rules that govern the b ehavior gates. These rules are explained in and are by the following tables:

gate: OFF OFF

ON OFF

OFF OFF

ON ON gate: OFF OFF

ON ON

OFF ON

ON ON gate: ONOFF all b ecomes more interesting when we start building more complex false

Gates

2.1. ole an algebr a OR NOT

OR NOT age 3 or not w, there is a branch of mathematics called that is timately connected with logic circuits such as . Bo olean algebra expressions made up of letters—representing inputs that can b e either —and the op erators , and . F or example, here are expressions of Bo olean algebra:

t the top of this figur e is a window fr om the pr o gr am xL o gicCir cuits, the cir cuit stor e d in the file . This cir cuit c ontains, fr om top to ottom, an gate, an gate and a gate. Inputs to the cir cuit ar e shown the left e dge of the window; outputs along the right e dge. Inputs c an b e turne d and off by clicking on the wor d ON or OFF. Cir cuits ar e c onstructe d by dr agging and other c omp onents fr om the b ottom of the window into the cir cuit and then awing lines to r epr esent wir es. Below the window ar e , , and gates in al l their input/output c onfigur ations. B A

C_{OR on false off}

ng Circuits: B C B A B B C B B C B B C A C B C age 4 or or or and and or not or or and or and a warm-up exercise, use to construct the circuit that

. Then use your circuit to make a table of v alue of this expression for each of the eight p ossible combinations of o cuits c e ou must p osition the cursor c ar eful ly over the endp oi nt of an input wir e; the cursor changes to a plus sign when it is in a le gal p osition. o cuits )

( )) ( )

) ( ) e logic circuits, such expressions represent computations. Once the alues of the inputs are known, an output v alue for the expression can b e according to the laws of logic. In fact, if we asso ciate the logical alue with “ ” and the logical v alue with “ ,” then the same can b e done by a prop erly wired logic circuit. Each different in the expression corresp onds to an input wire for the circuit, and the serves as a blueprint for building the circuit.

or example, the simple expression ( ) corresp onds to the circuit that you lo oked at previously corresp onds to the more expression: ( ) ( ) ( ). (The text the corresp ondence b etween Bo olean algebra and logic circuits in detail.)

o create a new circuit with , ou should start with the command to get an empty circuit b oard.

gates from the strip along the b ottom of the screen onto the circuit oard. T o draw a connecting wire, move the mouse to the of the wire ou want to draw. (The cursor will change from an arrow to a plus sign it is at a legal p osition.) Press the mouse button; hold it down while ou move the mouse; and release it at the other endp oint of the connection.

drawing a connecting wire, you can leave a little black dot along way by quickly releasing and pressing the mouse button. These dots t “junctions” that can themselves b e used as sources for connections.

you make a mistake, you can use the Undo command from the Edit menu to it, provided you do so immediately

. (Undo can only undo one action.)

o protect yourself against bigger mistakes, you should save your circuit tly . Then, if you make a ma jor mistake, you can op en the saved ersion and discard the version on the screen. ) ry building more complicated circuits. (Exercise 1, b elow, has

Bo olean algebra expressions for you to work on.)

off true false on circuits and Arithmetic: 2 2 2 2 2 2 2 2 2 2 2 age 5 o cuits cir cuit. e e-bit A dd e dd ul l A dder dder dder Half A dder dder another new circuit. Use the command to add the to the comp onent strip. (The command works much like the

Then drag a copy of the circuit onto the circuit oard. Use this as a basis for building a “ circuit,” that is, a circuit exactly the opp osite b ehavior from the (All you have do is add a gate and some wires.)

k that the three-bit addition circuit gives the correct answer for each order to have circuits that y “structured” complexity

, it is imp ortant to b e able to build on previwork when designing new circuits. Once a circuit has b een designed and ved, it should b e p ossible to use that circuit as a comp onent in a more comcircuit. The program allows you to do this. The from the menu is used to add a previously-created circuit to strip of comp onents along the b ottom of the circuit b oard. F rom there, can b e dragged onto the circuit b oard like any other comp onent.

o see a more useful example of constructing circuits from sub-circuits, en the file . This is a circuit that can add binary numbers.

in this lab, we have considered the inputs and outputs of a circuit have the v alues and or else the v alues and . When a is meant to work with binary numbers, the v alues 1 and 0 are used with standing for 0 and standing for 1.

circuit adds two three-bit binary inputs. (See Fig-

2.2.) Examples of such sums are: 001 001101110111in ordinary addition, each column is added separately

, from the right to with a p ossible “carry” from one column to the next. The rules for columns of three bits (including a carry from the previous column)

0 + 0 + 0 = 00 , 1 + 0 + 1 = 10 , 1 + 1 + 1 = 11 , and forth. When three-bit numb ers are added, the answer contains four bits, there can b e a carry from the leftmost column.

structure of the addition circuit reflects the structure of the problem solves. When binary numb ers are added by hand, they are added one at a time, using the same pro cedure for adding each column; a circuit do es the addition contains several identical sub circuits, and each of these circuits do es the sum for one column. The sum for each column is done y a sub circuit, which adds two digits from the input numbers a carry digit from the previous column. (See Section 2.1 in the text.

you want to see the inside of , a file containing that circuit is v ailable. A is made from two circuits, and a file taining a is also av ailable to you.)

2.2. Circuit s Lab 2, P age 6 tro duction to F eedbac k Lo ops:

cks Simple Memory cksckse db ack lo op cir cuitsthe example sums given ab ove. Make sure that you understand how the is used and how it could b e extended to add numb ers with more bits.

en the file .

ou t want to try similar circuits with different delay times. cir cuit Thr e e-bit A dd has six inputs and two outputs. The inputs, ange d into two gr oups of thr e e, r epr esent two thr e e-bit binary numb ers. These ers ar e written fr om top to b ottom with ON r epr esenting 1 and OFF r epr esent-

0, so that in this example the two numb ers b eing adde d ar e 110 and 011. The outputs r epr esent the thr e e-digit sum of the two input numb ers and the c arryom the leftmost c olumn. Her e, the sum is c ompute d c orr e ctly to b e 001 with a arry of 1.

the output of a gate used as input to that same gate, either directly or through a sequence of gates, the result is called a . Circuits with feedback ops do not have the nice relationship with Bo olean algebra that exists for without feedback lo ops. However, feedback is absolutely essential for that can store v alues. In this section of the lab, ou will lo ok at two kinds of circuits with feedback lo ops. The circuits are the files and .

contains two very simple circuits. One consists a single gate with its output connected to its input. This circuit oscillates b etween b eing on and off. (The b ehavior of this circuit is in the answer to Question 5 in Chapter 2 of the text.) The other includes a comp onent, that simply delays the signals passing it by a certain fixed amount. This slows down the oscillation.

you see why name of this file is ?

� � B D E D G G F B C B C B off off off on on on off off on on

Memory

Most Complex Machine ession. 1 essio n.2 Circuit s Lab 2, P age 7

1 not and not and or not or or and 2 3 op en the file . This file contains the circuit from

2.14 of the text. This circuit has a feedback lo op that can store either zero or a one. If you turn the first input to this circuit and then back the output will stay on. The circuit is “rememb ering” the v alue one.

you turn the second input and , the output will turn , and the rememb ers the v alue zero. Essentially

, the circuit rememb ers which its inputs was most recently turned . !

ou should b e able to do most of the following exercises working through the lab. (If you plan your lab time in adv ance, you t find it more natural to work on some of these exercises as you work the lab.) However, in some cases (esp ecially Exercise 5), you will additional help from . Note that Exercises 1

3 can b e done with or without a computer.

) ( ))) ( )

( )) ( ) ry itcircuits to compute each of the following expressions

Bo olean algebra. Y ou can build them all on one screen if you want. Make printout or drawing of the result.

the previous exercise, you went from logical expressions circuits. It is also p ossible to go in the other direction. That is, given circuit that do es not contain feedback lo ops, it is p ossible to describ e its as a logical expression of its inputs. Op en the file named

Assuming that its three inputs are named , , and , find expression that describ es the output in terms of the input. Then do the with the file , assuming that its inputs are , , ,

. Explain in words how you got your answers.

of the ma jor p oints of Section 2.1 of the text is

Bo olean algebra can b e used to build a circuit with any sp ecified inb ehavior. Construct a circuit with the following sp ecification:

o apply the metho d given in the text, your first step should b e to write wn a Bo olean algebra expression corresp onding to this table.

age 8

4. 5 e dd Thr e e-bit AND e dd Thr e e-bit AND ALU e dd Thr e e-bit AND e e-Bit A dd Thr e e-Bit AND e a printout or drawing of your circuit.

why the ability to make and use sub circuits is so ortant for the construction of complex circuits.

final exercise of this lab is to construct a mini-ALU.

is not a trivial exercise, and you should not b e surprised if you have to for some hints.

explained in Chapter 2 of the text, the purp ose of an ALU is to do arithmetic and logical calculations. The ALU is constructed so that it do es all of the computations all the time; control wires are used to trol which of the answers gets through to the output wires of the ALU.

Section 2.2.6 of the text.)

or this exercise, you should construct a mini-ALU that can compute the sum or the logical- of two three-bit binary numb ers. That is, ou want a circuit that can imitate either the addition circuit from the file the circuit from the file . Y our mini-ALU have eight inputs and four outputs. The first three inputs represent one numb er to b e used as input for the ALU’s computation. The next inputs represent the second three-bit input to that computation.

seventh and eighth input for your ALU control which answer will b e answer from or the answer from .

input seven is on and input eight is off, the ALU should output the threesum of the two input numb ers and the carry-out from the addition. If eight is on and input seven is off, the ALU should output the three-bit of the two input numb ers; in this case, the fourth output should e off.file contains a circuit that works in this way

, but you see what’s inside, so you will have to make your own. Start with the wo existing circuits and . (Add them to the using the command and then drag them onto the circuit oard.) Y our problem, then, is to add the gates and wires that are needed complete the ALU. The circuitry necessary to compute the output (for a uch more complicated ALU) is discussed in Section 2.2.6.

easiest way to do this exercise is to write down a Bo olean algebra for each output wire. The expression should describ e when the should b e turned on, in terms of the seventh and eighth inputs to the and the outputs of the and circuits.

expressions for three of the output wires are essentially identical; the is simpler.)

e a printout of your finished circuit.

b er 3 for ory CircuitsMost Complex Machine cir cuits state

One-bit Memory: W l lab lo oks at circuits that can b e made when k lo ops are allowed. The primary use for circuits with feedback is in

In this lab you will see how complex memory circuits b e built up starting from a simple one-bit memory . Y ou will construct ulti-bit registers and an addressable memory that stores several numbers a sequence of numb ered lo cations.

lab is based on Sections 2.3 and 3.1 of .

will b e useful for you to b e familiar with this material b efore you b egin lab.

circuits are allowed to contain feedk lo ops, then circuits can b e built that have an . The of such a circuit dep ends not just on the v alues of its inputs but also its internal state. The state is a kind of memory—it allows the output the circuit to dep end on what happ ened in the past, not just on what is ening now.

3.1. off ory Circuits Lab 3, P age 2

Load-data Load-data

Most Complex Machine memoryMemory en the file so you can get some hands-on exp erience doing so.

ry storing v alues in the one-bit memory circuit. V erify that switching and off has no effect as long as is off. If you are not one-bit memory cir cuit. The output value r epr esents a numb er or 1) stor e d in the cir cuit. The output wir e is name d . The two inputs the left ar e use d when a value is to b e stor e d. The top-left input is the e, while the b ottom-left input is . In effe ct, the one-bit value stor e d in the cuit is actual ly held in the fe e db ack lo op at the right. This lo op wil l r emain in of two stable states as long as the wir e is kept turne d off.

particular, it is p ossible to build a one-bit memory circuit, as explained

Section 2.3 of . This circuit is shown in Fig-

2.15 of the text, and a functionally identical circuit from the file shown in Figure 3.1 in this lab worksheet.

that b oth its inputs are , the circuit can e in one of two states. The state it is in dep ends on which v alue, 0 or 1, as most recently stored in the circuit. The stored v alue can b e read on the wire of the circuit.

you are to understand the rest of this lab, it will b e imp ortant that ou understand exactly how to use this circuit, that is, how to store v alues it and how to read the stored v alue.

that the b ottom on the left is used to sp ecify a v alue to b e stored in the circuit. That alue is stored by turning the top input wire and back . These two wires are called, resp ectively

, and . The v alue stored the circuit is safe as long as the wire is kept turned off. (That the state of the circuit can change only when the wire is . k k k e gister c ation ess ory Circuits Lab 3, P age 3

Multi-bit Memory:

Memory:

Most Complex Machine dder 3-bit R e gister ent 16-lo c atio n Memory on the details, consult Subsection 2.3.1 in .

a simple exercise, change the stored v alue to 101 .

en the circuit Data-out Load-

Data-out Address

Data-out Load-data

Load-Data the one-bit memory as a starting oint, you can build more complex memory circuits. Just as you can line up circuits to get a three-bit addition circuit, you can combine memory circuits to get a -bit memory

. Such -bit memories are as comp onents in central pro cessing units. A -bit memory that is part a CPU is called a .

you op en the file , you will see a three-bit memory its internal construction hidden). This circuit is used exactly like a onememory

, except that it stores a three-bit number instead of a single bit. It three wires and three wires, but has only a single

When you op en the file, you will see that the circuit currently the v alue 011 .

1 at the of the lab asks you to construct a three-bit register.

main memory circuit of a computer made up of a large number of -bit memories. Each -bit memory is calledin the main memory

, and each lo cation has an assigned numb er, its . F or the mo del computer intro duced in Chapter 3 of text, for example, main memory consists of 1024 sixteen-bit lo cations.

dern computers generally have millions of lo cations, each holding an eightnumb er. this section of the lab, you will construct a four, eight, or sixteencation memory

, dep ending on how far you want to carry things. Each cation will hold a three-bit number; in fact, each lo cation will actually b e

“three-bit register” of the typ e you have just b een lo oking at. (Prop erly eaking, the circuit here should b e called a “three-bit memory” instead of

“three-bit register,” since it’s not b eing used as part of a CPU. But that really b eside the p oint.)

memory circuit will have three wires, three wires one wire. In addition, it will have one or more wires.

purp ose of the wires is to pick out one particular lo cation in the

. The , and wires apply only to that lo ca-

As long as the wires have some particular v alue, the memory b ehaves identically to a simple three-bit memory; it will b e p ossible read the v alue in that memory by lo oking at the wires or to a v alue using the and wires. However, changing the alue on the wires will make the memory circuit b ehave as a memory

, which indep endently stores a different three-bit numb er.

This circuit can store a numb er in each of 16 lo cations. It therefore contains 48 one-bit

3.2. Data-out age 4

16-lo c ation memory cir cuit. The four addr ess wir es make it p ossible ac c ess , or sixte en, lo c ations. imp ortant asp e ct of the c omplexity of this cir cuit is time it takes to op er ate.

Most Complex Machine c ation 3-bit RAM Thr e e-bit Sele ct c ation 3-bit RAM ry out this circuit, testing how it can b e used to store a v alue in a cation and then to retrieve that v alue at a later time.

en the file . Exp eriment with the circuit. Make that you understand how to use it to store and retrieve v alues in its two lo cations. Make sure that you understand how it works, esp ecially w its address wire is used to select b etween the two lo cations.

plus all the extra circuitry necessary to supp ort the op eration of address wires.

or example, when you change the v alues on the it will take a few seconds until the v alue on the wires change. Similarly

, when you want to store a v alue in the circuit, you will ve to wait several seconds from the time when you turn on the b efore you turn it off again. (On slower computers, the time you have wait can b e unpleasan tly long, but failure to wait the necessary time can ve surprising effects, such as putting the circuit into an oscillating state the outputs blink on and off.)

2, b elow, tains some sp ecific exercises for you to do with this circuit.

for actually building this memory circuit, we can pro ceed one address at a time, as explained in Section 3.1 of .

first step is to combine two three-bit registers into a memory circuit that only two lo cations (numb ered zero and one), and one address wire. This is in the file . The sub circuit, , it uses is also av ailable in a file. Y ou will need to include copies of each these files as sub circuits in the circuit that you build.

next stage in building the memory is to take two copies of this twocation memory and combine them to make a four-lo cation memory

. The circuit will have two address wires. One of the address wires simply

3.3. Load-data age 5 1: 2: 3-bit R e gister

MemoryMemory16-bit Memory two-lo c ation memory, in which e ach lo c ation stor es thr e e bits. The cir cuit Thr e e-bit Sele ct sele cts b etwe en the outputs of the two r e gisters. If the e is off, then the output of the Sele ct cir cuit is e qual to the output of the top e gister; if is on, then Sele ct lets the output of the b ottom r e gister thr ough ad. to the address wires of the two-lo cation memories; the other selects etween the two two-lo cation memories in the same way that the single wire in Figure 3.3 selects b etween the two registers. In fact, the of the four-lo cation memory is very similar to the design of the two-

. (See Figures 3.2 and 3.3 in Chapter 3 of the text; you t need to refer to these figures for help with Exercise 3 b elow.)

a three-bit register that functions in the same ay as the that you lo oked at earlier in the lab. Start a new circuit and include the circuit using the

Drag three copies of the onto the circuit b oard.

wire of the three-bit register should connect to the of all three one-bit memories. Make a drawing or a printout of your en the file . (If it already op en, en it so that it is in its original state.) By manipulating the read the v alues stored in lo cations 1001, 0111, and 0100 of the memory

Record your answers. Change the v alue stored in lo cation 1001 to

OR NOT age 6

3: 4: e e-bit Sele ct 2-lo c ation 3-bit e ct Explain exactly what steps you used to read and to store v alues in this a four-lo cation memory

, as describ ed ab ove. Start a new circuit and include copies of and

If you like and if you have time, you can go on from there to build eight-lo cation and even a sixteen-lo cation memory

. Save your circuit in a exactly how many logic gates of each typ e

, and ) are contained in the 16-lo cation memory circuit. Y ou have to do some thinking and some work. Start by op ening some circuits e ) to find out how many gates they contain.)

b er 4 for tro duction T o xComputer al Pr o c essing Unit main memory rtihmetic- o gic Unit e gistersol cir cuit ck lab and the software used in it accompany W l lab intro duces the program , h simulates the simple mo del computer—also called xComputer—that discussed in Chapter 3 of . The xComputer of a (CPU) and a that

1024 sixteen-bit binary numb ers. The CPU contains an like the one designed in Chapter 2, for p erforming basic and logical computations. It also contains eight that binary numb ers b eing used directly in the CPU’s computations, a is resp onsible for sup ervising the computations that the p erforms, and a that drives the whole op eration of the computer y turning a single output wire on and off. program that you will use in this lab lets you load proand data into the memory of the simulated xComputer. Y ou can then atch while those programs are executed, and you can observe how numbers in the computer change as a program runs.

lab contains some information ab out xComputer and its machine

It demonstrates how instructions are fetched from memory and by the CPU. And it will explain the features of the simulation

4.1. Program:

tro duction T o xComputer Lab 4, P age 2 main window of the xComputer pr o gr am, which al lows you to ontr ol the c omputer and se e the c ontents of its r e gisters and memory . Lab 5 will b e a continuation of this lab that covers programming pro cess in more detail.

would b e useful for you to read through Chapter 3 of the text b edoing this lab. Chapter 3 is rather technical, and you might find that ou need to work through b oth this lab and that chapter b efore you really either of them.

the lab by starting up the program Y ou will see the window shown in Figure 4.1.

“Memory” section of this window shows the 1024 lo cations in xCommemory

. These lo cations are numb ered from 0 to 1023. Each line in memory shows a lo cation numb er and the v alue stored in that lo cation.

the program first starts up, the memory contains only zeros. The bar can b e used to view any part of memory . “Console” section of the window is used to interact with and control xComputer. The Stop Clo ck checkb ox turns the simulated clo ck on and

Since the computer is running only when this clo ck is on, the Stop Clo ck heckb ox really turns the computer itself off and on. The other items in

Console section are used to load v alues into memory and into the PC

This will b e discussed b elow (along with a much easier way to load alues into memory).

“Registers” section of the window shows xComputer’s eight registers.

b er that a register is simply a memory unit in the CPU that holds cute cycle age 3 e sure that the “addr” input b ox in the Console contains a zero.

yp e the instruction “lo d-c 17” into the “data” input b ox in the Console press return. (Don’t typ e the quotes!) The numb er 25617 will app ear in b eing used directly in the CPU’s computations. Each register plays a role in the execution of programs by the CPU. These roles are ed in detail in the text and will b e illustrated during the course of lab, but here for your reference is a brief summary:

X and Y registers hold two sixteen-bit binary numb ers that are used input by the ALU. F or example, when two numb ers are to b e added, are first put into the X and Y registers.

AC register is the accumulator. It is the CPU’s “working memory” its calculations. When the ALU is used to compute a result, that is stored in the AC. F or example, if the two numb ers in the X and registers are added, then the answer will app ear in the AC. Also, data b e moved from main memory into the AC and from the AC into main

. FLAG register stores the “carry-out” bit pro duced when the ALU two binary numb ers. Also, when the ALU p erforms a shift-left shift-right op eration, the extra bit that is shifted off the end of the umber is stored in the FLAG register.

ADDR register sp ecifies a lo cation in main memory

. The CPU often v alues from memory or writes v alues to memory

. Only one lo cation memory is accessible at any given time. The ADDR register sp ecifies lo cation. So, for example, if the CPU needs to read the v alue in cation 375, it must first store 375 into the ADDR register.

PC register is the program counter. The CPU executes a program by hing instructions one-by-one from memory and executing them. (This called the .) The PC sp ecifies the lo cation memory that holds the instruction to b e executed.

IR is the instruction register. When the CPU fetches a program from main memory

, this is where it puts it. The IR holds instruction while it is b eing executed.

COUNT register counts off the steps in a fetch-and-execute cycle. It es the CPU several steps to fetch and execute an instruction. When is 1, it do es step 1; when COUNT is 2, it do es step 2; and so

The last step is always to reset COUNT to 0, to get ready to start next fetch-and-execute cycle. This is easier to understand after you it in action.

ou will learn how the xComputer works by giving it a short program watching it execute that program. T o enter the program, follow these language age 4

PC=0 Assem bler cation zero in main memory . yp e “add-c 105” into the “data” input b ox and press return. The umb er 16489 app ears in lo cation 1 in memory . yp e “sto 10” into the data input b ox and press return. The numb er app ears in lo cation 2 in memory . yp e “hlt” into the data input b ox and press return. The numb er app ears in lo cation 3 in memory . ry this now. Make sure that the PC contains a zero. If it do es not, set

PC to zero using the command in the menu.

alternative metho d for entering a numb er into the PC is to typ e the what happ ened: Lo d-c 17 is an

When it is eventually executed by xComputer, causes the computer to load the number 17 into the AC register. When ou pressed return, this instruction was translated into machine language stored in the lo cation indicated by the “addr” b ox (that is, lo cation

It so happ ens that in machine language, the instruction “lo d-c 17” represented by the number 25617, so that is what app eared in lo cation

(Even this is not really true since the instruction is actually stored in as a binary

, not a decimal, numb er.)

instruction add-c 105 into 16489 in machine language. That numb er is stored in lo-

1 b ecause there is a 1 in the “addr” b ox. (F or your convenience,

“addr” is incremented automatically when you press return.) Keep in that the instruction add-c 105 is b eing executed when you press entered into memory

. Later, when you run the program, it will e executed. At that time, it will tell xComputer to add the numb er 105 to er numb er is already in the AC.

it is executed later, this will make the CPU store whatever numb er is in the AC into cation number 10 in main memory . this instruction is executed, computer will stop running.

ou have now entered a very simple program into memory

. When the executes this program, it will start by loading 17 into the AC. Next, adds 105 to the AC. Then, it stores the answer into memory lo cation 10.

, it executes the “hlt” instruction and stops. After the program runs, ou can lo ok in memory lo cation 10 to find the result of the computation.

w do you make the computer run the program? If you click on the ck checkb ox in the Console, the computer will start running. That it starts fetching instructions from memory and executing them (which all that it ever do es). Y ou have to make sure that it b egins with the first of the program, which is in lo cation zero in memory

. What tells computer where to get the next instruction? The numb er in the PC

So, running a program requires two steps: First, make sure that

PC contains the starting lo cation of the program in memory; and second, k on the Stop-Clo ck checkb ox to start the computer running.

elsounts Windo ws: age 5

Assem bler

File umb er into the “data” input b ox and then click on the “Load PC” button.)

click on the Stop-Clo ck checkb ox to start execution of the program equiv alently

, use the command from the menu).

the command in the menu to op en a new program window.

ter the following program into that window:

you have done everything correctly

, the program will run. Y ou will things happ ening, but will probably not really understand them at this oint. But you will notice that the instructions in the program app ear one by in the IR register as they are executed. Eventually

, the HL

T instruction b e executed and the computer will stop running. The correct answer the computation, 122, will b e in memory lo cation 10. This gives you the idea of how programs are executed by xComputer. Y our goal in the of the lab is to understand the details.

should b e clear that entering a long prointo xComputer by typing it into the data-input b ox would b e very and error-prone. If you accidentally leave out one instruction, for you would have to retyp e all or most of the program. F ortunately , ou can typ e your program in a separate window and then load that winw into memory

. This has three adv antages: Y ou can edit the program in window, for example by inserting a new instruction. Y ou can save the tents of a window in a file, so that you’ll never have to retyp e it again.

you can use in your program. Lab els are a p owerful programtechnique; they are describ ed in the Postscript to Chapter 3 in the

They are not covered in this lab, but they will b e an imp ortant part of 5. d-c 1712 d 12122 program . It starts by putting the numb er 17 into memory lo-

12, and then it adds one to the numb er in that lo cation over and ver, forever. (Y ou’ll see this in action in a moment.) There are several new here. Lo d 12 tells xComputer to copy the numb er from memlo cation 12 into the accumulator. (Note that this differs from Lo d-c 12, h would put the numb er 12 itself into the AC, rather than the numb er in memory lo cation 12.) The inc instruction adds one to the v alue in accumulator. And jmp 2 is a jump instruction that sends the computer k to lo cation 2, that is, back to the lo d 12 instruction.

4.2.

age 6

Assem bler c k Assem bler typing this program in a window, load it into xComputer’s memory the command from the top of the menu. (This comis av ailable only if the front window on the screen is a program window if a program is not already running.) When you load the program, you see the equiv alent machine language program app ear in lo cations zero five in memory

. After loading the program, run it to see how it erates. Don’t forget to set PC to zero b efore starting the computer.

a sub-menu, or “hier ar chic al menu,” to change the style of disfor the memory of xComputer. The memory display menu app e ars when you the mouse over “Memory Display” in the Options menu. It lists six differways of displaying the c ontents of memory, and also al lows you to se e xCom- c ontr ol wir es inste ad of the memory. Her e, the memory display style is b eing d to assembly language. Run Sp e e d and R e gister Display ar e also sub-menus.

the way, note that the c ommand-key e quivalents liste d at the right e dge of the ar e often mor e c onvenient to use than the menu itself.

ou can watch as the PC counts off the instructions in the program. Y ou see the assembly language instructions themselves as they are loaded into

IR. And you can observe that the v alue in memory lo cation 12 changes

17 to 18 to 19 to 20 and so on. This program will run forever, if you it. Y ou can stop the program by clicking on the Stop-Clo ck b ox, or, alently

, using the command from the menu.

ou will b e working with this little program throughout the remainder the lab. Y our ob jective is to understand how xComputer op erates and to the fetch-and-execute cycle. menu in gives you some control ver the sp eed at which the computer runs and how numb ers in the computer displayed. Y ou should find the v arious sp eeds and display styles helpful in g the way computers op erate. The sp eed and display commands the menu are contained in sub-menus. Figure 4.2 shows how to such menus.

e tro duction T age 7 ory Displa y Options ry out the v arious Memory Display styles. Make sure that the little ting program from earlier in the lab is still in the computer’s memory . work only with binary numb ers, but those numb ers are used enco de machine language instructions and data of v arious kinds. The allows you to view the contents of the main memory the registers in different ways. When you first start the program, it is up to display the contents of memory as ordinary decimal numb ers in range 32768 to 32767. The contents of the registers are displayed as numb ers, except for the IR, which displays an assembly language

Keep in mind that what is really there are binary numb ers, and you see is just one interpretation or view of those numbers. Y ou can the sub-men u of the menu to change the y style of the numb ers in main memory . Binary display shows a 16-bit binary numb er in each memory lothis display style is closest to the actual physical contents of the

. Signed Integer and Unsigned Integer displays show ordinary decimal umb ers. The difference is that signed 16-bit integers are in the range 32768

32767, while unsigned 16-bit integers are in the range 0 to 65535. (In either there are 2 different p ossible v alues—it’s just a question of how they interpreted. See Subsection 2.2.3 in the text.)

Assembly Language display shows the contents of each memory lo caas an assembly language instruction. In this display style, you should see original counting program in memory lo cations 0 through 5. Most of the lo cations contain “Add 0,” which just happ ens to b e the assembly laninstruction enco ded by the 16-bit binary numb er 0000000000000000.

not every 16-bit binary number corresp onds to a legitimate assemblyinstruction, you might see some funny things in this display style.)

ASCI I display interprets each sixteen-bit numb er in memory as made of two eight-bit ASCI I character co des, and shows the two characters.

Graphics display is very different from the others. It shows the at once. Each bit in memory—all 16 times 1024 of them—is ted by one pixel on the screen. That pixel is white if the bit is zero is black if the bit is one. If you cho ose the Graphics display now, the will b e almost entirely white, except for a few black dots at the top represent the program you entered into memory . should note that when you enter information into Memory using the input b ox in the Console, you can typ e the information in several the ab ove display styles, as well as in assembly language. Y ou can, for enter ordinary numb ers in the range 32768 to 65535. Y ou can ter a binary numb er, but you must precede it by the letter B. F or exam-

B1011010111. Finally

, you can enter a single ASCI I character, provided you precede it by a quote mark. F or example: ’@ or ’A. Y ou will need

Most Complex Machine ontr ol wir es ol cir cuit age 8 ry Displa y Sho w trol Wires Instead eed Man ual, b y step.

y Sho w Con trol Wires Instead eriment with different sp eeds as the counting program runs. T ry to how the computer works. When you feel comfortable with the you are ready for the next exercise.

the computer. Set the to numb er 6, Set to .

do this for Exercise 1 at the end of the lab. menu contains one additional option:

If you cho ose this option, the Memory display disapp ear and will b e replaced by a list of . These conwires are the key to understanding how the xComputer really works.

basic idea is that turning wires on and off makes things happ en in the

An instruction is fetched from memory and executed simply by on the right wires in the right sequence. All the wires are connected the outputs from a which is resp onsible for turning them and off. All this is explained carefully in .

the next section of the lab, you will get to see it in action, at least in ulation. menu contains another sub-men u that controls how fast simulated xComputer runs. Sp eed numb er 1 is fastest. At this sp eed, computer’s registers disapp ear from the screen so that no time is wasted their contents. It can b e particularly useful to use this sp eed with the memory display style—if you lo ok closely

, you can see individual changing in memory as the program runs. This is, in a way

, the most view of the computer’s memory that you will ever see.

eeds 2, 3, 4 are successively slower. At these sp eeds, you can watch contents of the registers change. At the Slow sp eed, numb er 4, you will ve time to notice each little step in the fetch-and-execute cycle.

eeds numb er 5 and 6 are a bit different. At these sp eed settings, computer do es not pro ceed automatically from step to step. Instead, a lab eled “Next” app ears when you run the computer, and you have click on this button every time you want the computer to execute a step.

difference b etween sp eed 5 and sp eed 6 is what is meant by a “step.” At eed 5, a step is a complete fetch-and-execute cycle, that is, the execution one machine language instruction. Each fetch-and-execute cycle is really up of a numb er of simpler, lower-level steps. It is these lower level that you see at sp eed 6.

control wires are the key to understanding how the computer works.

are turned on and off by the Control Circuit, and they control the eration of other comp onents of the CPU. Each control wire has a function.

urning that wire on causes something to happ en, such as moving a numb er main memory into the AC register or adding the numbers in the X and age 9 w Con trol Wires Instead

-PC-Memo ryC-from-IR the PC to zero and then restart the computer to run the program starting from the b eginning. The “Next” button app ears. W atch as first instruction of the program, Lo d-c 17, is fetched and executed:

registers and putting the answer into the AC. Executing a program is just matter of turning the right wires on and off in the right sequence.

w do es the control circuit know which wires to turn on at each step?

only needs two pieces of information: (1) Which step of the fetch-and-cycle is currently b eing p erformed. This information is av ailable in

COUNT register. And, during the “execute” part of the cycle, (2) what hine language instruction is b eing executed. This information is in the register.

t sp eed 6 and memory display , you can through the fetch-and-execute cycle and see how each step is p erformed.

click on the Next button: COUNT b ecomes 1, indicating that the step in the fetch and execute cycle is b eing p erformed. The trol wire is turned on, so the v alue in the PC register copied into the ADDR register. (The PC register tells which memory cation holds the next instruction; that lo cation numb er must b e copied to the ADDR register so that the computer can read that instruction

.) click: COUNT b ecomes 2; control wire is on; the next program instruction is copied from memory into the

(The ADDR register determines which instruction is read.) In this the instruction is Lo d-c 17 click: COUNT b ecomes 3; control wire is turned the v alue in the PC register is incremented by 1, changing in this from 0 to 1. This prepares the PC for the fetch-and-execute the instruction will b e read from lo cation 1. This completes

“fetch” p ortion of the fetch-and-execute cycle. The remaining steps end on the particular instruction that is b egin executed.

ourth click: COUNT b ecomes 4; control wire is turned

17, the data v alue in the instruction in the IR register, is copied into accumulator. This is the only step necessary to execute the Lo d-c 17

Other instructions are more complicated.

click: COUNT b ecomes 5, but only briefly;

trol wire is turned on and immediately the v alue of COUNT is reset

0. One fetch-and-execute cycle is over. On the next click, COUNT ecomes 1 again, and the next cycle b egins.

you click on the Next button in this exercise, you are actually simulating role of the xComputer’s clo ck. Each click has the same effect as one tick the clo ck, and you are driving the computation at your leisure in the same t and Store:

Complex Machine age 10 Load tinue clicking through a few more execution cycles.

this program and see what it do es. T ry running it at highest sp eed the memory display set to “Graphics.” Exercise 4 at the end of the lab you to figure out what this program do es and why . ay as the ticking of the clo ck usually drives the computer with its regular king. 2 at end of the lab asks you to follow the execution of another instruction in as we have done here for lo d-c 17.

a final exercise, enter the following program to xComputer’s memory

. The easiest way to do this is to typ e it into window, and then use the command. (Rememb er that the won’t work if a program is running.) This program is similar to previous counting program, except that the numb er for the second sto has b een changed, and six new instructions have b een inserted efore the jmp command:

d-c 012 d 1213 d 22 d 442 instructions “lo d 2; inc; sto 2” add 1 to the numb er stored in memory cation 2. Similarly

, “lo d 4; inc; sto 4” adds 1 to the numb er in lo cation 4.

if you lo ok at what’s in lo cations 2 and 4, you’ll see the instructions d 12” and “sto 13.” This seems o dd. What happ ens when you “add 1” an instruction?

b er that machine language instructions are “really” just numbers.

is no problem with adding 1. However, the meaning of the instruction changed. If you add 1 to the number that enco des “lo d 12,” the meaning of answer is “lo d 13.” Similarly

, if you add 1 to “sto 13,” you get “sto 14.”

you want to understand exactly why this is true, check the format of hine language instructions given at the b eginning of Section 3.2 of and Stor e age 11

1: 2:

trol Wires Instead

3: 4:

was noted ab ove that you can use to translate one typ e of data to another by entering it in one form in the “data” b ox and viewing it in memory in another form. Use this metho d to do following conversions, and explain briefly how you do each part:

the ASCI I co de for the character $.

the character whose ASCI I co de is 103.

the binary representation of 233.

the unsigned integer that has the same binary representation as signed integer 233.

the unsigned integer that represents the assembly language in-

“sto 1023.” Add 1 to that number, and then find the assembly instruction represented by the resulting numb er. Why do you get a different instruction? (Note: Do the addition yourself; you don’t ve to program the computer to do it!)

instruction lo d 17 tells the computer to copy a numb er memory lo cation 17 into the accumulator. Use to watch as lo d 17 instruction is executed step-by-step, just as you did ab ove for the lo d-c 17. T o do this, enter a lo d 17 instruction into memory cation zero. Set the run sp eed to sp eed numb er 6, set the display style , and make sure that the PC contains a

Then step through the fetch-and-execute cycle as the lo d instruction executed. W rite down what happ ens during each step. Carefully explain purp ose of each step in the execute phase of the cycle. What differences you find b etween the execution of a lo d-c instruction and the execution a lo d instruction?

dify the first counting program used in this lab so that will count just from one to sixteen, stopping when it reaches sixteen. T o this, you need to test whether the numb er is sixteen and, if it is, jump a HL

T instruction at the end of the program. Y ou can test whether a umb er is equal to sixteen by subtracting it from 16 and testing whether the er is zero. And you can do that with a JMZ instruction. This is like a instruction, except that the jump only o ccurs if the numb er in the AC zero.

e what is done by the program ou encountered at the end of the lab, and discuss in detail how it works.

els Num b er 5 for out this lab:

Assem bler:

bly Language Programm ing W l machine language for xComputer consists of y-one different instructions, each of which p erforms a very simple task.

ertheless, very complex programs can b e built up from these instruc-

This lab is an intro duction to programming in xComputer’s machine

In fact, though, you will actually b e using assembly language than the nearly unreadable (to humans) machine language itself.

ou should b e familiar with the assembly language of xComputer, as vered in Chapter 3 of , including the idea of is intro duced in the p ostscript to the chapter. Y ou should also b e with the workings of the xComputer simulation program that was tro duced in Lab 4.

Lab 4, you saw how individual instructions executed in xComputer in a step-by-step fashion. That lab used only few different instructions in very small programs, but it was noted that programs can b e entered in windows, saved in files, and loaded into memory when needed. When such a program is loaded into N N / N omments elsefer enc es bly Language Program m ing Lab 5, P age 2 bler ast Se quenc e Files for L ab 5

Most Complex Se quenc e Se quenc e the program from the window , using the first comin the menu. (Y ou can only do this if the w is the front window on the screen, and the xComputer is not already

Run the program. T o see the numb ers as they are generated, atch memory lo cation number 115, which contains the successive v alues starting with 3. Y ou will probably want to bump the sp eed up to sp eed umb er 2, .

ou should read them.

to b e executed, it must b e translated into machine language. Recall a program that translates assembly language into machine language called an . The simulation program includes an bler that p ermits the use of lab els and other neat things in assembly programs.

o see some of the p ossibilities, start up and op en the file

It should b e in a folder called . This file tains an assembly-language program that computes a “3N+1 sequence.”

is a problem that you will see several times in

Given a p ositive integer , the program applies the rule: “If even, then replace by 2; if it is o dd, then replace it by 3 + 1.”

applies this rule over and over until the number b ecomes equal to 1.

or example, if the starting v alue of is 7, then the program generates the of v alues: 7, 22, 11, 34, 17, 52, 26, and so on.

assembler for understands all of the data-entry formats in Lab 4: assembly language instructions, base-ten integers in the

-32,768 to 65,535, binary numb ers of from 1 to 16 bits (provided the umb er is preceded by a “B”), and individual characters (which must b e by single quotes and which are translated into into their ASCI I de numb ers). The program can contain at most of these things on h line. When a line in a file contains one of these items, that item is into a binary number and loaded into the next av ailable lo cation.

wever, an assembly language program can also contain other things.

program can contain meant purely for human readers.

comment starts with a semicolon (;) and ends at the end of the line.

comments are completely ignored by the assembler. There are lots of ts in the file.

program can use to refer to memory lo cations. A lab el is a name is defined in a program to stand for some sp ecific numb er. That numb er the address of some lo cation in memory . F or the most part, a lab el can b e any place a numb er can b e used. F or example, if “Lbl” is a lab el in a that program could use the instruction “JMP Lbl” to jump to the cation sp ecified by Lbl. Since Lbl is really just a numb er, that program also use instructions like “LOD Lbl” or even “Add-c Lbl.” Besides to the lab el Lbl, the program must contain exactly one this lab el. A lab el is defined by using it to lab el a memory

Lod 10 opscisions ops and Decisions: Se eSe quenc e bly Language Program m age 3 ble Assem bler ble starting v alue 7 in lo cation N can b e changed to any other numb er.

ry making such a change and then re-loading and re-running the program.

program will generate a 3N+1 sequence starting with whatever numb er ou sp ecify . cation, like this:

Lbl will b e equal to the address of the memory lo cation that ends up the instruction “Lo d 10” when the program is loaded into memory . whole p oint of lab els is that as you write the program, you don’t need know what the lo cation numb er will b e.

program contains five lab els: NextN, Even, Odd, and N. The lab el Even is defined but is never referred to; it is really just for human readers.

ok at the lab el N, which o ccurs near the end of the program. Like all els, N is the name of a memory lo cation, but in this case the lo cation is with a numb er, 7, rather than with an assembly language instruction.

7 is meant to b e used as data by the program. The name “N” can b e used the program to refer to that data. Of course, N is still really just a numb er a lo cation in memory

. When the program is assembled, it turns that N is a lab el for memory lo cation 115. Therefore, the instruction d N” in the program is equiv alent to the instruction “Lo d 115,” which the contents of memory lo cation 115 into the accumulator.

program can contain a few other neat things, such as the “@100” at start of . Y ou can read ab out this and other features in comments in the sample programs you will lo ok at. Here are few final on the assembler:

assembler makes no distinction b etween upp ercase and lowercase in instruction names and lab els. Thus, for example, “LOD,” “lo d”

“Lo d” are all equiv alent.

numb ers and characters can b e used in instructions in place of numb ers, as in “Add-c B1101” and “Lo d-c ’$”. command in the menu will pro duce a new w containing an assembly language program representing the conts of xComputer’s memory at the time the command is

This program might contain some funny-lo oking instructions, such

“Hlt 16,” that you wouldn’t write yourself. This is the consequence of to interpret data in memory as instructions, even though not all numb ers stand for legal instructions.

are structured by , in h a group of instructions is rep eated over and over, and ,

Bits:by dding 3N+1 quenc e of Thr e e m age 4 ual, b y Instruction F astest 1. 2. e sure that you understand these programs and the general ideas lo ops and decisions. Y ou will need to understand them to complete the at the end of the lab.

dify the 3N+1 program so that it counts the numb er steps it takes for N to b ecome 1. T o do this, add another lab eled lo cation the end of the program. Call it “Count.” Change the program so that it by storing a zero in lo cation Count. Each time through the lo op, the should add 1 to Count. When the program ends, the v alue in Count the numb er of times the program has gone through the lo op. This is also numb er of steps that were computed in the sequence. Add comments to program to indicate the mo difications you have made. Make a printout your program.

ok at the file . This file contains part of a profor adding up a list of numb ers. The assignmen t, which is to complete a choice is made b etween alternative courses of action. The 3N+1 shows b oth of these structuring metho ds. It has a lo op which one step in the sequence. This lo op is rep eated until the sequence hes 1. Inside this lo op is a decision b etween the actions “replace N by and “replace N by 3N+1.”

is another sample programs that you can lo ok at, which also contains a lo op but is somewhat simpler than

It will b e imp ortant for you to understand how these programs ork. Y ou should read them carefully

. A go o d way to get a feel for how work is to run them at sp eed numb er 5, . At sp eed setting, you drive the execution of the program by clicking on a lab eled “Next.” Each time you click, the xComputer go es through full fetch-and-execute cycle, executing one machine language instruction.

k through the program and observe what happ ens. (As you watch, note the instruction you see in the IR register is the one that has just b een the one that is ab out to b e executed.)

is another sample program that is provided for your amusement, but also b ecause watching it run might just e you a b etter appreciation of just what a computer is really doing as computes. Op en the file , read the comments at the eginning of the file, and then load the program. Set the display style to the run sp eed to , and run the program. Y ou will the bits in xComputer’s memory dance as a non-trivial computation is erformed. � � < B A B < 4 4 4 = 2 emainder by A dding m age 5 3. 4. program, is describ ed in full in that file. Make a printout of your proprogram for Exercise 2 uses indirect addressing. (This is done for you!) Explain how indirect addressing works in that program why it is used.

as it is p ossible to multiply by adding over and over, it p ossible to divide by subtracting over and over. Supp ose you want to know w many times N1 go es into N2. Start with N2 and subtract N1 rep eatedly til the answer is less than N1. The numb er of subtractions you p erformed the number of times that N1 go es into N2. F or example, you can compute

4 go es into 14 three times by computing . (The numb er that you end up with here is the when 14 is divided by 4.)

rite a program to compute how many times a number N1 go es into number N2. Y our program will b e somewhat similar to the sample . Y ou still need a lo op, and you still need to t how many times that lo op is executed. However, the set-up b efore the op, the action p erformed in the lo op, and the test for ending the lo op are t. Note that to test whether , you can test whether a JMN instruction.

our program must have comments that describ e what it do es and how works. Make a printout of your program.

b er 6 for nes for xComputer W l subroutine is a set of instructions for p erformsome task, chunked together and thought of as a unit. Like lo ops and subroutines are useful in the construction of complex programs.

machine language for xComputer do es not provide direct supp ort for

But then again, it do esn’t really provide direct supp ort for ops and decisions, which must b e implemented by the programmer with and conditional jump instructions. Similarly

, it is p ossible to implet subroutines using jump instructions. They are not as easy

, as neat, or safe as subroutines in a high-level language, but they can still b e a v aluto ol. And you get to see how subroutines can b e made to work even on a ery minimal computer. (Y ou should understand, though, that the machine of real computers do provide more supp ort for subroutines than is covered here.)

doing this lab, you should b e very comfortable with the material

Lab 4 and Lab 5. This lab is based on the assembly language of the as describ ed in Chapter 3 of , but go es b eyond the material presented there.

and Using Subroutines:

for xComputer Lab 6, P age 2 al l eturning eturn addr ess ar ameters idea of subroutines is enough. A subroutine is just a sequence of instructions that p erforms sp ecific task. Whenever a program needs to p erform that task, it can subroutine to do so. The subroutine only has to b e written once, once it is written, you can forget ab out the details of how it works. Y ou need to know what it do es and how to call it.

xComputer’s assembly language, “calling” the subroutine means jumpto the first instruction in the subroutine, using a JMP instruction. The of the subroutine will end with a jump back to the same p oint in program from which it was called. This is known as from subroutine. (Other computers provide sp ecial commands for calling and from subroutines.)

is more to it than a few jump instructions, though, b ecause there has to b e some kind of communication b etween the subroutine and rest of the program. In particular, the subroutine needs some way of wing the lo cation in the program to which it must return. The address that lo cation is called the for the subroutine. Since a can b e called from several different places in a program, the return can b e different each time the subroutine is called. So, whenever the is called, the return address must b e provided to the subroutine data. In a high-level language this is done automatically

, but for now ou have to know how to do it yourself. Before jumping to the start of a you must explicitly store the return address in a memory lo cation ed for that purp ose. The final instruction in the subroutine will then e a jump to the address sp ecified in that lo cation.

return address is an example of data sent from the main program the subroutine. Many subroutines require additional data from the main in order to p erform their tasks. F or example, a subroutine whose is to multiply two numb ers needs to know what the two numbers are.

a subroutine has to communicate data back to the main program.

or example, after the multiplication subroutine ends, the program will want know the answer that it computed. Data v alues exchanged b etween the and the main program are called for the subroutine.

arameters can b e implemented in the same way as the return address: The is simply stored in a lo cation known to b oth the main program to the subroutine. (In the xComputer, a parameter v alue could also b e in the accumulator register, which has some adv antages but can only date one parameter.)

when a program calls a subroutine, it go es something like this: First, program loads any parameter v alues needed by the subroutine into the memory lo cations. Then, it loads the return address into the lo cation reserved for that purp ose. Next, it executes a jump to the instruction in the subroutine. (The return address is just the address r e c or d adr: data ret adr age 3 all the comments on the subroutine. Files for ab 6 find max max et adr et adr the lo cation that follows this jump instruction.) When the subroutine it jumps back to the return address. At that p oint, the program access any parameter v alues computed by the subroutine.

ou might ask, is it really worth all this trouble? If the subroutine is ery short, the answer is probably no. But if the subroutine p erforms some task, then the work that go es into calling it is much less than the ork it would take to re-write it. Y ou should also rememb er that in high-level much of the work of calling a subroutine is done automatically , ehind the scenes.

time to take a lo ok at an example to see how all this works in practice.

en the file , which you should find in a folder named

This file contains a subroutine called and a program that it. The subroutine is at the end, starting at ab out the midp oint of file. (“ ” is really just a lab el for the first instruction in the calling the subroutine will mean jumping to this lab el.) The searches through a list of numb ers to find the largest numb er in list. subroutine is preceded by a “data area” consisting of memory loto hold the return address and the three parameters used by the

Each of these memory lo cations has a lab el that can b e used to to it conveniently

. (Recall that the “data” command, used for example

“ ” just tells the computer to reserve a memory lo cation the program will use to hold data.)

addition to the parameters, the data area includes some memory lothat are for purely internal use by the subroutine. These memory cations are not parameters—they are not used for communication with the program. Ideally

, the main program wouldn’t need to know anything out them at all.

aken all together, the return address, the parameters, and the lo cal form what is called the for the subroutine. The ation record could in fact b e anywhere in memory

. It was only to make easier to find that I included it right b efore the subroutine.

, lo ok at the very end of the subroutine, where you will find the

“ ”. This is the instruction that jumps back to the address. Recall that the JMP-I instruction uses indirect addressing.

do esn’t jump to lo cation but to the lo cation whose address is stored lo cation . This is, of course, exactly what we want b ecause lo cation tains the return address.

main program in file is very simple. It just calls the suband then saves the v alue that was computed by the subroutine in memory lo cation named . It is worth studying this main program and in detail. It starts by loading parameter v alues in lo cations lo c size ack r et adr max b ack age 4

Assem bler

Clo c k1: 2: , which are within the subroutine’s activ ation record. It then ecifies the return address by loading the numb er into . The instruction b egins execution of the subroutine by jumping to lo cation

The three instructions starting at lo cation are executed afthe subroutine has completed. This part of the program just saves the v alue that the subroutine has computed and stored in lo cation ou should run the program to see it in action. Also try changing the list numb ers and the size of the list to make sure that the program still works the mo dified data. Recall that to run a program, you should fist load it to memory with the command in the menu. Then, make that the PC register contains a zero (to indicate the starting instruction the program), and click on the b ox to b egin execution.

rite a subroutine to add two numb ers. (This is a pretty thing to do—the p oint is to demonstrate that you understand the basic involved.) Y our subroutine should have three parameters: the two umb ers to b e added and their sum. W rite a main program that uses your to add 17 to 105. T urn in a listing of your program, including subroutine. The subroutine should b e carefully commented.

file contains a subroutine, “swap max” that the largest numb er in a list of numb ers and then exchanges that maxum v alue with the number at the end of the list. This subroutine is very to the “find max” subroutine that you lo oked at earlier in the lab, that after finding the maximum it moves it to the end of the list.

is p ossible to a list of numb ers into increasing order by rep eatedly swap max. When sorting a list of 10 numb ers, for example, first call ap max with a size parameter equal to 10. This will move the largest item to p osition 10 in the list. If swap max is then called with size equal to 9, will ignore the numb er in p osition 10 and will find the next largest item move it into p osition 9. Calling swap max with size 8 will then move third-largest item into p osition 8, and so forth.

the comments in the file . W rite a main program that will the list of numbers by rep eatedly calling the swap max subroutine, as ed in the comments. Use a lo op. It should b e easy to mo dify your to sort a longer list. (Note: As you are developing your program, ou might find it convenient to include an extra HL

T command or two. The stops when it gets to a HL

T, but if it is restarted it will just tinue with the next instruction. The extra HL

Ts will let you run the at full sp eed but make it stop at those p oints where you would e to insp ect what is happ ening more closely

. A HL

T instruction used in d d p ersers numb ers divisible e for xComputer Lab 6, P age 5 3: 4: way is called a “breakp oint.” Breakp oints are very useful for debugging program. Y ou can remove the extra HL

Ts after the program is working erfectly

.) file contains a subroutine that comthe remainder when one numb er is divided by another. (F or example, remainder when 23 is divided by 5 is 3.) In this exercise, you will use subroutine to make a list of .

e say that the numb er is by the number if the when is divided by is zero. A numb er , greater than 1, is if it is not evenly divisible by any numb er b etween 2 and 1. In it is enough to check that is not evenly divisible by any numb er etween 2 and 1.

comments in the file explain how to write a program make a list of prime numb ers. Read the comments and write the program.

subroutine is a “black b ox” that can b e used without g the internal workings of the subroutine. The black b ox has that provides for communication b etween the black b ox and rest of the program. The “internal workings” of the black b ox make its Lo ok back at the subroutine “list max.” What is the interface of this subroutine? What is its implementation? The assembly language do es not supp ort the black b ox concept very ely . Why not? (Think ab out all the lab els used internally in the

Ideally

, when you write the main program you wouldn’t need to w ab out these lab els. But in fact, you at least need to know that they W rite an essay answering these questions.

b er 7 for uring Mac hinesMost Complex Machine state T uring machines W l uring machines are extremely simple calculating A T urning machine rememb ers only one numb er, called its .

moves back and forth along an infinite tap e, scanning and writing symb ols changing its state. Its action at a given step in the calculation is based only two factors: its current state numb er and the symb ol on the tap e it is currently scanning. It continues in this way until it enters a sp ecial called the . In spite of their simplicity , T uring machines can erform any calculation that can b e p erformed by any computer. In fact, individual T uring machines, called , actually execute arbitrary programs, just as a computer can. Y ou won’t any universal T uring machines in this lab, but you will exp eriment with uring machines that can p erform non-trivial calculations.

ou should have some familiarity with the material on T uring machines

Chapter 4 of b efore b eginning this lab.

ecially imp ortant is the idea that a T uring machine is describ ed by a that sp ecifies what action the machine will take for each combination state and scanned symb ol. The action takes the form of writing a new (or

7.1. T rivial Mac hine:

uring Mac hines Lab 7, P age 2 uringMachine aning o to x, i to y Files for ab 7. xT uringMachine window fr om the pr o gr am xT uringMachine showing a T uring maand its tap e, along with the table of rules that determine the b ehavior of the en file . Y ou should find it in a folder named you double-click on the file, the program will up and a window will op en like the one shown in Figure 7.1.

same) symb ol to the current square, moving either left or right on the e, and entering a new (or the same) state.

this lab, you will work with a program . This program simulates T uring machines with up to wenty states. The symb ols that can b e used on the tap e are the letters i, o, y and z; the dollar sign $; and the blank space (sometimes written as #).

letters i and o are meant to lo ok like the digits one and zero, and will e used to represent “binary numb ers” on the tap e. But rememb er that the a symb ol has no effect on any calculation p erformed by a T uring hine; all the machine do es is follow its rules.

o start the lab, you will lo ok at a simple T uring Machine in action.

t the top of the window is the T uring machine itself, which lo oks a little e a small computer display screen. This “screen” displays the current state age 3

Reset Reset o to x, i to y difying the tap e. through the execution of the T uring machine “ ” y clicking on the button as often as necessary

. The name of the mahine tells what it do es. How do es it do this? What makes the computation

What happ ens if there is no $ on the tap e? What happ ens when the hine reaches the edge of the window?

ry these b efore you go on to the section.

the machine. This state can b e either an “h”, indicating the halt state, or number b etween 0 and 19. The machine starts in state 0.

b elow the machine is an infinite tap e made up of squares that can h contain one symb ol. It extends, conceptually

, an infinite distance off right and left edges of the window. The T uring machine moves back and along this tap e as it computes, reading and changing the symb ols in squares.

t the b ottom of the window is the table of rules that defines the b ehavior the machine. Each row of the table sp ecifies one rule. In Figure 7.1, for the first row of the table says “If the machine is in state 0 and if the b ol in the current square is # (that is, a blank), then the machine will a # in the square, move one square to the right, and change to state 0.”

the rules for a T uring machine are of this general form. Note that in this the symb ol it writes in the square is the same as the symb ol that was there; this is just a fancy way of saying that it do esn’t change the tents of the square. Similarly when the machine “changes to state 0” in case, it do esn’t really change its state; it just stays in the same state it was already in.

w the tap e and ab ove the rule table in the window are some controls are used to add new rules to the table and to control the execution of T uring machine. If you click on the button, the machine will do single step in its computation; it applies the appropriate rule in the table, ending on its current state and on the symb ol in the square where it is

(Also, to help you follow what is going on, a b ox will b e drawn in the around the rule which will apply in the step of the computation.)

the machine enters its halt state, then its computation is finished. In case, the button b ecomes a button; clicking on the will restore the state of the machine to 0 so that it can b egin a new are a few other asp ects of the program that you try out on this rather trivial machine.

ou can change the contents of any square on the e manually

. If you move the mouse cursor over one of the squares, the will change to a “p encil.” If you then click and hold the mouse button, ou will get a that you can use to change the contents of the F or example, you can change some of the x’s and y’s on the tap e

More In teresting Mac hine:

ry it. Use the button to step the computation one step at a time.

age 4 yp e in T ap e Clear T ap e trol eed the state.

the T uring machine.

ortant note:

unning the machine.

double-x double-x k to o’s and i’s. It is also p ossible to change the contents of the entire e at once, using the and commands from menu.

ou can change the state of the T uring Machine y hand (but only if the machine is not running). Just click on the state yed on the machine’s screen. Y ou will get a p op-up menu from which ou can select the new state. Y ou will find this option handy when you are a complex machine and you want to make it back up to a previous o move the T uring machine by hand, down the Option key on the keyb oard and p oint to the machine with mouse. When the cursor is on top of the machine, it will change from arrow to a “hand.” Y ou can drag the machine with this hand by pressing mouse button and holding it down as you drag. This allows you to move machine to a different square on the tap e. If you don’t down the Option key while you press the mouse button, you can still the hand cursor to move the machine, but the tap e will b e dragged along it. an alternative to pressing the button ver and over, you can simply click once on the button. The machine compute automatically until it reaches its halt state. The button ecomes a button while the machine is running; you can click on this to interrupt the computation. The sp eed at which the machine dep ends on the setting of the menu. (At the highest sp eed, the hine’s “state display screen” disapp ears so that it can run as quickly as ossible.) another example, op en the . This file defines a machine whose sole purp ose is to move the right along its tap e, until it finds two x’s in a row; it then halts on the of those two x’s. The machine you lo oked at in the previous section only a single numb ered state, state 0. The machine has wo states, numb er 0 and numb er 1. As this machine runs, you will see it hanging b etween these two states.

its states are completely meaningless to the machine, from a uman p oint of view, we can assign a kind of meaning to each state. In

0, the machine is “moving to the right searching for an x.” In state 1,

“has found one x and needs to check the next square to see whether there another x there.” In state 1, after checking the next square, it halts if it an x there and returns to state 0 if not. (One might say that the state ts the numb er of x’s in a row that the machine has encountered.)

7.2. Mac hines:

age 5

File e L eft uringMachine numb er symb ol rule table for a T uring machine that nudges a string of x’s, y’s and one squar e to the left. The machine must b e starte d on the leftmost symb ol in string, and it wil l only work if ther e ar e a c ouple of blank squar es surr ounding string. by using the command from the menu to op en a new w. The machine in the window will have a blank tap e and a blank table. Enter a string of x’s, y’s and z’s, such as “xxyxzz”, on the tap e, move the T uring machine to the leftmost symb ol in the string. Y ou are to build the rule table for the machine.

t Cell tents Cell tents Motion x # L 1

# x R 4

# # R 0 y # L 2

# y R 4 z # L 3

# z R 4

# # L 5

# # L 6 x x L 6 y y L 6 z z L 6

# # R h your first exercise at the end of this lab, you will change this machine that it searches for three x’s in a row instead of two. T o make such hanges, you will need to know ab out editing the rule table. This is covered the next section of the lab.

7.2 shows a rule table for a T uring machine nudges a string of x’s, y’s and z’s one square to the left on its tap e. In section of the lab, you will create an identical machine from scratch.

ou will find a ready-made copy of this machine in a file named , since you need to learn how to build T uring machines, you should make our own.) program do es not allow you to simply typ e in a

Instead, it has pro cedures for adding a new rule to the table and for difying rules that are already in the table.

are added to the table using the button, which is lo cated ab ove the rule table in the window. Just to the right of this button, you see a and a . If you click on the button or cte d the table for the machine shown in Figure 7.2. Run e ady Move

State annot ox StateL eft age 6 e Goto Goto e Rule trole Mak e the return key

, a new rule is added to the table that tells the machine action to take when it is in that state and sees that symb ol in the t square. When the rule is first entered, it sp ecifies a default action:

ve the same symb ol in the current square, move to the right and stay in same state. Once the rule is in the table, you can change the action it ecifies. (Note: If a rule exists in the table for the sp ecified action state, the button b ecomes a button; clicking on the will find the existing rule and draw a b ox around it.)

ou can change the sp ecified action for any rule in the table by changing symb ol listed in the column, the direction listed in the or the state listed in the column. Such changes can b e using the mouse in the same way that it is used to change symb ols on tap e: Point to the item you want to change; the cursor changes into a encil; then, when you click and hold the mouse button, you get a p op-up u from which you can select the v alue you want. (Note that you hange the entries in the first two columns of the table.)

you might have guessed by now, you can also change the state numb er the symb ol next to the button by using the mouse in the same ay . This allows you to sp ecify which rule you want to create.

this allows you build any desired rule table, but there are a few other venient features that you might want to explore: First, note that there is a drawn around one of the rules in the table or around the state symb ol next to the button. (On color monitors, the b ox is red.)

ou can move the b ox around with the arrow and tab keys on the keyb oard, by clicking with the mouse (when the cursor is an arrow, not a p encil).

e say that the b oxed item is . Y ou can use the keyb oard to change alues in the selected item. F or example, if a rule is selected and you typ e

“x”, then the symb ol in the column will change to an x. If you yp e “17”, then the state in the column will change to 17. Y ou delete a selected rule from the table with the command the menu. And you can drag a selected rule to a new p osition the table.

, there is one more feature to make it easier to build a rule table scratch. If you use the button to run a machine step-by-step, ou will notice that at each step, the rule that will b e applied on the next is b oxed. If there is no rule for the current combination of state and b ol, then the current state and symb ol will app ear in a b ox next to the

At this p oint, just click on to make a rule to handle current state and symb ol, and set the “W rite,” “Move” and “New State” in that rule to p erform the action you want. Y ou can build an entire table in this way

, stepping through a computation and making rules as ou need them. 2 2 2 2 2 2 2 2

Arithmetic:

age 7 ab 7 ement dd (by r ep e ate d add-1) dd (digitdigit)machine and make sure you understand how it works. This machine is basis for Exercises 2 and 3 at the end of the lab. If you are not sure our version is correct, compare it to the ready-made version in the F older

(Note that the order in which rules app ear in the table is imp ortant.)

en the file named , and run the machine a few times to how it works.

e this mo dification and the machine run. Change the sp eed to maximum to see just how fast can go. Why do es each digit in the numb er change twice as fast as the umb er to its left?

op erations of incrementing (adding to) or decrementing (subtracting one from) a binary numb er are simenough to b e done easily by T uring machines.

pro cedure for adding one can b e describ ed as follows: If the last of the number is a zero, then simply change that digit to a one. If last digit is a one, change it to a zero, and “carry” a one to b e added the next digit to the left. Finally

, to add one to a blank space, simply hange that blank to a one. (This can o ccur when a one is carried b eyond the digit of the numb er; the blank should b e treated just like a zero.)

or example, 110 + 1 = 111 , 1011 + 1 = 1100 and 11 + 1 = 100 .

simple T uring machine for incrementing a binary number is found in file . (This is the machine sp ecified in Figure 4.2 in the text.)

machine must b e started on the rightmost digit of the numb er to which will add one. After it is finished adding one, it returns to this p osition and you mo dify this machine so that instead of halting, it returns to state then it will add one to the tap e over and over again forever (or until ou halt it manually). It is, in effect, counting.

describ ed in the text, it is p ossible to combine an “incrementing” and

“decrementing” machine into a machine that can add two binary numbers.

en two binary numb ers as input, this machine will rep eatedly subtract from the second numb er and add one to the first until the second numb er ecomes zero. At that p oint, the first numb er will b e equal to the sum of two original numb ers. A machine to do this can b e found in the file

This machine only works on a tap e containing two numb ers, separated by one blank space, and it must b e started on rightmost digit of the second numb er.

is also p ossible to add two numb ers in the ordinary way

, by adding in corresp onding “columns” in the two numb ers. The file tains a machine that adds two input numb ers in this way

. As adds the second numb er to the first, this machine keeps track of which have already b een added by replacing o’s and i’s with x’s and y’s.

age 8 1. 3. 4.

by r ep e ate d add for L ab 7 triple-xL eft aning L eft e asyit finishes, it erases the second numb er from the tap e and changes all x’s and y’s in the first numb er back to o’s and i’s.

, rememb er that two numb ers can b e multiplied by rep eatedly the first numb er to itself. The second numb er tells how many times addition is to b e p erformed. The file contains a uring machine that can multiply two binary numb ers in this way

. Like the machines, it requires two binary input numb ers on its tap e. After it the answer, it erases the two original input numb ers. The numb er on the tap e at the end of this pro cess is the pro duct of the two o convince yourself that T uring machines can p erform non-trivial tasks, atch these three machines in op eration. They can all b e found in the folder, Y ou don’t need to understand every detail of their op eration, you should get a general idea of how they work.

dify the T uring machine to make a mahine that will move right until it finds three x’s in a row. T o do you will have to add another state—state numb er 2—with the meaning two x’s in a row.” In state 1, if it finds a second x, it will enter this state instead of halting. Make a printout of your rule table. machine that you constructed in this lab ves a sequence of symb ols one square to the left. Explain carefully how works. In particular, discuss the that you, as a human observer, see in each of its states. machine halts after moving its input string square to the left. If you tell it to enter state 0 instead of halting, then enters a lo op in which it moves its input string to the left forever. It’s fun watch this at full sp eed. T ry it! Next, supp ose you want the machine to when it hits a $. This is a simple mo dification that requires only one rule. Make it so.

w, here is the real assignment: Supp ose you want a machine that will ve a string of x’s, y’s and z’s back and forth b etween $’s on the tap e.

h a machine can b e made (partially) from a “nudge left” machine like the you already have and a “nudge right” machine that is very similar.

a “back and forth” machine of this typ e. Save your machine a file. T urn in b oth a printout of your rule table and the file in which your hine is saved. This problem is ! Ask for help if you need it!

multiplication machine you lo oked at in this lab is complicated. T rying to understand its op eration is very difficult if ou don’t think in terms of “structured complexity

.” F rom a low-level p oint age 9 e dd (digit by digit) view, this machine go es through a long, complicated sequence of individual F rom a high-level, “black-b ox” p oint of view, it just multiplies two umb ers. But to really understand the op eration of the machine, you have lo ok at it on some intermediate level, where you can see a sequence of op erations, structured p erhaps by lo ops and decisions. W rite a of the op eration of the “ ” machine on an termediate level.” When thinking ab out what is meant by this, consider relationship of this machine to the “ ” machine.

b er 8 for terrupt s and I/O in xComputer W l xComputer, which you have used in some labs, is a very simple mo del computer, but it do es demonstrate y asp ects of the basic op eration of real computers. This lab intro duces wo additional features of the xComputer: the ability to do a limited form input/output pro cessing, and the ability to resp ond to interrupts.

ou will have to use a bit of imagination here, since I will not discuss all wiring, circuitry

, and programming that would b e needed to add these to the version of the xComputer discussed in the text. In this lab, ou will work on the assembly language level rather than the level of circuits control wires.

lab is based on the xComputer, as discussed in Chapter 3 of but it uses features of the xComputer that are not tioned in the text. Y ou should b e thoroughly familiar with the material vered in Lab 4 and Lab 5. This lab is meant to illustrate some of the ects of real computers that are covered in Section 5.2 of the text. Y ou hoChars 8.1. F or L ab 8 terrupts and I/O in xComputer Lab 8, P age 2

I/O Services Options

Assem bler y Assem bly Language main xComputer window as it app e ars when the “Use I/O Seres” option is turne d on. F or this pictur e, the sample pr o gr am was ade d and run. As it was running, the user typ e d in “ab c” fol lowe d by a c arriage eturn. The char acters a, b, and c wer e e cho e d to the output, and the c arriage r e- c ause d the pr o gr am to halt.

find background material for the lab there, but for the most part the lab self-contained.

o b egin the lab, start up the program .

the command from the menu. Y ou will some changes in the Console p ortion of the xComputer window, as wn in Figure 8.1. T uring on the I/O Services option makes the simulated into an essentially different machine that understands several new bly-language instructions. T o see some of these instructions in action, en the sample file and load it into xComputer’s memory

, using command in the menu. Y ou should find a folder named .

program uses two new assembly language instructions:

(GTC) and Put-Character (PTC), which are used for input output. These instructions will only b e recognized by xComputer when

Services are turned on. (T o see this, set the (under menu) to , so that you can see program memory in assembly language form. Then turn I/O Services and off. Y ou will see the GTC and PTC instructions in memory only

I/O Services are on. Make sure I/O services are on, and leave them ol ling get ch age 3 eed Options ast the program . Set the , under the menu, sp eed number 2, . While the program is running, typ e in some charand watch what happ ens. Press return when you want the program end. Read the comments in the file .

for the rest of the lab.

is what happ ened: When you started the program, a b ox lab eled

Queue” app eared in the Console p ortion of the xComputer window.

you typ e a character, it is entered in that b ox. (Y ou should think of input queue as an additional register or a sp ecial area of memory

, and that pressing a key on the keyb oard turns on some wires that load character you typ ed into that memory

.) When the computer executes

GTC instruction, the first character in the input queue is removed from queue, and its ASCI I co de is placed in the accumulator. If there are no haracters in the queue, then a zero is placed in the accumulator as a signal the program that there is no user input waiting to b e pro cessed. The can then do whatever it wants with the character. In this case, a instruction is used to output the character. (Output items are simply to a list, lab eled Output, in the xComputer Console. Think of this as a roll of pap er on which the computer typ es the output.) program illustrates a typical metho d for pro cessing user

The computer executes a lo op to read the user input. The first in the lo op is a GTC instruction, which retrieves an input character the queue of characters typ ed by the user. If no character is found, then retrieves a zero instead, and the program uses this in the instruction ” as a signal to jump back to b eginning of the lo op with no pro cessing. Otherwise, it pro cesses the character. This metho d of in a lo op, waiting for user input, and pro cessing it when it o ccurs known as . It is an effective and simple means of organizing a but at full computer sp eeds, the program sp ends most of its time waiting for the user to press a key . the program, most user input is simply echo ed to the outlist. However, a carriage return is treated differently

. When the program a carriage return, it jumps to a Halt instruction at the end of the proand the program ends. The program implements this feature with the instructions ch13done the character, , is a carriage return—with an ASCI I co de of 13—then

JMZ instruction transfers control to lo cation , where there is a HL T tests for other sp ecial characters can result in a sophisticated terrupts and In terrupt Handlers:

queue lo op age 4

EchoNums

Most Complex Machine en the sample program . Read the comments, then load program and run it. (Don’t forget to set the PC to zero b efore trying run it!) T ry typing in “123.”, including the p erio d. It would b e useful to this program at v arious sp eeds in order to trace how it works. If you run at full sp eed and watch lo cation 35 ( ), you can see how the numb er hanges as you typ e. When you run the program at lower sp eeds, it will e some time for each character to b e retrieved from the input queue and cessed. In the second sample program for this lab, , ch is first to see whether it is a return, then to see whether it is a p erio d, then see whether it is in the range or characters from “0” to “9”. Each of these results in a different action. This program allows the user to typ e in integer as a sequence of digits. When the user presses the p erio d key

, the umb er is written to the output list.

a Put-Integer (PTI) command for output. The PTI writes the numb er in the accumulator to the output list in the of a signed integer (in the range 32768 to 32767). In addition to PTC

PTI, there are two more commands for output: Put-Unsigned (PTU), h outputs an unsigned integer (in the range 0 to 65535), and Put-Binary which outputs a number in binary form. GTC is the only command input; whatever the user typ es, you have to read it character by character pro cess it one character at a time.

y mo dern computer programs, including all the Macintosh programs in these labs, are based on a more sophisticated version of the p olling op used in and . The main difference is that in to user input in the form of typ ed characters, there are several typ es of to which the program must resp ond. An event is for example, when the user clicks the mouse button or when the cho oses a command from a menu. The op erating system maintains that contains all the events that have o ccurred and that waiting to b e pro cessed. The program executes a lo op that rep eatedly erforms the actions: Get the next event from the event queue, and pro cess event. This typ e of lo op is called an .

you turn on

Services, in addition to enabling input/output instructions, you also on interrupt handling. The idea of an is that a signal on designated control wire causes the CPU to interrupt what it is doing order to handle whatever condition caused the interrupt to o ccur. After the interrupt, the CPU returns to whatever it was doing when the terrupt was signaled. Interrupts are covered briefly in Subsection 5.2.2 of 500 Interrupt Hand ler hand ler ono usly age 5 eed F ast en the sample program . Read the comments, the program, and run it with the set to . (Don’t forget to set

PC to zero b efore trying to run it!) The program “counts” by rep eatedly

1 to memory lo cation numb er 5. When you typ e a character, an terrupt handler will get the character you typ ed and write it to the output T ry running the program at sp eed numb er 6. Y ou will have to click the button (or press return) to execute each step of the fetch-and-cycle. W atch carefully to see what happ ens when an interrupt o ccurs when an R

TI instruction is executed.

or the xComputer, you should imagine that an interrupt control wire is to the keyb oard and that anytime the user typ es a character, an terrupt is signaled. Ordinarily

, the xComputer resp onds to this interrupt y adding the typ ed character to the input queue and then immediately to its regular pro cessing. However, it is p ossible to set up an resp ond to keyb oard interrupts.

interrupt handler is simply a sequence of instructions, stored in memlike any other program. The difference is that the interrupt handler is . (This just means that it is executed at unpretimes, whenever the user happ ens to typ e a character. The timing the interrupt handler is not “synchronized” with the timing of the rest of program.)

ou have to tell the computer where the interrupt handler is lo cated in

. This is done with an Interrupt-Handler (INH) instruction. F or exthe instruction “ ” sp ecifies that there is an interrupt handler at lo cation numb er 500. When an interrupt o ccurs, the xComputer first put the typ ed character in the input queue. It will then jump to lo cation sp ecified by the INH instruction. The interrupt handler must e the character from the input queue with a GTC instruction. The terrupt must end with a Return-from-In terrupt (R

TI) instruction. When computer executes this instruction, it returns to whatever it was doing the interrupt o ccurred.

, that is not precisely true: If the user typ es a second character the interrupt handler is executing, the typ ed character will b e added the queue, but the computer will jump to the b eginning of the interhandler—the interrupt handler cannot itself b e interrupted. When the executes an R

TI instruction, it checks whether there is another haracter waiting in the queue. If so, it jumps to the start of the interhandler to pro cess that character. When the queue is empty

, the R TI sends the computer back to the main program.)

an interrupt o ccurs, the Count register is set to 0 and the PC is to the address of the interrupt handler (6 in this case). Although you on’t see it, the computer also saves the v alues of all the registers. When the terrupt handler ends, the saved v alues of all the registers are restored, so kground Pro cessing:

ackgr ound for e gr ound age 6 astest 1:

Interrupt ler and Backgr ound Pr o c ess en the sample file , read the comts, load the program and run it. (Don’t forget to set the PC to zero b efore to run it!) T ry running it at sp eed with the memory display to . The foreground pro cessing is identical to the except that it is implemented using an interrupt handler instead of p olling lo op. T ry typing some numb ers, ending each number with a p erio d.

background pro cess is a complicated program that computes arbitrarily p owers of 3; the details are not imp ortant.

dify the program so that when the user

“d”, the numb er in lo cation is divided by 2, and when the user the program can continue as if the interrupt had never o ccurred. (The umb ers in the registers constitute the of the computer, as defined in text.)

terrupts are a very imp ortant part of computer pro cessing. In real there can b e many different typ es of input. Programmers don’t need to deal with interrupts, since they are generally handled by the erating system. F or event lo op programs, the op erating system adds an event to the program’s event queue when an interrupt o ccurs.

program can retrieve that event and do any necessary pro cessing at its

The only disadv antage to this is that a user action that generates an terrupt might not get an immediate resp onse, if the program is busy doing else.noted ab ove, a program that uses p olling lo op often wastes most of its time just waiting for user input. It ould b e nice if there were a way to use that wasted time. Interrupts provide metho d for doing so. Instead of sitting in a lo op waiting for user input, the can use an interrupt handler to pro cess user input when it o ccurs.

there is no user input to pro cess, the computer can work on some other F rom the p oint of view of the user, that task is secondary and is b eing erformed in the . The task—that is, pro cessing user’s input—is given priority

, since it can interrupt the background task any time.

ou can see this foreground/bac kground b ehavior in the

The background task is counting, while the foreground is copying user input to the output list. It is, of course, p ossible to do interesting things b oth in the foreground and the background.

the exercises for this lab, you will write programs that do input/output, terrupt handling, and background pro cessing.

age 7

2:3: 4:with Backgr ound Pr o c essi ng e and Backgr ound Pr o c ess and Backgr ound Pr o c ess ound Pr o c ess “m”, the numb er in lo cation is multiplied by 2. (Y ou can use

SHL instruction to do the multiplication and an SHR instruction to do division.) The program should still write to output when the user

“.”. W rite a short essay discussing how a p olling-lo op program can any desired pro cessing for each p ossible typ ed character.

program can do output even if it do esn’t have any input.

rite a program that will write the letters of the alphab et—A, B, C, , Z— the output list. Y our program should use a lo op.

rite an essay explaining what the xComputer do es when ou run the program and typ e in rite a program that do es background pro cessing while uses an interrupt handler to p erform “binary to decimal conversion” as foreground task. The user can typ e in a binary numb er as a sequence of and ones. When the user typ es a p erio d, the program should output the umb er —once as a binary number and once as an unsigned integer. The can then start entering the next numb er. If the user typ es any character for zero, one, or p erio d, the program should output an exclamation oint (!) as a signal that the user has entered an illegal character. Y our will b e very similar to , but the that it do es when it reads a zero or a one will b e much simpler.

your background task, you can use the same program used in the file Y ou’ll find a copy of this program in file . But if you did Lab 6, you might want instead to the program you wrote for that lab to compute a list of prime numbers your background pro cess.

urtle out this Lab:

b er 9 for tro ducti on T o xT urtle

Most

Machine W l lab is an intro duction to a high-level prolanguage called . This is a language created to b e used , but it is in the mainstream of high-level along with Pascal, Ada and C. It incorp orates some ideas common all these languages: v ariables, assignment statements, lo ops, if statements subroutines. (Y ou will find that you are already familiar with the basic b ecause of your work in previous labs.) The xT urtle language also tains sp ecial-purp ose commands for doing “turtle graphics.” These comcan b e used to draw pictures on the computer screen. In this lab, you learn ab out the basic xT urtle commands, ab out lo ops and if statements, a little bit ab out v ariables. F uture labs will cover programming in more including the use of subroutines.

lab covers some of the same material as Chapter 6 of

However, the lab is meant as a self-contained intro duction this material. It would b e useful but not essential to read Chapter 6 b efore the lab.

urtle Comm ands:

o xT urtle Lab 9, P age 2 osition he ading o or d yc o or d ameterurtle farmany de gr e es d turn PenUp PenDown cle ar home an exercise, you should try to make the turtle draw two separate, lines, like this:

you make a mistake, you can use the command “clear” to clear the screen the command “home” to return the turtle to its original p osition and tation (at the center of the screen, facing right).

or this lab, you will use a program called

Find the program and start it up by double-clicking on the program Y ou will see a window like that shown in Figure 9.1. The “turtle” is wn as a small black triangle. The turtle has a and a .

heading is the direction it is facing, given as a number of degrees b etween and 180; the turtle has a heading of zero when it is facing to the right, heading of 90 when it is facing upwards towards the top of the screen, and heading of 90 when it is facing downwards. Its p osition is given by two umb ers: an , or horizontal co ordinate, and a , or vertical ordinate. window in Figure 9.1 shows a twenty-by-twen ty square in which the can move and draw. This square has horizontal co ordinates from 10 the left to 10 on the right, and it has vertical co ordinates from 10 at b ottom to 10 at the top.

turtle starts out in the center of the screen—at the p oint (0,0)— to the right. It can ob ey commands such as “forward(5),” which tells to move forward five units, and “turn(120),” which tells it to rotate in place an angle of 120 degrees. (It turns counterclo ckwise if the numb er of in p ositive and clo ckwise if the numb er of degrees is negative.) The umb er in parentheses is called a for the command; you can any numb er you want. The parameter in a “forward” command the turtle to move forward, while the parameter in the “turn” tells it to turn.

turtle can actually move outside its basic 20-by-20 square. Y ou can the window to see a larger region, and the the scroll bars allow you view any part of a 60-by-60 square. But if the turtle moves outside of

60-by-60 square, you won’t have any way of seeing it.

turtle can draw a line as it moves. Y ou can think of it as dragging a en that draws as the turtle moves. The command “PenUp” tells the turtle

“raise the p en.” While the p en is raised, the turtle will move without wing anything. The command “PenDown” tells the turtle to lower the en again.are the other basic turtle graphics commands (in addition to

, , , and ). In these commands, and x x x 9.1.

age 3 ackos ite b ack d b ack Back de fac e e fac e turn e gr aphics window fr om the pr o gr am xT urtle. The turtle dr aws in lower p art of the window. Commands for the turtle c an b e typ e d into the b ox at top of the window. The turtle exe cutes these c ommands when you pr ess r eturn click on the “Do it” button. In this il lustr ation, the turtle has alr e ady exe cute d c ommands shown in the input b ox. parameters that can b e replaced by any numb er when you use the

) tells the turtle to back up units, that is, to move units in direction to its current heading. F or example, “ (3) tells the to back up three units. Negative numb ers are allowed as parameters for oth and . ( ) is provided only as a convenient shorthand

( ) .

) makes the turtle turn to a heading of degrees from heading F or example, (90) p oints the turtle straight up, ( 90) p oints straight down, and (180) p oints it to the left. Note the distinction etween and : sp ecifies a change in direction from the current while sp ecifies a new heading without any reference to whatever old direction might have b een. y y y x y x x y y x y y x x y x y y x x y age 4 a ys Hide T urtle Options w some pictures using these basic commands. Here are a few things ou can try

, for example o moveT o turn e moveT o om the curr ent lo c ation clec cir cle urtle ShowT urtle urtle urtle circle(5) circle(3) circle(1) arc(-5,-90) arc(5,90) arc(-5,-90) turn(120) forward(5) turn(120) forward(5) turn(90) forward(5) back(10)

, ) just tells the turtle to move from wherever it happ ens to e, to the p oint with co ordinates and .

, ) is related to ( , ) in the same way that ( ) is to ( ) . That is, while ( , ) says “move from the current cation, whatever it is, to the p oint with co ordinates ( , ),” ( , ) says ve units horizontally and units vertically .”

that these commands do not dep end up on or change the heading of the

) draws a circle of radius . Y ou should think of the turtle moving a circle starting from its current p osition and returning to that p osition the end. Note that the turtle p osition is on the circle. If is p ositive, the curves to its left as it draws the circle, and the center of the circle is to the left of the original turtle p osition. If is negative, the turtle es to the right, and the center of the circle is to the right of the original osition. , ) draws part of a circle of radius . A full circle would b e 360

( , ) draws an arc of degrees. As with ( ), the turtle es to the left if is p ositive and to the right if is negative. If is e then the turtle will “back up” along an arc. Note that the turtle hanges p osition and heading as it draws. make the turtle (the small black triangle) visible and visible. The turtle can still draw while it is invisible. (Note that there is a menu command in the u. When this option is set, the turtle will b e invisible whenever a prois running, regardless of whether the program uses any or by the way

, that you can typ e in several commands at once, or you can yp e in one command at a time, pressing return after each command. Note that after a command is executed, the contents of the command-input ox are hilited, so that as so on as you start typing, the previous command b e erased and replaced with what you typ e. And finally

, note that you change the sp eed at which the turtle follows a sequence of commands the menu.)

p ower of a computer comes from its ability to execute program. A program is a sequence of instructions that can include features g urtlecklac e andom walk andom walk IF heading = 0

LOOP age 5 op lo op lo op Run Run to the program, b efore the b eginning of the lo op, to move to the oint (0, ), without drawing a line.

the program several times.

h as lo ops, decisions and subroutines. The program allows you write programs, to save programs in files, and to reuse previously saved

As an example, op en the file .

file contains a short program that shows how a lo op can b e used.

program itself is as follows:

addition, the file contains a lot of . In an xT urtle program, comment is anything enclosed b etween braces, and . Comments are t for human readers of the program and are completely ignored by the an xT urtle program, a lo op consists of the word , then a sequence instructions, then the words . One of the instructions must b e an t, which gives a condition for ending the execution of the lo op.

the program is executed, the computer will execute the statements in lo op rep eatedly

. Each time the statement is executed, the computer the condition sp ecified by that statement. If the condition is satisfied, computer jumps out of the lo op. (Ordinarily

, after exiting from a lo op, computer jumps to whatever statement follows the . In this that just means jumping to the end of the program.)

the program using the command from the menu. Y ou find that part of the picture is drawn off the screen. This would b e fixed the turtle started at the p oint (0, 5) instead of at the p oint (0,0). Then, run the program again. Use the dified version of this program as your starting p oint for doing Exercise 1 the end of the lab.

another example, op en the file . The program in this file ws several new features of the xT urtle programming language, including ts, v ariables and assignmen t statements. This program makes turtle do a “random walk” in which it rep eatedly moves in a randomly hosen direction. Note that you can change sp eed of the turtle using the menu, and that the menu tains commands to interrupt or terminate a program that is b eing exe-

Read the comments on the program, which will give you some idea out how it works. is just a memory lo cation with a name, which can b e used store a v alue. In xT urtle, you give a name to a memory lo cation with a t, as illustrated in the program . Once you i h i � age 6 end if name value el lUser etAmount etAmount := 17

:= oldAmount

:= length width costPerSquareFo ot much do you want to bet?", betAmount) much do you want to bet?

ve declared a v ariable, you can store a v alue in it with an assignment t, which has the form v alue on the right can b e given as a numb er, as another v ariable, or as mathematical formula. F or example:statement, which is used to decide among alternative courses of b egins with the word and ends with the words . The exact for using statements are rather complicated, and are covered in detail the text, but you should b e able to get the basic idea by lo oking at the in this sample program. The random walk program is used as the for Exercise 2 at the end of the lab y real programming language needs to provide way for a program to communicate with the p erson who is using the

The xT urtle programming language provides only minimal supp ort input and output, but what it provides is enough for a program to have simple dialog with the user.

are two commands for output (sending information from the comto the user), and one command for input (getting information from user into the computer). All of these commands use , which are of characters enclosed in quotes, such as: . The command print the string in the xT urtle graphics window, at the current p osition. The command display in a standard Macintosh “dialog b ox,” along with an OK

The user reads the string and then presses return or clicks on the button to get rid of the dialog b ox. The command has no effect the picture in the graphics window. Finally

, there is a more complicated

, that can b e used to allow the user to enter a numb er;

numb er entered by the user will b e stored in a v ariable. F or example, display a dialog b ox with the string “ ” a b ox where the user can enter a numb er. The numb er entered by the will b e stored in the v ariable , so that the program can use

Of course, you have to declare the v ariable b efore you can use in an statement.

etAmount winnings example cklac e cle ar c clecandom Walk age 7

1: 2:3:

op bet $#betAmount; you win $#winnings.")

bet $25; you win $75.

circle(-2) arc(5,5) back(5) of these commands have a nice feature that allows you to use the v alue a v ariable inside a string. If a string includes the character #, then that must b e followed by the name of a v ariable. When the string is displayed,

# and the name will b e replaced with whatever v alue is stored in that ariable at that time. F or example, if and are v ariables, t actually display “ ”.

of this is illustrated in the sample program , which you op en, read, run and understand. Exercise 3 b elow is based on the capabilities of xT urtle. 5) in the lab, you mo dified the program so it draws a picture starting at instead of at (0,0). F or this exercise, with the mo dified version of that program. T ry changing the radius the command and the number of degrees in the command to arious v alues. F or example, try “ ” and “

Also try replacing the command with any other command sequence of commands that will leave the turtle with the same p osition heading that it starts with, such as “ ”. Y ou might want to change the radius used in the command. T urn in a printout hand-written listing of the program that makes the prettiest picture you up with. (Hop efully

, this will use something other than circles as the eads” on the “necklace.”)

the sample program , which you used in the lab, the computer cho oses one of the four directions 0, 90,

180 at random. Mo dify the program so that it cho oses one of the directions 0, 120 and instead. It should have an equal chance of ho osing any of these directions. T urn in a print out or hand-written listing your program. (Make sure you test it!)

what you have learned in this lab, you can now a simple guessing game program (which will use none of the graphical of xT urtle). W rite a program in which the computer cho oses a integer b etween 1 and 100, and the user tries to guess the numb er.

h time the user makes a guess, the computer should (honestly) tell the

“Sorry

, your guess is to o high,” “Sorry

, your guess is to o low” or “Y ou it.” Y ou can use an statement to pick out the appropriate message.

a to allow for rep eated guesses. The lo op will end when the guesses correctly . Y our program can b egin like this, b efore you b egin lo op: esp o nsetro duction T age 8 t if 4: answerguess:= randomInt(100) you want to play another game?", response) you want to improve your program, you might count up the numb er of that the user takes, and rep ort that numb er at the end. Y ou might want to allow the user the option of playing another game. In that you will need another I/O command that I didn’t mention ab ove. The store a zero in the v ariable if the user answers no and will store one in that v ariable if the user answers yes.)

our program should include comments. Like the sample programs, it use indentation to show the structure of the program. (The in the menu can b e used to automatically indent a program;

feature is also useful for finding certain typ es of errors in a program, h as a missing .)

urn in a printout or hand-written listing of your program.

rite a short essay comparing the assembly language of with the high-level language xT urtle. F or example, you could:

the way lo ops are constructed in each language; compare lab els assembly language to v ariables in xT urtle; and compare the way comare done in assembly language with the way they are done by t statements in xT urtle.

outines Num b er 10 for ab out Programs en this file now, read the d Squar es Files for ab 10 W l lab continues the study of programs. The here is on how complex programs can b e develop ed to p erform ecified tasks. An organized approach to programming is necessary for all the most simple programs. Complex tasks can b e broken down into simtasks, and complex programs can b e built up out of simple comp onents.

problem is how to determine what comp onents are needed and how to them together.

b eginning this lab, you should b e very familiar with the material

Chapter 6 of , esp ecially Section 6.3. The of “preconditions and p ostconditions” intro duced there is particularly ortant, and the example of “nested squares” from that section is used in lab. This lab also briefly intro duces , which are covered in

7 of the text.

file , in the folder contains a program for drawing a set of squares nested inside one as given in Figure 6.10 of the text.

ly 10.1.

ostconditions: e c onditions ondition s ab out Program s Lab 10, P age 2 ts (which were not in the text), and run the program.

neste d squar es and the r esults of four inc orr e ct attempts to dr aw or this and for most of this lab, I strongly suggest that you use the u to reduce the sp eed of the turtle; this will make it easier for you to see is going on.

explained in the text, the key to writing this program was making that the for drawing each square were set up prop erly . preconditions are the things that must b e true at a given p oint in time the next section of the program to b e executed correctly and to have the effect.

10.1 (taken from Figure 6.9 in the text) shows the correctly drawn and the results of five incorrect attempts to draw them. In each the error can b e traced to the failure to set up one or more of the correctly

. Exercise 1 at the end of the lab asks you to determine the error is in each case. Exercise 2 also deals with preconditions.

are things that must b e true at a en time for the program to continue correctly

. are things are true at a given time b ecause of what has b een done by the so far. A common way for programmers to think ab out programs to ask “At this p oint in the program, do the p ostconditions from what b efore match up with the preconditions for what is done next.”

10.2 shows a drawing of a simple “staircase.” Supp ose that you ant a program to draw such staircases. Let’s add some sp ecific requirements the program: (1) The user will b e able to enter the numb er of steps that ameters 10.2.of Subroutines:

ab out Program age 3 ack turn fac e moveT o ostc ond ition d PenUp d stair c ases, one with six steps and one with five. The stair c ase at right was dr awn after the turtle had turne d to a he ading of thirty de gr e es. staircase will contain. (2) Each “step” in the staircase is one unit wide one unit high. (3) The orientation of the staircase will dep end on the of the turtle (as shown in the second example in the figure); this that it should b e drawn using only the commands , ,

, and avoiding the commands and . (4) After the is drawn, the p osition and heading of the turtle will b e the same they were when the drawing b egins. (Note that condition numb er 4 is a for the program as a whole.)

program will include a lo op. Each execution of the lo op will draw of the staircase’s steps. Before drawing each step, the turtle must b e in the right direction; this is a precondition. After drawing the step, turtle has changed direction; this is a p ostcondition. Y ou have to include that will provide “splicing” from the actual p ostcondition to the precondition.

addition to the steps, the staircase contains two long lines that must e drawn outside the lo op. At the end of all this, the turtle must return its initial p osition and heading. It’s not easy to get all the details right you keep careful track of p ostconditions and preconditions. Exercise 3 you to write this program.

subroutine is—more or less—a small made into a black b ox and given a name. Some subroutines, suchand are predefined; others are written by a programmer as of a larger program. They are an essential to ol for organizing complex subroutines have , such as the 9 in “ (9)” or

30 in “ (30).” Parameters allow subroutines to receive information the rest of the program or to send information back. Supp ose that e want to turn the staircase program describ ed ab ove into a subroutine. B C age 4

1: b c d e 2: 3: this r emark is absolutely vital for understanding subr outines ameterals Subr outine spir al use al spir al es atice c ond ition —it ould no longer make sense to get the input from the user, since that would limit the generality of the subroutine. Instead, the numb er of steps ould probably b e provided as a . F rom the “p oint of view of the the parameter is like input coming from “somewhere outside,” as input from the user comes from outside the program.

file defines a sample subroutine named .

file includes comments that give some information ab out the syntax of in xT urtle. If you apply command to this file, it will lo ok like nothing has happ ened! This is ecause all the file do es is a subroutine; it do esn’t that subroutine.

the file is run, the computer has no idea what the word “spiral” means;

the computer compiles the subroutine definition, it will know what to with commands like “ (61) ” and “ (89).” Such commands can e added to the file after the subroutine definition, or they can b e typ ed into the data-input b ox of the xT urtle Graphics window after the is run.

4 b elow asks you to convert the staircase program you will write

Exercise 3 into a subroutine. 1 en this file and read the comments.

ry it; some of the pictures you can make are rather pretty . each of the pictures , , and in Figure 10.1, determine what small change in the program will prothat picture. In each case, it’s a question of removing one or more ts from the original program. F or each of the pictures, record the hange that you made, and determine which of the preconditions are causing problems. T urn in your answers.

file contains a program that solves the equation.” Op en this file and run the program. It runs fine, there can b e a problem if the v alues of the v ariables , and are hanged. T ry changing from to , and running the program again; the will crash with an error. When it do es, the blinking cursor will b e ved to the p oint in the program where the error o ccurred. Why do es the crash? What is the that is not prop erly checked in this

How can the program b e mo dified so that it do es something more than crashing when the precondition fails to hold? T urn in your ers to these questions and a printout of the mo dified program. Y ou are b eing asked simply to write a program that handles case C = 1. Y our program should handle any p ossible v alues of A, B C.) rite a program to draw a staircase, as describ ed ab ove.

program must satisfy the four requirements that are listed there. Start ountd Squar erOfSteps c ount age 5 4: sub NumberOfSteps many steps?", NumberOfSteps) count stairs(NumberOfStep s) SUB if heading = 0 loop our program with these three lines: v ariable named should b e used as a counting v ariable in the projust as the v ariable of the same name is used in the

(It turns out to b e a little easier to start drawing the staircase at top rather than at the b ottom.)

ou should think ab out preconditions and p ostconditions as you write the

The comments that you include in your program should discuss ecific preconditions and p ostconditions for v arious parts of the program, explain how they were used—or could have b een used—in developing program. T urn in a printout of your program.

vert the program you wrote for Exercise 3 into a sub- T o do this, remove the first two lines of the program, as they were en in Exercise 3. Replace them with:

the line the end of the program. That’s it! (That is, that’s it provided that our solution to Exercise 3 was correct—including leaving the turtle in its p osition and heading at the end of the program.) After running mo dified program, you will b e able to use commands like (5) to w a staircase with five steps. T o make a more interesting picture, add the wing lines at the end of your mo dified program, after the that the subroutine, and then run the program:

urn in a printout of the picture you pro duce. Also turn in a brief essay

(1) why the line “SUB stairs(Numb erOfSteps)” replaces the first wo lines from the original program, including the declaration of the v ariable

(2) why the v ariable remains as an internal part of subroutine, and (3) what this exercise teaches you ab out subroutines.

b er 11 for es and Recursion xed Symm etry: Most do Most Complex Machine: A Survey W l were intro duced briefly in the previlab. This lab will continue the study of subroutines. The lab concentrates the idea of a subroutine as a black b ox and on recursive subroutines that themselves, either directly or indirectly . ou should b e familiar with the material from Chapter 7 of esp ecially with the material on recursive subroutines in

3. The Ko ch curve and the binary tree intro duced in that section b e used in the lab.

ou are familiar with the idea of a subroutine a black b ox. When you use predefined subroutines such as and you don’t need to know exactly how they work. All you need understand is how to use them and what they will do. User-defined can also b e used as black b oxes, provided that someone else written them for you. (But rememb er that “not having to know what’s is only half of the black b ox story! When you write a subroutine ourself, you are working inside the b ox, trying to make it work the way it’s y and Recursion Lab 11, P age 2

Program exit if

) IF 1=2

Subs Files for ab 11 d cir cle orwar d d Subs d dist dist r c r adius de gr e es cle r adius dx dy o Subs

Substhe program . Then typ e the following commands to the input b ox of the xT urtle Graphics window, pressing return after you ter each command:

ry some other commands. F or a more complicated picture, you can add at the end of the window, and then run it again.

ry this with the simple lo op:

is a go o d idea to run this with the option “Autoscroll to Show T urtle” in menu turned off. Y ou will have to end the program with the

(Do you see what the line “ 1=2” do es in program?)

osed to, without worrying for the moment exactly what role it will play a larger program. The real p oint of black b oxes in program design is that split the problem into manageable subproblems.)

o start this lab, op en the file in the folder

This file contains the definitions of six subroutines for drawing sympictures. These subroutines are meant to b e used in the same way the usual drawing subroutines such as and . F or example, subroutine will draw the same line that would b e drawn y , and it will leave the turtle in the same p osition and heading at end. However, in addition to this line, it will also draw the seven addilines that can b e obtained by reflecting the original line horizontally , ertically and diagonally . o see how this works, run the program . Nothing apears on the screen, since all the program do es is define some subroutines, after running the program, you can use the subroutines

) , ) ) , ) , ) addition to all the usual built-in subroutines of xT urtle. (When using subroutines, you can use actual numb ers, v ariables or formulas as pa- e T rees and Recursiv e W alks:

age 3

1:2: dr e es Files L ab 11 estT r e e MostMachine ch Curves estKo ch Subs r e es estT r e e ou can try other sets of commands using the “multi” subroutines. Y ou t try converting the random walk exercise from Lab 9 (the one that duced triangles on the screen) to use . Exercise 1 at the end this lab asks you to turn in one of the pictures you create.

7.3 in text intro duces the idea of recursive subroutines using the example of a

The program for that example is in the file in the folder Nothing will happ en, since the file only some subroutines. The main subroutine defined in the file is .

you typ e this into the command-input b ox and press return, you will b e ed to sp ecify a complexity level, and then a tree will b e drawn with that y levels of branching.

other example from Section 7.3 in the text is the Ko ch curve, which is way of getting from one p oint to another (with a lot of detours).

subroutine for drawing Ko ch curves b e found in the file . The main subroutine in this file is . 2, 3 and 4 deal with these recursive subroutines. 1 en and run this file.

sure to read ab out this example in or you won’t understand what is going on!

you read ab out this in the text!

en the file, run it, and try out T estKo ch for complexity alues of 0, 1, 2, 3, 4, and 5. The file also has a subroutine called you should try . urn in a printout of one of the pictures you made using subroutines from the file. Along with the picture, turn your answers to the following questions: The mathematics used in the subroutines is not trivial; how much did you need to know ab out mathematics to pro duce your picture? What p oint ab out subroutines es this illustrate?

en and run the file so that you can use the sub-

. Use this subroutine to draw trees of complexity 0, 1, 2,

8. (Hide the turtle for the larger complexity v alues.) Given com- y v alue, , determine how many different straight line segments there in a tree with that complexity . F or small v alues, you can just count lines. F or example, if the complexity is 1, the number of line segments

3—each branch is a single line, and the trunk is the third line. However, ou are b eing asked for a formula that will give the number of line segments any v alue of . Whatever form your answer takes, you should b e able to it to predict the number of line segments for any given complexity level.

way to approach this is first to determine how many lines are to the tree when you go from a tree of complexity to one of comy . Then use that to figure out the total numb er of line segments.�

1 60 chch Curves chch Curvesand Recursion Lab 11, P age 4 3: 4: approach is to “think recursively”: What exactly a tree of com- y ? urn in your answer together with explanation of your reasoning. If you come up with an answer, you should talk ab out how you approached problem, what ideas you had and what partial results you obtained.

text notes that you can add randomness to a Ko ch e by programming the subroutine to decide randomly whether to detour the left (using turns of 60, and 60) or to the right (using turns of

120, and instead). Make this change to the subroutine in file , and try it out. T urn in a printout or hand listing of mo dified program. (When you have made the change, the will pro duce a “Ko ch Island” instead. T ry it!)

idea of “detouring” used in making Ko ch curves can e used to make other interesting fractal pictures. In a Ko ch curve, the idea to replace a straight line with a line containing a “triangular detour,” like ose that a “square detour” were used instead, lo oking like this:

would the resulting picture lo ok like, for higher degrees of complexity?

out by rewriting the subroutine to use square detours instead of detours. (Start with a fresh copy of the file .) T urn a printout or hand-listing of your subroutine.

b er 12 for

Most Complex

Algorithms:

of algorithms W l of the most common op erations p erformed y computers is that of a list of items. An example of this would e sorting a list of names into alphab etical order. This lab deals with two questions: How can sorting b e done? And how can it b e done effitly? is discussed as one example in Section 9.3 of which deals with the . Although some of material from that section is rep eated in this worksheet, the background and motiv ation is not rep eated here. So, you should read section b efore doing the lab.

that an is an unamstep-by-step pro cedure for solving a problem, that is guaranteed to after a finite numb er of steps. F or a given problem, there are many different algorithms for solving it. In this lab, you will see e remark ably different algorithms for sorting a list. Each algorithm solves sorting problem in a different way . Y ou will see how each algorithm omp ar e 12.1.

ab Lab 12, P age 2 d trol main window fr om the pr o gr am . The sixte en b ars ar e a r andom or der that wil l b e differ ent e ach time the pr o am is starte d and e ach a new sort is b e gun. The buttons on the left of the window ar e use d to c ontr ol sorting pr o c e dur e. Ther e is sp ac e on the b ottom of the window for two informamessages that describ e e ach step in the sort. The sorting algorithm to b e use d indic ate d in the title b ar of the window orks, and you will also see that some algorithms are much more efficient others.

program you will use in this lab is called . This program has wo different mo des of op eration, a “visual” mo de in which you can watch bars of different lengths are sorted, and a “timed” mo de in which you can the efficiency of an algorithm as it sorts large numb ers of items.

the program first starts up, it is in visual mo de, displaying a winw like that shown in Figure 12.1. The visual mo de is used in the first part the lab.

five sorting algorithms you will b e lo oking at are: Bubble Sort, Selec-

Sort, Insertion Sort, Merge Sort and QuickSort. The sorting metho d to e applied by the program is chosen using the menu. (If you select new metho d while a sort is in progress, the new metho d will b e applied to sort; the sort that is in progress will continue using the previously metho d.)

you click on the button lab eled “Next” (or cho ose from the u), the program p erforms one step in the sort. The step is ed by one or two lines of text at the b ottom of the window. The ottom line, if present, describ es an individual step; the top line describ es overall goal of a sequence of steps.

are two basic op erations p erformed by the program: two opyababab Lab 12, P age 3 eed ast up the program and change the sorting metho d to “Selec-

Sort.” Use the “Next” button rep eatedly

, to completely sort the sixteen into increasing size. Read enough of the comments at the b ottom of the to understand what is going on.

you have b egun to understand Selection Sort, it might b e useful to atch it at higher sp eed. Instead of pressing the Next button for each step the sort, you can press the Go button to have the computer p erform the automatically

. There are two visual sp eeds for you to watch; you can hange sp eeds by using the third and fourth commands in the menu.

ry watching Selection sort using the sp eed. The automatic de of is meant to help you get an overall “feel” for a sorting once you have already b egun to understand it by going through sort step-by-step.

to see which is largest, and an item from one place to another.

consists of these two op erations p erformed over and over (plus some o okkeeping,” such as keeping track of which step in the sort the computer currently p erforming). Sometimes, the program has to exchange or wo items. It takes three copy op erations to p erform a swap: (1) Copy the item to a sp ecial lo cation called “T emp”, (2) copy the second item into first lo cation, and (3) copy the item from T emp into the first lo cation.

er the program compares two items, it draws a dotted b ox around h of them. When it copies an item, you will see that item move. F urtherthe program counts the numb er of comparison and copy op erations it p erforms. The numb er of comparisons and copies is one way of comdifferent sorting algorithms.

Sort is one of the easiest sorting algorithms to understand. The is simple: Lo ok though all the items to find the largest one, and put it

Then lo ok through all the remaining items to find the next largest, put it aside. Rep eat this until all the items have b een pro cessed.

es Selection Sort as a sequence of “phases.” The goal of first phase is to find the largest item and “set it aside” by moving it to end of the list; the goal of the second phase is to find the second largest and move it into p osition second from the end of the list; and so forth.

is imp ortant to rememb er that the program can’t just “lo ok at all bars and pick the biggest one” in one step, as you can. It is restricted comparing two items at a time. T o find the largest item in a list, the searches through the list one item at a time, keeping track of the item it has seen so far. After lo oking at every item in the list, it ws which is the largest item overall, and it can then move it into p osition the end of the list.

are five sorting algorithms altogether. They can b e divided into wo groups. Bubble Sort, Selection Sort and Insertion Sort are fairly straight-

Question of Tim e: Lab 12, P age 4

Sort Sort ge Sort ab ard, but they are relatively inefficient except for small lists. Merge Sort

QuickSort are more complicated, but also much faster for large lists.

ou will need to lo ok at Insertion Sort and Merge Sort in some detail for exercises at the end of the lab. Y ou should also lo ok at Bubble Sort

QuickSort if you have time. (QuickSort is, on average, the fastest sortmetho d av ailable. Bubble Sort is the slowest. Bubble Sort is often the and sometimes the only sorting metho d that students learn.) Here are descriptions of the remaining four sorting metho ds (but of course brief are no substitute for watching them in action):

The basic idea is to compare two neighb oring items and, they are in the wrong order, swap them. The computer moves through the comparing and swapping. At the end of one pass, the largest item will ve “bubbled up” to the last p osition in the list. On the second pass, the largest item moves into p osition, and so forth.

The basic idea is to take a sorted list and to insert a item into its prop er p osition in the list. The new sorted list is one item than the old list. Y ou can start with a (trivially) sorted list of one and rep eat this pro cess until all items have b een inserted into the sorted

The basic idea is that if you have two sorted lists, you can

“merge” them into one combined sorted list. Start with (trivially) lists of length one, merge them into sorted lists of length two, then to lists of length four, then eight, and so on until all the items are in one list. The basic idea is “QuickSortStep,” an op eration that works e this: Remove one item from the list. Then divide the remaining items to two parts: items bigger than the removed item and items smaller than removed item. Move all the smaller items to the b eginning of the list and the bigger items to the end, leaving one space in b etween for the item that as removed at the b eginning. Note that when that item is placed in that y space, it is in its correct final p osition. T o finish the sort, it is just to sort the smaller items to the left of it and, separately

, to sort bigger items to the right. These two smaller sorting jobs can b e done by ely applying QuickSort to each group of items. The great cleverness

QuickSortStep is in the efficient way in which it separates the smaller the bigger items in the list—but that is easier seen than describ ed.

Figure 12.2) w that you understand how some algorithms work, the next step is to investigate how efficiently lists items can b e sorted. In this part of the lab, you will use the “timed” de of the program . T o use this mo de, cho ose one of the first two

12.2. e e d abay Lab 12, P age 5 o get a feeling for how the program works, as well as for how the dift sorting algorithms compare, try sorting arrays of v arious sizes using ab applying QuickSortStep to the ful l list of sixte en b ars. One has b e en r emove d fr om the list and stor e d in T emp. A b ox encloses items that not yet b e en c omp ar e d to T emp; as far as the pr o gr am knows, T emp c ould up in any of the lo c ations enclose d by the b ox. Items to the left of the b ox ar e to b e smal ler than T emp. Items to the right ar e known to b e lar ger. Each shrinks the b ox by one lo c ation, moving an item fr om that lo c ation to the other of the b ox if ne c essary. In the end, ther e is only one lo c ation in the b ox, and is wher e T emp b elongs.

in the menu. In this mo de, the computer works b ehind the to sort arrays of randomly generated numbers. (An is just a umb ered list of items; the of the array refers to the numb er of items in list.) The computer rep orts the amount of time it sp ent and, for sp eed umb er 2, how many comparison and copy op erations it p erformed. This will app ear in the Log Window after the sort is completed.

t sp eed numb er 1 or 2, the Sort Window will contain an input b ox where ou can typ e the size of the arrays to b e sorted. There is also a b ox where ou can typ e the numb er of arrays to sort. This is absolutely necessary for arrays, where the time it takes to sort a single array is a small fraction a second. Since measures times in , where each tick is 1/60 the only way to get an accurate idea of the sorting time for a small y is to measure the total time to sort a large numb er of arrays, and then divide that total time by the numb er of arrays to get the average sorting for a single array

. Even for larger arrays, you can get a more accurate t of the sorting time by sorting several arrays and taking the verage time. R N 12.3. Lab 12, P age 6 trol table to b e fil le d in with data you c ol le ct for either Bubble Sort, ction Sort, or Insertion Sort. The value is the thir d c olumn is me asur e d by the ab pr o gr am. The values in the thir d and fourth c olumns ar e to b e c ompute d you. The Running Time Per Arr ay is obtaine d by dividing the T otal Sorting by the Numb er of Arr ays.

yb er Arrays otal TimeTime er Array , ) ou might also want to try sp eed numb er 2, but that is not required for lab. On this sp eed setting, the computer sp ends most of its time counting and comparisons, up dating the screen, and checking to see whether ou have pressed Command-Perio d. At sp eed numb er 1, the computer do es of these things; the time rep orted is the time it actually sp ends sorting arrays.)

arious sorting algoritms. Before you b egin, clear the Log Window, using appropriate command from the menu.

the sp eed to sp eed numb er 1 (Timed/Uninterruptible). Set the Array to 10 and the Numb er Of Arrays to 1000. Click the Go button to p erform sort, and do this for each sorting metho d. Check the results in the Log w. [Dep ending on the sp eed of your computer, you might want to the numb er of arrays; this is not supp osed to take to o long. On an

Macintosh Plus, for example, you might want to divide the numb er of ys by 10. Use your judgment.]

rep eat the exercise with the Array Size set to 100 and the Numb er

Arrays set to 100 [or 10]. Apply each of the five sorting metho ds. Finally , eat the exercise again with Array Size set to 1000 and Numb er Of Arrays to 10 [or 1].

you have finished, print the Log Window using the command in the u. The printout should contain the results from fifteen exp eriments:

e sorting metho ds applied to each of three array sizes. Y ou are asked to in this printout as part of Exercise 4 at the end of the lab.

( ) R N N 12.4. Lab 12, P age 7 c ar eful to c opy down any data you ne e d om the L o g Window b efor e sorting a very lar ge arr ay table to b ct for either QuickSort or ge Sort. The value is the thir d c olumn is me asur e d by the xSortL ab pr o gr am. values in the fourth and fifth c olumns ar e to b e c ompute d by you. (In c omputthe fifth c olumn, you c an use either the c ommon lo g or the natur al lo g, , long as you ar e c onsistent. Both typ es of lo g c an b e found on most c alculators.)

, log( )) the remainder of the lab, you will investigate two of the sorting algoin greater detail.

or very large array sizes, use just one array

. (Don’t try to do arrays much than 10,000, since it will take to o long. On older computers, even items might b e to o many . in case it takes to o and you decide to ab ort the program.)

ose one of the three metho ds Bubble Sort, Selection Sort, or Insertion

Gather data on sorting time for this algorithm on arrays of v arious and use it to fill in the table in Figure 12.3. (Or make a similar table y hand.) The data in the last column of the table is for use in Exercise 6.

ou can use the data you’ve already collected for arrays of size 10, 100 and Y ou should collect data for other array sizes ranging from 2 to 10,000.

, cho ose either Merge Sort or QuickSort, and gather data on sorttime for arrays of v arious sizes. Use your data to fill in the table in

12.4. (Or make a similar table by hand.) The data in the last column the table is for use in Exercise 7. Besides the data you’ve already collected arrays of size 10, 100 and 1000, you should collect data for other array ranging from 2 to 100,000 or more.

basic idea in Insertion Sort is to insert an item into correct lo cation in a sorted list. Describ e Insertion Sort in more detail.

is the exact sequence of phases it go es through when sorting a list of 16 � � ( )) log( )) ab Most

Machine k n k k n n k n n n R R/ n n Lab 12, P age 8

2:3: 4:

5: 6:

7: What sequence of steps do es it go through to complete each phase?

information you need can b e found by running .)

ose that Selection Sort is applied to the following list numbers. Show what the list will lo ok like after each phase in the sort:

21 15 83 66 7 19 18 ose that Merge Sort is applied to the following list of umb ers. Show what the list will lo ok like after each phase in the sort:

21 15 83 66 7 19 18 21 44 58 11 91 82 44 39 urn in the printout of the Log Window that you were ed to make. Add to it, in writing, your observ ations on the data it tains.

urn in tables, like those in Figures 12.3 and 12.4, showing our measuremen ts of sorting time for two sorting algorithms on arrays of arious sizes. One table should show times for Bubble Sort, Selection Sort

Insertion Sort. The other should show times for Merge Sort or QuickSort.

sure to collect data for a wide v ariety of array sizes, as sp ecified earilier the lab. State the conclusions you draw from your data. How do the two ds compare? What happ ens as the size of the array increases? (Y ou t want to present the data as a graph, as well as in tables.)

first table that you turned in for Exercise 5 showed times for a ( ) algorithm. This means that the average running for an array of size is approximately for some constant , at for large v alues of . F or more details, see Section 9.3 of

(Note that dep ends on the computer you are using, as ell as the algorithm.) Thus, if the running time is , then the v alue of approximately , and this approximation tends to get b etter as gets

Use the data in your first table to estimate the v alue of for the sorting metho d you used to generate the table. Once you have a alue for , use it to estimate how long it would take to sort an array of size using that sorting metho d. Explain your reasoning.

second table that you turned in for Exercise 5 showed times for a ( ) algorithm. This means that the average time for an array of size is approximately for some t , at least for large v alues of . Thus, if the running time is , then v alue of is approximately , and the approximation tends get b etter as gets bigger. Use the data in your second table to estimate v alue of for the particular sorting metho d you used to generate the

Once you have a v alue for , use it to estimate how long it would take sort an array of size 1,000,000 using that sorting metho d. Explain your Lab 12, P age 9

Comment on the comparison b etween the results of Exercises 6 7. b er 13 for in xT urtle al lel pr o c essing W l central pro cessing unit executes a program step at a time, fetching each instruction from memory and executing it efore going on to the next instruction. In many cases, though, a problem b e broken down into sub-problems that could b e solved at the same time. , several CPUs work simultaneously on a problem, h one solving a different sub-problem. This is one of the ma jor techniques sp eeding up the execution of programs.

en when only one pro cessor is av ailable, it is sometimes natural to break wn a program into parts that can b e executed simultaneously . b e applied to divide the single pro cessor’s time among the v arious of the program. The program won’t b e executed any more quickly

, but use of parallel pro cessing “abstractions” might make the program easier write.

this lab, you will use the multitasking capabilities of the xT urtle prolanguage. In this language, it is p ossible to split (or ) a cess into several pro cesses that will all execute simultaneously and indeendently

. Each pro cess will have its own turtle visible on the screen, so ou can actually see what is going on. Although you will b e seeing onlyg g e T urtles: = #ForkNumber"

= #ForkNumber" asking in xT urtle Lab 13, P age 2 it then if Complex Machine urtle for L ab 13 orkNumb er F orkNumb er er T el lUser er asksorkNumb er ulated parallel pro cessing, it would b e at least theoretically p ossible for h pro cess to run on its own CPU.

background material for this lab is covered in Section 10.1 of

It will b e useful for you to read that material b efore orking on the lab.

up the program , and op en the

. (Y ou should find this file and all the other files for this lab in a named .) Run the program. Y ou will see ten turtles andering around on the screen. This is a very simple program, but it the basic multipro cessing command in xT urtle, the statement.

statement (10) causes a single pro cess to split into ten pro cesses.

y commands in the program that follow the statement will b e exeby each pro cess indep endently

. In the program , each of the ten cesses go es into a lo op that sends its turtle on a random walk. Exercise 1 the end of the lab asks you to add a few mo difications to this program.

a pro cess is forked, all of the pro cesses that are created start out in the same state, with one small exception. The xT urtle language has a v ariable named . This is a read-only v ariable; that is, ou can test the v alue of this v ariable but you can’t change its v alue. Each of pro cesses created by a statement gets its own v alue for .

or the first pro cess, the v alue of is 1, for the second it is 2, and forth. T o test this, try executing the following commands by typing them to the input b ox in the “xT urtle Graphics” window and then clicking on button: ( ) e sure you understand what happ ens. (Y ou will have to typ e b oth of commands on one line. If you execute “ (3)” by itself, three prowill b e created, but all three pro cesses will “die” b efore you get a hance to typ e in the next command. Then, when you execute the com-

“ ( )”, you will just get a v alue zero—the default v alue of when no pro cesses have b een ed.) file contains a sample program illustrating one way in h can b e used. Op en the file and run the program that it tains. this program, two pro cesses are created with a command. Each cess then executes an statement of the form:

1one thing something else V ariables:

age 3 Sc heduli ng for F orks Sc heduli ng eral lel Snowflake F orkNumb er F orkNumb er eral lel Snowflake fork fork ercles Tiling by Pentagons e Tiling Examples Files for L ab 13 clescles Par al lel Snowflake first turtle, with a of 1, do es one task while the second do es another completely different task. Y ou are asked to do something in Exercise 2 at the end of the lab.

sample program uses in a different

, in statements such as “ (60 )”. When the first turtle, a of 1, executes this command, it turns through 60 degrees;

second turtle turns through 120 degrees; the third, 180 degrees; and so

Even though every turtle executes the same command, they each do different b ecause each has a different v alue of . program also shows that several statements b e used in the same program. The first creates several pro cesses.

h of these pro cesses splits into several new pro cesses when it executes the statement. Y ou should note that each command resets the alue of for all the pro cesses it creates.

ou can see two more examples of multiple commands in the sample and . (The tiling program was written y my colleague, Kevin Mitchell, who is interested in the mathematical propof tilings. Several more of his tiling programs are included in the folder the folder. They all pro duce y pictures that would b e more difficult to make without multitasking.)

sample program illustrates the fact that statements o ccur after a fork are treated just like other statements. That is, evpro cess executes the statement and creates its copy of the ariables that are declared. Y ou will need to understand this program to do

3. the way

, you might want to use and to vestigate the effect of the option in the u. T ry running these programs with the option turned off as ell as with the option turned on. Rememb er that your computer, with its

CPU, executes multiple pro cesses by switching its attention from one cess to another, executing one pro cess for a while, then moving on to the pro cess, and so forth. When the option is on, it otes some random amount of time to a pro cess b efore moving on to the

Therefore the pro cesses quickly get “out of sync.” When the option is the pro cesses stay “in sync” b ecause the computer devotes exactly the pro cessing time to each pro cess. Random scheduling is a more realistic ulation of parallel pro cessing, but equal-time scheduling can b e prettier watch. all the examples you have seen so far, the ultiple pro cesses are completely indep endent. The v arious turtles go ab out business without interacting with the other turtles in any way

. (This i i variable name e d vari-exclusion al r e gion age 4 then grab efor e fork onize d R andom Walk ol Maxnot quite true, since the turtles have to share the same screen. Y ou might ve noticed that one turtle will sometimes wip e out the image of another temp orarily .) can get more interesting when the pro cesses have to communicate each other. In xT urtle, pro cesses communicate through

When a v ariable is declared a command, there is only copy of that v ariable, which is shared by all the forked pro cesses. If y of those pro cesses changes the v alue of the v ariable, then all the other cesses can see the new v alue. This is the only form of communication etween pro cesses that can o ccur in xT urtle.

explained in , great care must b e taken shared v ariables are used for communication, so that one pro cess do es change the v alue of a v ariable while another pro cess is using that v alue.

pro cess must obtain exclusive access to a shared v ariable while it is using v ariable. This is the problem. In xT urtle, the t is provided to make mutual exclusion p ossible. A statement es the form one pro cess at a time is allowed to “grab” a given v ariable. When pro cess comes to a statement, the computer checks to see whether pro cess has already grabb ed the v ariable. If so, then the second cess must wait until the first pro cess gets to the end of its statement.

then is the second pro cess allowed to grab the v ariable and execute the ts in its own statement.

statements inside a statement are called a . As as access to shared v ariables is confined to critical regions, pro cesses use the v ariables to communicate in relative safety . unication can still b e very complicated, but a fairly straightforward is av ailable in the sample file . Op en file, read the comments, and run the program. Y ou will see two turtles identical random walks. One of the turtles selects a random angle b e used in the random walk and records it in the shared v ariable .

other turtle reads the v alue from the shared v ariable and uses it. A shared v ariable, , is used in a statement to control access

. Exercise 4 asks you to mo dify this program so that more than two cesses are involved.

example of shared v ariables is given in the file . Read comments and run the program. It will take a few seconds to run, you won’t see anything happ ening until the end, when the program orts the v alue that it has computed. This program also illustrates what ens when a command is used inside a subroutine: At the end of x

2 2 2 2 � � age 5

1: 2:

3: 4: 5: heduling in F orks andomInt lPr o c ess lPr o c essawGr aphsow c ol r ow c ol clesonize d R andom Walk of Squar es subroutine, all the pro cesses are “rejoined” into one pro cess b efore the terminates. Therefore, after the subroutine finishes, there is only pro cess to execute the statement. In Exercise 5, you will work a similar example.

+ 2 + 3 + 4 + + 25 the sample program , ten “bugs” wander around on screen. Real bugs, though, are b orn and die. Add “birth” and “death” to program. Add birth by programming a one-in-twen ty-five chance a bug will split in two, each time it moves. (Y ou can program a one-in-wenty-five chance by checking = 1.) T o program death, ou will need a new command: . When a pro cess executes a t, it dies. (This is an easy exercise.)

sample program draws the graphs of wo functions, one after the other. Mo dify this program so that the two are drawn simultaneously by two turtles. (This is even easier than 1.) rite a program that uses two statements to draw multiplication table like this one on the screen:

2 3 4 5 6 7 8 9

4 6 8 10 12 14 16 18

6 9 12 15 18 21 24 27

8 12 16 20 24 28 32 36

10 15 20 25 30 35 40 45

12 18 24 30 36 42 48 54

14 21 28 35 42 49 56 63

16 24 32 40 48 56 64 72

18 27 36 45 54 63 72 81 entry in row numb er and column numb er is . Y our will b e similar in outline to the sample program . Recall if is a v ariable, then you can write the v alue of on the screen with command .

dify the program so that of showing two turtles moving in identical random walks, it shows moving in identical random walks.

program is a failed attempt to write program that computes the v alue of the sum the program several times. Y ou will see—provided that the is turned off—that it gives different answers, age 6 grab of them correct. Use a statement to fix the program so that gives the correct answer. W rite a short essay explaining carefully what es wrong when the statement is omitted, and how adding the t fixes the problem.

b er 14 for dels-2D xMo dels-3D and Geometric Mo deling ometric mo del ender e d ometric tr ans- W l are often created on computers in a wo-step pro cess. First, a of a scene is created, then the is using realistic coloring and lighting effects. This lab deals the mo del-construction stage of image creation.

geometric mo dels are built up out of simpler comp onents which scaled, rotated and p ositioned in the scene using

Simple geometric shap es like circles and lines are used as a p oint in the mo deling pro cess. These shap es can b e combined to more complex figures that can then b e combined to form even more scenes.

constructed from ob jects in this way can b e used in a natural way pro duce . An animation is just a sequence of frames in which jects move slightly from one frame to the next. When the frames are kly displayed one after the other, the viewer p erceives ob jects in motion.

this lab, you will use two programs, and , to two-dimensional and three-dimensional geometric mo dels. Y ou will construct simple animations. x . � � Ob jects and Basic T ransformations:

Most Complex Madels-2D eale scale 5 rotate 45 translate 3,7 ene description language aling tr anslation r otation and Geom etric Mo deling Lab 14, P age 2 trol ry this now. Another window, titled “Drawing Window,” will app ear, a small square drawn at the center.

background for this lab is Section 11.1 in which covers geometric mo deling, geometric transformations and the of animation. Questions 11.1 and 11.2 in the text—and their answers the back of the b o ok—are also relev ant to this lab. Y ou should b e familiar this material b efore starting the lab.

o b egin the start up the program . Y ou will get a standard text-editing w in which you can typ e a sp ecification of the scene you want to mo del.

sp ecification is written in a —something ery much like a programming language. A scene description consists of a of ob jects in a scene, together with the geometric transformations to b e to them. It can also contain definitions of ob jects to b e used later, erhaps rep eatedly

, in the scene. Such ob ject definitions are very much like in a programming language.

or example, supp ose you want a rather b oring scene consisting of a single Y ou can sp ecify this scene by typing the single word the text-edit window. T o see the scene, use the command from

Drawing Window represents a region of the -plane with ranging

10 at the left edge of the window to 10 at the right and ranging

10 at the b ottom to 10 at the top. The command sp ecifies a y-one square, centered at (0,0), with corners at ( 0 5, 0 5), (0.5, 0.5), and ( 0.5,0.5).

ose you want a larger square, or a square at a different p osition?

ou have to start with a standard small, centered square and apply geometric to get the square you want. This is not the most obvious way doing things, but it turns out to b e remark ably p owerful and even, after exp erience, intuitive. The geometric transformations that you can use , and . Scaling changes an ob ject’s size.

ranslation moves it. Rotation pivots it ab out the p oint (0,0) or ab out some sp ecified p oint.

o transform an ob ject, simply list the transformation after the ob ject which it applies. F or example, the sequence of commands ecifies three squares with different transformations. In the first of these the transformation 5 magnifies the square by a factor of 5, age 3 scale 3 rotate 30 translate 5,5

0,0 0,5 3,4 is a simple scene description. Y ou will find a copy of this in the Op en the file and render it. Then try mo difying and to it. Y ou should try to get a feel for the basic ob jects and the that can b e applied to them:

e sc ale ale otate e r otate ab out anslate anslate ytr anslate e xtr anslate cleolygon eaySquar e whiteSquar e blackCir cle gr ayCir cle whiteCir cle blackPolygon ayPolygon whitePolygon whiteSquar e e Examples.

ducing a five-by-five square. T o shrink an ob ject, you would use a scaling eration with a factor less than 1, as for example in “ 0.5”.

scale command can also b e used with two numbers. The first numb er es a horizontal scaling factor and the second a vertical scaling factor. F or “ 2,5” sp ecifies a rectangle that is 2 units wide and 5 tall. transformation 45 pivots the square ab out the p oint (0,0) an angle of 45 degrees in a counterclo ckwise direction. A negative would rotate an ob ject in a clo ckwise direction. It is p ossible to sp ecify different pivot p oint. F or example, “ 45 0.5,0.5” would ot the square ab out its upp er right corner, (0.5,0.5), instead of (0,0).

the third example, the transformation 3,7 moves the square units to the left and 7 units up. (All commas in this and other examples are by the way; they can b e included for human readability). There are commands and for moving an ob ject horizontally vertically only . F or example, “ 5” pro duces a square five units to the right.

ou can apply a sequence of transformations to the same ob ject, simply y listing them all after the ob ject’s name, in the order in which they are to e applied. F or example, ecifies a square that is first magnified by a factor of 3, then rotated through degrees, then translated 5 units horizontally and 5 units vertically . are other basic ob jects b esides squares. A is a circle of one, centered at (0,0). A is a line of length one that extends the p oint ( 0 5,0) to (0.5,0). A can b e sp ecified by listing its ertices. F or example, ecifies a triangle with vertices at the p oints (0,0), (0,5) and (3,4). T o make a bit more interesting, a few “filled-in” versions of squares, circles and olygons are also allowed. These are given by the commands ,

, , , , ,

. (The difference b etween a and plain is that the white square will hide ob jects b ehind it while the square is transparent.)

ation:

dels-3D

Animation ale r otate

Animation age 4 v e F rames to Memory Con trol trol op Bac k to Start Lo op Bac k and F orth scale 2 translate 5,5 scale 5,2 rotate 30 translate -5,5

0,0 0,5 3,4 translate -7,-7

15scale 1.5 ytranslate -2:2

-1,-1 1,-1 -1:1,1 scale 1:3 scale 8,0.3 rotate 0:130

15 25 scale 0:5:8 rotate 0:0:90 scale 0::12 en and render the file . As the individual frames are they are stored in the computer’s memory so they will not have b e redrawn later. Dep ending on the sp eed of your computer and the y of the scene, the animation might run slowly until all the frames ve b een rendered. After that, the playback rate can b e controlled with menu. (There is only ro om in memory for a limited numb er of if you exceed that limit, you can still run the animation by turning the option in the menu, but the might then run unacceptably slowly

.) This particular animation lo ok b etter if you use the menu to change the playback style to . T ry some of the arious menu commands. T ry mo difying the animation.

face it, static scenes are not all that exciting.

we have animation, things get a lot more interesting. This is fairly to do in and . Here is an example (which can b e found in the file ):

y scene description that sp ecifies an animation must b egin with the word followed by the numb er of frames in the animation. In this exam-

15 frames will b e rendered. The remaining lines are a standard scene except that in some cases “numb er ranges,” such as 1:1 or app ear instead of single numb ers. Where such a range app ears, the v alue in the range is used in the first frame, the second v alue is used the last frame, and intermediate v alues are used in intermediate frames.

a range is used with , the ob ject moves during the animation; if

, the ob ject grows or shrinks; and if with , the ob ject rotates a range of angles.

is p ossible to write a “segmented animation,” which is like two or more animations spliced together. An example would b e there are two segments, with 15 frames in the first and 25 in the second, by the two numbers listed after the word . Instead of simple z z age 5 dels-3D el xMo dels-2D e cir cle del Building and Structured Complexit y: ensional Mo deling:wheel [ rotate 60 rotate 120 ] scale 2 xtranslate -2.5 file contains an example in which wheels are defined and

Op en the file, read it, and render it to see what it lo oks like. Note the wheels on the wagon rotate.

umb er ranges like “0:5”, double ranges like “0:5:8” are used instead. F or the v alue ranges from 0 to 5 during the first segment of the animation from 5 to 8 during the second. F or 0:0:90, the v alue stays constant

0 during the first segment, then ranges from 0 to 90 during the second t. F or the double range 0::12, the v alue ranges from 0 to 12 over the tire animation. T ry this if you want.

away from simple geometric shap es to complex scenes. As usual, this y is handled by tackling it level-by-level, with reasonable jumps in y from one level to the next. In and , new jects can b e defined on one level that can then b e used on higher levels.

ob ject definition takes the form of the word followed by a scene enclosed in square brackets (“[” and “]”). F or example:

this definition has b een made, a “wheel” can b e used like any other ject. F or example:

word b ecomes part of the language of , on an equal with and . It can even b e used in the definitions of other jects. sample file gives another example of defining and using obin a scene.

dels can b e constructed three dimensions, as well as in two. Even for three-dimensional mo dels, course, the image still has to b e displayed on a two-dimensional computer but the mo del of the scene exists in three dimensions, at least in imagination and the computer’s memory

. Once you understand the ideas of geometric mo deling in two dimensions, the step up to three is not so hard. Just rememb er that in addition to the and ordinates that you are used to, there is also a -co ordinate. Think of measuring distance in front of the computer screen (or, if is negative, ehind it). y z y age 6 View

30scale 5 yrotate 0:180

30scale 5 ztranslate 8 yrotate 0:360 dels-3D line cir cle squar e p olygon dels-3D eolygon 3D r anslate yT r anslate zT r anslate anslate Sc ale otate yR otate zR otate r otate dels-3D Most Complex Machine otate xr otate zr otate otate xtr anslate ztr anslate

SpinningBows Neste dSquar es-3D dSquar es-3D dels-3D only way to understand all this is to lo ok at some examples. Start the program . Typ e in the following simple scene description:

ou will see the square rotate around its vertical axis. Note that the edge the square that is farther from you lo oks shorter, as it should. This is a of “three-dimensional viewing,” which is explained in Section 11.1 . (If you are familiar with that section, you t want to play with the menu. Otherwise, leave the menu to its default v alue.) T ry changing the to and to see the different effects.

try the following example, which illustrates a translation in the command moves the square 8 units forward towards you.

command then sends it circling away from you and back. T ry Also try instead of , and make sure you what is going on.

files , and contain some other for you to lo ok at. Note esp ecially that lets you define use new ob jects, just as did. This is most striking in the . basic building blo cks of three-dimensional mo dels in the program include , , and , which exist in the but which can now b e translated or rotated out of that plane. (The versions of these ob jects are not v alid in .) There is also ob ject, which represents a one-by-one-b y-one cub e centered at the oint (0,0,0). And there is which constructs p olygons from a list three-dimensional p oints instead of two-dimensional p oints.

ional translations include , , plain old , which now requires three parameters. can take three parameters, giving magnification factors in the , and

There are now three different rotation commands, since an ob ject b e rotated ab out the horizontal -axis, ab out the vertical -axis, or ab out

-axis that p oints directly at you out of the screen. The three rotation are: , and . The command is still v ailable, but its effect is identical to .

are two more commands in that can b e used to easily duce certain typ es of complicated ob jects. The commands are and

These are standard op erations in three-dimensional graphics. The is similar in each case: a sp ecified figure is copied several times, and �

� � lathe edels-3D and Geom age 7

1: (a) 2: 3: 20 4 3,3 7,-3

0:9030 2 -3,3 -2,3 0,-2 2,3 3,3 0,-4

0:90 yp e in the commands:

render the image.

as an example of extrusion, try the commands:

render the image. to draw five squares of different sizes, with their centers at (0,0), nested inside one another. Starting from our solution to part (a), construct an animation consisting of five squares v arious sizes rotating around their common center. They should rotate at t sp eeds. Some should rotate clo ckwise and some counterclo ckwise.

urn in a printout or hand-listing of your scene description.

file contains an animation in which a circle to b ounce back and forth b etween two edges on a square. T ry it.

a second circle b ouncing b etween the other two edges, and then make square plus the two circles into an ob ject by putting them inside a

Finally

, make an animation that shows the combined ob ject and changing size. What p oint do es this illustrate ab out ob ject a three-dimensional wagon, using .

b o dy and handle should b e made from transformed cub es. It should have vertices of the copies are connected with line segments. F or lathing, the are obtained by rotating the original around the -axis. F or extrusion, copies are obtained by translating the original in the -direction.

is easy to understand if you see it.

ou will see a truncated pyramid. If you change the to a 12, you will see something that lo oks rather like a lampshade instead.

first parameter of sp ecifies how many copies are to b e made. (In example, this tells how many slanted edges there are: 4 for the pyramid, for the lampshade.) The remaining parameters sp ecify a sequence of one more line segments in the -plane, in this case the single line segment

(3,3) to (7, 3). T ry adding the p oint (10, 3) onto the command.

the first parameter gives the numb er of copies b e made. (Two is actually the most likely v alue for the parameter.) The parameters sp ecify a p olygon lying in the -plane. Copies of this olygon are made, separated by a distance of one unit in the direction. In case, the result is a solid V-shap ed figure.

sample file has a rather neat example of the command.

14.1. xtranslate -10:10 yrotate 60 xrotate 15 dels-3D age 8

4: 5: “r adio telesc op e” c onstructe d using xMo dels-3D. The telesc op e is om sever al differ ent viewp oints to give a b etter ide a of its thr e e-dimensional e. wheels. T ry out your wagon in this animation:

14.1 shows a “radio telescop e” that was constructed . This telescop e is made of two pieces. The base can b e by lathing a single line segment. The dish can b e made by lathing curve—consisting of several line segments—that connects (0,0) to (4,2).

dish has to b e rotated and translated into p osition after it is created.

a “telescop e” ob ject in . Then create an animation that ws three different telescop es rotating ab out their axes.

y with or until you make an you really like. Print out the image and turn it in.