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CS61A: The Structure and Interpretation of Computer Programs

General Course Information

1 Introduction

The CS 61 series is an introduction to computer science, with particular emphasis on software and on ma-
chines from a programmer’s point of view. This first course concentrates mostly on the idea of abstraction,
allowing the programmer to think in terms appropriate to the problem rather than in low-level operations
dictated by the computer hardware. The next course, CS 61B, will deal with the more advanced engineering
aspects of software—on constructing and analyzing large programs and on techniques for handling com-
putationally expensive programs. Finally, CS 61C concentrates on machines and how they carry out the
programs you write.

In CS 61A, we are interested in teaching you about programming per se rather than any programming
language in particular. We consider a series of techniques for controlling program complexity, such as
functional programming, data abstraction, object-oriented programming, and deductive systems. Of course,
to get past generalities you must have programming practice in some particular language, and, in this course,
we will use Scheme, a dialect of Lisp. This language is particularly well-suited to the organizing ideas we
want to teach. Our hope, however, is that once you have learned the essence of programming, you will find
that picking up a new programming language is but a few days’ work.

2 Do You Belong Here?

The summer session version of this course is a bit different from the regular semester version. We cover all
of the usual material, but we do it in half the time. This makes the course very fast. If you fall behind,
you will find it almost impossible to catch up. At the same time, the summer course has no restrictions on
enrollment. Anyone, regardless of prior experience may enroll in the course (until it fills.) We encourage
anyone who’s curious or interested to take this course, even if they aren’t computer science majors!

This course expects some mathematical sophistication, but does not actually require any prior program-
ming experience. During the regular semester, Math 1A is a corequisite for 61A, and there is generally a
placement exam to test whether or not you are familiar with recursion or induction. (For examples, go to
http://www-inst.eecs.berkeley.edu/∼cs61a/misc/entrance.html.)

We have found that 80% to 90% of 61A students have had significant prior programming experience,
and that students without such experience are at a disadvantage. There is no need for you to be familiar
with any particular programming language, although if all of your experience has been in BASIC then you
probably haven’t used recursion. In addition, the computer labs for the course use UNIX machines. You
may find it time-consuming and sometimes difficult to do the labs and homework if you have not spent time
becoming familiar with UNIX.

Therefore, it is up to you to decide if you are prepared for this course. Check out the course materials
yourself, and play around with the labs and homework. My advice is to take the risk and get out as much
as you possibly can! If you are still unsure, you can speak to me about it, however, if you ask my opinion,
I will probably say that you should take it because the course is wonderful and you will learn a great deal
from taking it (regardless of your final grade).
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If you don’t feel ready for 61A, we recommend that you take CS 3, which is a Scheme-based introductory
programming course, or CS 3S, the self-paced version. CS 3 and 3S are directed primarily at students who
are not Computer Science majors, but they are also designed to serve as preparation for 61A. You could then
take 61A next semester. If you are interested in learning how to program specifically in C or Java, there are
engineering courses to teach you these courses, and they will server you better than this course.

If you are not strongly interested in computer programming at all, but instead want to learn how to use
computers as a tool, you should consider IDS 110, a course that presents a variety of personal computer
software along with a brief introduction to programming.

If you have substantial prior programming background, you may feel that you can skip 61A. In most
cases, we don’t recommend that. Although 61A is the first course in the CS sequence, it’s quite different
from most introductory courses. Unless you have used this same textbook elsewhere, I think I can promise
that you won’t be bored. If you’re not convinced, spend some time looking over the book and then come
discuss it with me. Instead, perhaps your prior experience will allow you to skip 61B or 61C, which are more
comparable to courses taught elsewhere. See Mike Clancy in the CS department about this.

3 Course Materials

The textbook for this course is Structure and Interpretation of Computer Programs by Abelson, Sussman,
and Sussman, second edition. It should be available in the textbook section of the ASUC bookstore and
other local textbook sellers. You must get the 1996 second edition! Don’t buy a used copy of the
first edition. A paperback version containing all necessary chapters of version 2 may also be available used
at the same books stores. If you cannot afford or don’t want to buy the book, copies of it are on reserve at
the Engineering Library. Also, the entire book is readable online. The URL is given later in this document
and on the course website.

In addition to the textbook, there is a reader containing necessary materials, including all assignments
and material on our computing facilities in general and about the Scheme language. You can buy the reader
at CopyCentral, 2483 Hearst Avenue (at Euclid.) The summer’s reader is unlike the normal term’s readers,
so don’t borrow your housemate’s old copy. All of the most important material in the reader will also be
available on the course website, so, if you really don’t want to buy the reader, you don’t have to. However,
it has been our experience that most students prefer to purchase the reader.

If you haven’t used Unix before, you should also get the User’s Guide to Unix and the EECS Instructional
Facilities also available at CopyCentral.

We have also listed optional texts for the course. These really are optional! Don’t just buy them because
you see them on the shelf. One is the instructor’s manual for the required text. It includes the authors’
second thoughts about which ideas proved to be complicated and how to explain them, along with additional
exercises. (It doesn’t have solutions to exercises.) You may want this manual if you are excited by the course
and want to get to know the authors and their ideas better, although it has been partly replaced by a web
page about the book. The second optional text is Simply Scheme, by Harvey and Wright. This is sometimes
used as the textbook for CS 3; it gives a slower and gentler introduction to the first five weeks of 61A, for
people who feel swamped here. Most of you won’t need these books.

If you have a home computer, you may want to get a Scheme interpreter for it. The Computer Science
Division can provide you with free versions of Scheme for Linux, Windows, or MacOS. The distribution also
includes the Scheme library programs that we use in this course. For more information on how to get your
home computer to work well with the course materials, check the ’resources’ section of the web site.

The course reader includes the lecture notes for the entire semester. These notes are provided so that
you can devote your efforts during lecture to thinking, rather than to frantic scribbling. In addition, any
materials used during lecture but not provided in the reader will be made available on-line.
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4 Enrollment—Laboratory and Discussion Sections

Summer session is 8 weeks, with every week packing in two standard course weeks. This course is normally
structured so that there is one discussion and one lab meeting each week; but we must pack in both into the
first two days of the week, and again, both into the last two days of the week. Generally, the lab portion
occurs some time between Monday and Tuesday’s lectures and again between Wednesday and Thursday’s
lecture. The discussion sections meet between Tuesday and Wednesday’s lecture and again between Thursday
and the next Monday’s. You will also need to spend additional time working on the computers in the Soda
Hall labs. Most weeks, the first meeting will be in our laboratory room, 310 Davis Hall; the second meeting
will be in the classroom listed in the Schedule of Classes. Occasionally there may be two lab sessions and
no classroom sessions. For example, all meetings this week will be in the lab.

The discussion and lab sections are run by Teaching Assistants; each TA will handle enrollment and
grading for his or her sections. We anticipate some rearrangements during the first week in response to
oversubscribed or undersubscribed sections. If you are waitlisted or your section has been cancelled,
you should communicate via email with the TA who is in charge of the sections that you would like to move
into but be prepared to be flexible if your first choice is full. Please be in a definite discussion section by
the end of this week, though, because much of the coursework will be done in groups of two to four students
(the number depends on the activity); these groups will be set up by the TAs within each section.

You must have a computer account on the 61A course facility. You must set up your account
before Noon on Wednesday, June 25 because that is how we know who is really in the class. Account forms
will be distributed in the LAB SECTIONS. The first time you log in, you will be asked to type in your name
and reg card number, if you have one. Please follow the instructions carefully. You must get your account
and log into it no later than 12:01 PM Wednesday so that we have an accurate class count. Everyone
MUST log in by Wednesday Noon (or have made special arrangements with their TA) OR YOU WILL
BE DROPPED from the course!

Some of you have personal computers and may want to do the course work at home. This is fine with us,
although you’ll have to be careful to install the class Scheme library on your home computer to make your
computer’s version of Scheme behave like the modified one we use in the lab. In any case, though, you must
get a class account even if you intend never to use it.

Please do not sign up for a computer science course just to get a computer account, with the intention
of dropping later. (Instead, come see a faculty member to discuss sponsorship of a non-class account for
independent study, or you can get a free Unix account from the Open Computing Facility.) Accounts of
students who are not doing the course work will be turned off by the second week of classes. Also, if you get
a class account and then decide to drop the course, please let me know immediately so that we can admit
another student. Thank you.

Students sometimes ask whether attendance at sections is required or optional. Our expectation is that
you will attend all class sessions, but you are adults and we will not police your attendance. However, if
you take this to mean you can skip 6 weeks of section and then receive help from the TAs and instructor
right before the final, you will be sorely mistaken. You will find that we are busy helping students that we
have seen working hard all summer. Recognize that by not attending section or lecture, you are missing out
on excellent opportunities to learn from the TAs and other students, as well as from the lecturer. Much of
the learning in this course comes from lab activities, and later assignments (including exam questions) may
build on those activities. Further, the TAs find it easier (and more enjoyable!) to help the students that they
have gotten to know throughout the term. If you are missing school due to illness or some other emergency,
inform your TA immediately.

5 How to get the most from this course

We recognize that everyone’s style of learning is unique. Some students are excellent at studying–they work
hard, and are extremely diligent. They do all the readings conscientiously, and work all the problems. Some
students are incredibly quick, and get by doing little of the reading, even less of the homework, and still
ace the tests. Some students learn best by listening to lecture, and discussing it with their friends and TAs.
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Some students are aiming for the A+, others just to get by with a passing grade. Usually, students are some
of each of these types, or are sometimes one, sometimes another. Since everyone’s style is their own, we try
to have as many opportunities to learn this material as possible. Therefore, use them all, and learn what
works best for you.

That said, we do enforce certain types of interaction. In this course, we encourage and REQUIRE that
you learn to work together in groups. This means you will need to learn how to work with people whose
strengths are not your own. (This is of course the best thing a group can provide!) It also means you will
learn how to work with people whose style you find difficult. But overall, you will learn best by learning to
collaborate, and helping each other when one is not getting the material.

Different people solve problems differently; there are often many right answers to the problems in this
course. And of course, what you find easy, your friend may find hard, and vice versa. Therefore, the best
way to learn is to talk with other people, and ask them questions when you are stuck. Even if you think you
understand everything, you will learn the material better if you have to try to explain it to someone else. In
addition, learning how to think about the problems in many different ways will solidify your understanding
of this material.

Finally, is it possible that some of you feel uncomfortable telling others when you don’t understand
something. Many of us find it hard to ask questions–all the more reason to overcome this fear early! The
ability to ask for help is a wonderful strength that will serve you well in life. Throughout this course, we
will try to encourage you to ask each other, and the TAs and myself for help.

6 Information Resources

Your first and most important resource for help in learning the material in this course is your fellow students.
Your discussion section TA may assign you to a group of four students, and you will do many course activities
with this group. You are responsible for helping each other learn.

The Teaching Assistants who teach the discussion sections are also available to answer questions. You may
drop in during office hours, make appointments for other times, or communicate with them by electronic
mail. Feel free to visit any of the TAs–not just your own! You may find that hearing different people’s
explanations helps if at first you do not understand some material.

For technical questions about the homework or projects, or administrative questions such as missing
homework grades, send electronic mail to your particular TA or reader. You can also send mail about
intellectual questions to me, but if it’s about grades I’ll just refer you to your TA.

In addition, there is an electronic bulletin board system that you can use to communicate with other 61A
students and staff. The ucb newsgroup can be read only from machines in the berkeley.edu domain, so if
your net connection is though a commercial ISP then you must log into a lab machine to read the newsgroup
or try this:

http://www-inst.eecs.berkeley.edu/connecting.html

Please do not send electronic mail to every student individually! That would waste a lot of disk
space, even for a small message. Use the newsgroup instead. Electronic mail is for messages to individuals,
not to groups.

There is a class web page, with online versions of some of the documents we hand out:
http://www-inst.eecs.berkeley.edu/~cs61a

The web page for the textbook, with additional study resources, is
http://www-mitpress.mit.edu/sicp/sicp.html

There are also web pages for the Scheme programming language:
http://swissnet.ai.mit.edu/scheme-home.html

http://www.schemers.org/

Tutoring services are provided by Eta Kappa Nu (HKN), the EECS honors society, and Upsilon Pi
Epsilon, the Computer Science honors society. They share an office in 345 Soda; call them at 2-9952 or send
e-mail to hkn@hkn or to upe@cory.
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Additional information to help you in studying, including hints from the course staff and copies of
programs demonstrated in lectures, is available at the course website.

7 Computer Resources

The computing laboratory in 310 Davis Hall consists of about 35 SunRay terminals connected to a Sun
Solaris server. This is our primary lab room, although the CS 61A accounts can also be used from any EECS
Instructional lab in Soda or Cory Hall.

The lab in 310 Davis Hall is normally available for use at all times, but you need a card key for
access to the lab; to get a card key, stop by the 3rd floor office of Soda Hall and fill out a form for a card
key. You will need a $20 deposit to get the card key. The card key will give you access to 310 Davis as
well as the 2nd and 3rd floors of Soda Hall so that you may enter at any time, day or night. Do this today!
During scheduled lab sessions, only students enrolled in that particular section may be in the lab. Since lab
sections run from early morning until late evening, you might need to use the other Soda Hall labs to work
on homework outside of class. In particular, 273 Soda Hall should be at your disposal at all times. When
sections are not in session, any 61A student may use any of the 2nd floor labs on a drop-in basis. If there
are no free workstations, please feel free to ask anyone who is not doing course work to leave. In particular,
game playing is not permitted. We are relying on social pressure to discourage abuse (such as stealing the
chairs or monopolizing a workstation for six hours during prime time to play chess). Therefore, do not feel
embarrassed to apply such pressure.

These machines use the Unix operating system, a timesharing system that is quite different from the
microcomputer systems you have probably seen elsewhere. The course reader includes introductory docu-
mentation about Unix and about Emacs, the text editing program we are recommending for your use. (It is
one of several Unix text editors; you’ll find that everyone has his or her own favorite editor and hates all the
others.) Although the use of Unix is not extensively taught in 61A lectures, it will be extremely worthwhile
for you to spend some time getting to know how the system works.

The Computer Science Undergraduate Association (CSUA), Open Computing Facility (OCF), and Ex-
perimental Computing Facility (XCF) usually offer introductory Unix training sessions. Details will be
announced when we have them.

If you have a home computer and a modem, you may wish to use your class account remotely. If so, you
are encouraged to use a commercial Internet Service Provider to connect to the campus; several companies
offer student rates. Again, check out

http://www-inst.eecs.berkeley.edu/connecting.html

8 Computer Community Spirit

If you have lived in a dorm or other concentrated student housing, you have already learned that any facility
shared by a large group of people is fertile ground for practical jokes. You’ve also learned that selfishness in
the use of common facilities can lead to a lot of negative energy. Computers are no different. For example,
there is only a finite amount of file storage space. If you fill it up with digitized pictures of all your friends,
other people can’t get their homework done.

In the dorm, people generally have a good sense of perspective about what’s funny and what isn’t. Filling
up your friend’s room across the hall with balloons is funny. Filling it up with water balloons or live crickets
or a 400 pound toilet is on the edge. Filling it up with epoxy isn’t funny at all. But, for some reason, some
people seem to lose that sense of perspective when it comes to computers. Perhaps it’s because the damaged
property is intangible; perhaps it’s because with a computer you don’t have to be physically near the victim.
Whatever the reason, try to overcome it. It’s not funny if someone can’t complete the course work because
you deleted their files.

The operating system we use provides enough security so that nothing you do will mess up another user
by accident if you’re minding your own business. It is certainly possible to mess up the system deliberately.
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Many of you are familiar with the personal computer environment, in which some people consider it a mark of
sophistication to write “virus” programs that interfere with other people’s computers. You are now entering
a different culture with different values. Our research work, as at any university, depends on collaboration
both within our department and with colleagues elsewhere. Our computer systems are deliberately set up
to encourage collaboration among their users, and that means encouraging easy access to one another’s
systems. This policy requires some degree of trust among the participants. If you’ve ever taken anything out
of a safe deposit box at a bank, you know that it’s possible to design a high-security shared facility, but that
the cost is making it a big pain in the neck to use the secured data. Some computer systems are designed
to have bank-level security, and everyone will think you’re very clever if you figure out how to mess up such
a system. Nobody will think you’re clever if you mess up the 61A system.

The form you sign when you get your computer account says that it is for your use only and for course
work only. We are not unreasonably strict in enforcing this rule. Nobody minds if you occasionally play
a computer game late at night if it’s the kind that doesn’t wreck the keyboards or mice through repeated
high-speed banging on one button. Nobody will object even if you occasionally bring a friend to play the
game with you or if you write an occasional English paper on this facility instead of the official English
Department computers. But if you are asked to give up the terminal by someone who wants to do course
work and refuse, that’s unacceptable. Remember, you and your fellow students are the ones who suffer from
such obnoxiousness; the faculty and staff have other computers to work on.

In addition, you should know that, on occasion, our file servers go on the blink. You can detect this
situation by noticing that your terminal has suddenly stopped typing characters or you get a message along
the lines of ”NFS server not responding...”. If this happens to you (and it will at least once!), don’t
panic; usually the server is back within minutes or hours with your data intact. Please do not put yourself in
a situation where a couple-hour server crash will prevent you from completing your project on-time. ”How
can I avoid such a horrible situation?” you may ask. By starting (and finishing) your assignments early, of
course!

9 Network Etiquette

Our computer facility is part of a worldwide network that lets you communicate with other users both by
electronic mail and by immediate connection if you’re both logged on at the same time. You may find that
the Internet, much like amateur radio, is a good way to make friends.

However, please remember that the network is not exactly like amateur radio, in that most of the people
on our network are trying to get work done and don’t want to spend time talking with you. Therefore, please
do not send mail or talk requests to people whom you don’t know. For example, if your best friend from
home went to college somewhere else and you don’t know his or her e-mail address, do not ask randomly
chosen people at that college to locate your friend for you. (You can send mail to postmaster at most sites.)

The best way to get to know people on the net is to join newsgroups. The same program that you use
for the class newsgroup will also let you subscribe to groups on an enormous range of topics, both technical
and recreational. Most participants in these groups will welcome individual communication that’s relevant
to the newsgroup topic.

Here are a few rules of newsgroup etiquette: (1) Do not post to a group until you’ve read it for a couple
of weeks, so you’ll know what people consider appropriate topics for that group. (2) Do not post messages
in which you quote all of someone else’s long message and then add ”Me too!” at the bottom. (3) Don’t be
sarcastic. If you’re angry, wait until tomorrow to post your message. Remember, too, that the other person
isn’t necessarily just like you; he or she may be eight years old, or eighty. (4) Do not post, mail, or forward
chain letters! You will certainly lose your Berkeley computer account and may find yourself under arrest for
fraud.

It is strongly encouraged that you subscribe to the group news.announce.newusers for more information
about posting to newsgroups.
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10 Reading, Homework and Programming Assignments

You should try to complete the reading assignment for each week before the lecture. For example, you
should read section 1.3 of the textbook by Wednesday. (Read section 1.1 as soon as possible this week!)
You will have four class meetings (two lectures and two discussion/lab sections) to help you understand the
assignment. Ideally, you would work in lab and afterward on the exercises, and then complete them the next
day after section. If you’re efficient, you’ll then have that night to read the next reading assignment.

Every week there will be problems assigned for you to work on, most of which will involve writing and
debugging computer programs. These assignments come in three forms:

• Laboratory exercises are short, relatively simple exercises designed to introduce a new topic. Most
weeks you’ll do these during the scheduled lab meeting following Monday and Wednesday’s lecture.
You are encouraged to do these exercises in groups of three or four students. They are NOT graded.

• Homework assignments consist mostly of more difficult problems designed to solidify your under-
standing of the course material; you’ll do these whenever you can schedule time, either in the lab or at
home. You may be accustomed to homeworks with huge numbers of boring, repetitive exercises. You
won’t find that in here! Each assigned exercise teaches an important point.

There are two homework assignments per week, but both are due on the Sunday after they are assigned.
These assignments are included in the course reader. (The first assignment is also attached to this
handout.) You are encouraged to discuss the homework with other students. Specific Homework
requirements and grading policies are below.

• Projects are larger assignments intended both to teach you the skill of developing a large program
and to assess your understanding of the course material. There are four projects during the term,
and you’ll work on some of them in groups. Specific Programming project requirements and grading
policies are below.

Everything you turn in for grading must show your name(s), your computer account lo-
gin(s), and your working group number for group assignments. Please cooperate about this; make
sure they’re visible on the top of the files you turn in, not buried somewhere in a comment or a function.

11 Testing and Grading

If it were up to me, we wouldn’t give grades at all. Since I can’t do that, the grading policy of the course has
these goals: it should provide a reasonably accurate measure of your understanding of the material; it should
minimize competitiveness and grade pressure, so that you can focus instead on the intellectual content of
the course; and it should minimize the time I spend arguing with students about their grades. To meet these
goals, your course grade is computed using a point system with a total of 300 points:

3 midterms 3 * 40 = 120 15 homeworks 15 * 4 = 60
final 70 4 projects 2 * 10 + 2 * 15 = 50

There will be three midterms (set for the end of the third, fifth, and seventh weeks of the term) and
a final. The exams will be open book, open notes. (You may not use a computer during the exam.) In
the past, some students have complained about time pressure, so we’ll hold the midterms on Fridays ’round
Noon, (Room TBA) instead of during the lecture hour. My goal will be to write one-hour tests, but you’ll
have at least two hours to work on them. The relatively large number of midterms is meant to help you
learn to take tests, and to reduce your anxiety about ruining your grade by having a bad day. In this course,
the later topics depend on the early ones, so you must not forget things after each test is over!

Each letter grade corresponds to a range of point scores: 280 points and up is an A+, 270–279 is A, and
so on by steps of ten points to 170–179 points for a D−.

A+ 280-300 A 270-279 A- 260-269
B+ 250-259 B 240-249 B- 230-239
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C+ 220-229 C 210-219 C- 200-209
D+ 190-199 D 180-189 D- 170-179

This grading formula implies that there is no curve; your grade will depend only on how well you (and,
to a small extent, your partners) do, and not on how well everyone else does. (If everyone does exceptionally
badly on some exam, I may decide the exam was at fault rather than the students, in which case I’ll adjust
the grade cutoffs as I deem appropriate. But I won’t adjust in the other direction; if everyone gets an A,
that’s great.)

If you believe we have misgraded an exam, return it to your TA with a note explaining your complaint.
Only if you are unable to reach an agreement with the TA should you bring the test to me. The TA will
carefully regrade the entire test, so be sure that your score will really improve through this regrading! By
University policy, final exams may not be regraded; to make up for this, we will grade every final exam
twice. Final exams may be viewed at times and places to be announced.

Incomplete grades will be granted only for dire medical or personal emergencies that cause you to miss
the final, and only if your work up to that point has been satisfactory.

12 Homework and Project Policies and Grading

In contrast to prior semesters, homework in this course will be done independently. You and your friends
are encouraged to discuss the problems among yourselves, but the work that you turn in must be written
and tested by you alone. Both of each week’s homework assignments are due at 8:00 PM on the following
Sunday. Both homework sets must be submitted electronically unless otherwise noted.

The purpose of the homework is for you to learn the course, not to prove that you already know it.
Therefore, although the weekly homeworks will graded on correctness, you will be afforded an opportunity
to recover points by improving your understanding of the material. If you receive less than 90/100 credit
on a particular homework, you can sign up for a face-to-face grading session with your reader. During this
session, you and your reader will re-cover the material you didn’t understand on the homework. If you show
sufficient improvement, the reader may adjust your score. Sign-up sheets for the face-to-face sessions will be
posted in the laboratory (and perhaps online). Please bring a paper copy of your homework to the
sessions!

The four programming projects are graded on correctness and style. The first two projects are to be done
individually, and the last two in groups of exactly two. The last two projects are larger, and your group will
work on a single solution, but the problems within each project are divided into two sets, and each of you
will work on one set.

The latter two projects will probably include face-to-face grading with your reader. The reader will ask
questions of each member of your group, and you will be graded by ALL of the group’s members’ ability
to answer correctly. Therefore, you must work together to ensure that your partner understands the entire
project.

Your group will turn in one copy of each project, with both of your names and logins listed on it. The
programming projects must be turned in online as well as in the homework box; the deadline is
usually 11:59 PM on the second Tuesday after it is assigned (i.e. you have two weeks for each project), but
there will be some exceptions. You’ll get further instructions about this when the time comes.

Online turnin: You must create a directory (you’ll learn how to do that in lab) with the official
assignment name, which will be something like hw3 or proj1. Put in that directory all the files that you
want to turn in. Then, while still in that directory, give the shell command submit hw5 (or whatever the
assignment name is). We’ll give more details in the lab.

Paper turnin: There are boxes with slots labelled by course in room 283 Soda Hall. (Don’t put them
in my mailbox or on my office door!) What you turn in should include transcripts showing that you have
tested your solution as appropriate.
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13 Collaborative Learning Policies and Cheating

We encourage collaboration. It is the best way to learn and keep up with the wealth of material you are
expected to cover. At the same time, cheating is not permitted. Sometimes the line between collaboration
and cheating doesn’t seem so easy to articulate, so we’ve tried to come up with very clear and enforceable
rules so that you know what is expected and aren’t uncomfortable collaborating, and, at the same time, so
that those who break the rules can be held accountable.

Unlike the homework and projects, the tests in this course must be your own, individual work. I hope
that you will work cooperatively with your friends before the test to help each other prepare by learning the
ideas and skills in the course. But during the test you’re on your own. The EECS Department Policy on
Academic Dishonesty says, “Copying all or part of another person’s work, or using reference materials not
specifically allowed, are forms of cheating and will not be tolerated.” (61A tests are open-book, so reference
materials are okay.) The policy statement goes on to explain the penalties for cheating, which range from a
zero grade for the test up to dismissal from the University, for a second offense.

For the programming projects, copying others’ work, whether from your friend who took the course last
semester or from other current students in other groups is cheating. If you don’t know how to do something,
it’s better to leave it out than to copy someone else’s work. If you do learn something from someone else,
and understand it now, then cite it as theirs. But be prepared to back up that you understand it without
them around. If you do not cite it, it is considered plagiarism, and is again, cheating.

It is highly unlikely that different people would arrive at the exact same solutions on their own. We do
have programs to test for code similarity – and these programs are smart enough to know when only the
variable names have been changed. Don’t cheat–you do a disservice to yourself, to those you copy from, and
ultimately, to the whole course as time is taken away from preparing lectures and answering questions to
deal with cheaters.

For the homework assignments, before you develop your solutions to the problems you are encouraged to
discuss it with other students, in groups as large or small as you like. When you turn in solutions, you
must give credit to any other student(s) who contributed to your work. This does not mean e.g.
16 of you should turn in precisely the same work. It means that you may talk about it, work it out, try it,
and then each person writes it up on their own. Working on the homework in groups is both a good way
to learn and a lot more fun! If you take the opportunity to discuss the homework with other students then
you’ll probably solve every problem correctly.

In my experience, most students who cheat do so because they fall behind gradually, and then panic at
the last minute. Some students get into this situation because they are afraid of an unpleasant conversation
with an instructor if they admit to not understanding something. I would much rather deal with your
misunderstanding early than deal with its consequences later. Even if the problem is that you spent the
weekend stoned out of your skull instead of doing your homework, please overcome your feelings of guilt and
ask for help as soon as you need it.

If you are still unclear on the cheating policy, ask yourself this: in all of your talking with other students,
did you UNDERSTAND the solution, or did you merely write down what someone else told you? If you
didn’t understand, that you aren’t doing the work yourself– not honestly. Again, it is better to have the
answer wrong, or only partially right than to rely on someone else’s answer. (Often because they too could
be wrong!)

Working cooperatively in groups is a change from the traditional approach in schools, in which students
work either in isolation or in competition. But cooperative learning has become increasingly popular as
educational research has demonstrated its effectiveness. One advantage of cooperative learning is that it
allows us to give intense assignments, from which you’ll learn a great deal, while limiting the workload for
each individual student. Another advantage, of course, is that it helps you to understand new ideas when
you discuss them with other people. Even if you are the “smartest” person in your group, you’ll find that
you learn a lot by discussing the course with other students. For example, in the past some of our best
students have commented that they didn’t really understand the course until they worked as lab assistants
and had to explain the ideas to later students.

What does it mean to do an assignment as a group? The best groups solve each problem together,
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making sure that every member contributes to the discussion and that every member understands the
group’s ultimate solution. Your experience in this course will depend on the cooperation of your group more
than anything else!

Second best is if you split up the problems so that each individual solves a few of them. This can be
okay, as long as you then get together, after doing the individual work, to discuss the results and ensure
that each member of the group understands every part of the project. It’s best if your group also discusses
the problems together before you split up to work on individual exercises, to make sure that everyone in the
group understands the broad ideas of the assignment.

A bad group is one in which one group leader does all the work and the other members become spectators.
Computer programming is a skill; you learn it by doing it. If you have a “freeloader” in your group, you’re
not doing him or her a favor! It’s important that everyone be an active participant. Try to resolve any
problems about working style within the group, but if that fails, ask me or your TA for help. As a last
resort, if a member just won’t cooperate, the group can “fire” that member between projects by notifying
the TA, who will help you rearrange group memberships.

If you split up the work, then be sure that your group meets to collect the results before the last minute! If
one group member fails to do the work, the entire group is responsible for ensuring that it gets finished. The
ideal working arrangement is to meet early in the week to plan your tasks for the week, then get together a
day or so later to confirm that everyone is mostly done and solve as a group any problems that the individual
members can’t solve, then meet for a third time early the day before it is due to collect everyone’s work and
solve any last-minute problems.

If some medical or personal emergency takes you away from the course for an extended period, or if you
decide to drop the course for any reason, please don’t just disappear silently! You should inform the other
members of your group, and your TA, so that nobody is depending on you to do something you can’t finish.

Penalties for cheating: Generally, the penalty for cheating on any assignment will be, at the very least,
a zero on the assignment and will result in a notice being sent to the Office of Student Conduct. Further
offenses and particularly egregious forms of cheating (like selling answers) will be dealt with more severely.

14 Lateness

A programming project that is not ready by the deadline may be turned in until 24 hours after the due
date. These late projects will count for 2/3 of the earned score. No credit will be given for late homeworks,
or for projects turned in after 24 hours. Please do not beg and plead for exceptions. If some personal crisis
disrupts your schedule one week, don’t waste your time and ours by trying to fake it; just be sure you do
the next week’s work on time.

By the way, if you wait until the night before to do the homework or a project, you will probably
experience some or all of the following: a shortage of available workstations, an unusually slow computer
response, or a file server crash.

15 Lost and Found

When people bring me found items from lecture or lab, I take them to the Computer Science office, 387
Soda. Another place to check for lost items is the campus police office in Sproul Hall.

16 Questions and Answers

Q: Is it true that 61A is the weed-out course for wannabe CS majors?

A: No. The lower division sequence as a whole does determine admission to the major, but no one course is
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crucial. More to the point, the work in all of these courses is not designed to be especially hard; the upper
division courses are much harder. The grading policy in 61A is not harsh and is not curved as it would be
if we had weeding out in mind. However, you may take this course as an opportunity to weed yourself out;
if you find that you don’t enjoy the work, perhaps you aren’t a computer scientist at heart.

Q: I am pre-enrolled for this course, and I’m planning to do the homework on my home computer. Do I still
have to pick up a class account and log in by Wednesday to stay in the class?

A: Yes.

Q: I am a transfer student, and I’m pressed for time to fit in all my graduation requirements. I know how
to program. Do I really have to take 61A?

A: Yes, unless you have taken this same course elsewhere. 61A is really very different from the usual first
computer science course. However, your prior experience may well get you out of 61B, which is more nearly
a standard second course. Mike Clancy is in charge of approving course equivalents.

Q: Why don’t we learn some practical language like C++?

A: Firstly, Lisp is practical. Of the hundreds of languages that have been invented, Lisp is the second-oldest
survivor, after Fortran. It hasn’t lasted 35 years by being useless. Secondly, and more importantly, the goal
of 61A isn’t to teach you a language. The language is just the medium for the ideas in the course, and Lisp
gets in the way less than most languages because it has very little syntax and because you don’t have to
worry about what’s where in the computer memory. (Next semester you’ll learn Java.) Finally, our textbook
is the best computer science book ever written. It happens to use Lisp; if they’d used COBOL, we’d
probably teach COBOL for the sake of this text.

Q: What’s your advice on surviving this course?

A: Two things: Don’t leave the homework and projects until the last minute, and ask for help as soon
as you don’t understand something.

Q: I got the Nobel prize last year, and my uncle is Chancellor of Berkeley. Do I still have to use my class
account by Wednesday Noon to stay in the class?

A: Yes.

Q: I am disabled and need special facilities or arrangements to do the course work. What should I do about
it?

A: If you need special arrangements about class attendance, taking tests, etc., I’ll be glad to accommodate
you; please take the initiative about letting me know what you need. For example, if you want to take
tests separately, that’s fine, as long as you ensure that we’ve worked out the arrangements before the test.
The Disabled Students Program (ext. 2-0518) has voice response terminals from which blind students can
connect to our computers. If English is not your native language, and you have trouble understanding
the course materials or lectures for that reason, please ask for help about that too.

Q: I don’t like (or have a conflict with) my pre-assigned discussion section. Can I switch?

A: You must negotiate this with the TA of the section you want to switch into. Please try to be settled into
a definite section by the second week, when the group assignments will be made.
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Q: Isn’t it unfair that my grade depends in part on the performance of the other students in my group?

A: Do you complain about courses that are graded on a curve? It’s very common to find a course in which
your grade is hurt by someone else doing well in the course. If you can accept that, you should be much
happier about an arrangement in which your grade is helped if you can help someone else learn.

In the worst case, you’d be doing it all yourself anyway– here, there’s a lot of help so that you won’t have
to do that. But better still, you can get to know other people in the course; at some point, they will know
something that you don’t, and you’ll have a better chance to make more friends.

Q: Can we form a group with students in other sections?

A: Generally not. One purpose of the scheduled lab meetings is to ensure that your entire group can spend
some time working together with your TA available to help. If you want to be in the same group with a
friend, arrange your schedules so that you can be in the same section. If there’s some special reason why
you think you should be an exception, negotiate with the TA or TAs involved.

Q: I’m thinking about buying a personal computer. What do you recommend?

A: For this course, and in general for computer science courses at Berkeley, you don’t need a computer of
your own at all; you can work in the labs on campus. If you just want to be able to connect to the campus
computers from home, anything with a modem will do. (If you live in certain dorms, there is an Ethernet
connection in your room, and having a computer with an Ethernet adaptor will be very handy.) If you
want to work entirely within your home computer, you can get STk for PC-compatibles or Gambit for the
Macintosh in 387 Soda.

Some of our students, especially the ones with a particular interest in system administration, choose to
run one of the free versions of Unix at home, usually Linux or FreeBSD, but to each their own. Learning to
use some flavor of UNIX takes more effort than using commercial systems, but you learn a lot in the process.

Q: One of the other people in my working group never does any work. What should we do about it?

A: First of all, try to find out why. Sometimes people give up because they’re having trouble understanding
something. If that’s the problem, see if you can teach your partner and get him or her back on track. Also,
try to find out what his or her strengths are—how he or she can best contribute to the group’s efforts. But
sometimes people get distracted from coursework for non-academic reasons. If you can’t resolve the problem
within the group, talk with your TA. With your TA’s permission, your group may fire a member between
projects (not during a project). Your TA will generally allow you to fire members who make no effort to
cooperate, but not ones who are trying but having difficulty in the course. (If someone in your group insists
on doing all the work, that also counts as not cooperating.)

Firing a group member is a last resort. On the other hand, if you do have a problem with someone in
your group, you should be sure to resolve it quickly, because we will not accept hard-luck stories at the end
of the semester about how you lost points undeservedly because the other people in your group never did
their share of the work.

Q: What should we call you?

A: ”Kurt” is just fine.

Q: I’m having trouble understanding the assignments. I’ve never had a problem like this in school before.
Does this mean I’m not as good a programmer as I thought, or should I just wait a week or two and see if
things clear up?
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A: Neither. THIS COURSE IS CHALLENGING! In some ways, it might be the most challenging CS
course you EVER take as an undergraduate. Most Berkeley students found high school pretty easy, and
for many of you, this course will be the first real intellectual challenge you’ve met. You may have come
to believe that everything should be easy for you. On the contrary; if you find your courses easy, you’re
taking the wrong courses! The whole reason you chose an excellent university was to stretch your mind. (If
you chose Berkeley for the sake of a prestigious diploma, maybe you should consider majoring in Business
Administration.) There is nothing shameful about asking for help. You will learn a lot even if you do not get
an A+. Every semester a few intelligent students end up in trouble in this course because they’re too proud
to come to office hours with questions. If you wait two weeks before you ask your question, by then you’ll
feel hopelessly behind, because the topics for those two weeks depend on the idea that you don’t understand
now.

Q: I have no prior programming experience, unlike those who have taken CS 3 that you regularly mention.
Am I at a disadvantage to those students in terms of workload, grades, etc.?

A: Well, for the first couple weeks, youre definitely at a disadvantage. The cs3 students have already spent
an entire semester learning scheme, higher-order procs, lambdas, recursion, and abstraction there is no
reason why any of them should get less than perfect scores on any assignment from the first couple weeks.
So, you will probably be spending more time and effort than they will for the first couple weeks and your
grades over the first few assignments still (probably) wont be as good as theirs.

Fortunately, the class is not curved. It doesn’t matter how well the cs3 students do; you need only be
concerned with yourself. Many persons who have not taken cs3 get As in 61a. I havent seen the numbers
myself, but I have heard that, statistically speaking, there is no difference between the average final grades
of cs3 and non-cs3 students.

Q: I’m completely lost; I feel very awkward using scheme (I like my c++ much better) and I’m thinking
about dropping the course. What do you think?

A: It’s almost ironic that scheme is often harder to learn for people who have prior programming experience
in other languages than for those who have never programmed before. Scheme requires a different way
of thinking about problems and this can work against people who have had another, different sense of
programming per se ingrained in them from the use of other languages.

Once you have become accustomed to it, however, you will begin thinking about problems in scheme-
terms and feeling awkward coding in anything else. By the end of the course, scheme will be a tool that you
use without even thinking about it (like writing with a pen). (Heidegger, anyone?)

How quickly you overcome your initial awkwardness with scheme is up to you: the more you play around
with it, the faster you will become proficient. This class is really about thinking logically; if you are rational,
reasonably intelligent, and willing to work very hard at absorbing new concepts, you will do very well in the
course. If you fail to satisfy any of the three (especially the last), you will have a hard time.

If you do decide to stick it out, please be aware that the TAs and I are happy to help anyone who tries
to help himself or herself. Dont be afraid to schedule office hours, etc. were here for you. Also, you may
want to look into the recommended text ’Simply Scheme’ by Brian Harvey. It is the book used in cs3.

17 First Assignments

Read section 1.1 of Abelson and Sussman as soon as possible. By Wednesday, read 1.3 of Abelson and
Sussman. The first homework assignment is due next Sunday (check the reader or web site). You must log
into your class account by Wednesday.

13



CS61A – Lab Assignment 1.1 Kurt Meinz
University of California, Berkeley Summer 2002

Try to get as much done as possible, but don’t panic if you don’t finish everything.

0. Login to your user account and change your password – instructions are provided on the account form.
Be aware that it may take several minutes for your new password to be recognized by all the machines.

1. Start the Emacs editor, either by typing emacs in your main window or by selecting it from the alt-middle
mouse menu. (Your TA will show you how to do this.) From the Help menu, select the Emacs tutorial. You
need not complete the entire tutorial at the first session, but you should do so eventually.

2. Start Scheme, either by typing scm in your main window or by typing meta-S in your Emacs window.
Type each of the following expressions into Scheme, ending the line with the Enter (carriage return) key.
Think about the results! Try to understand how Scheme interprets what you type.
3 (first ’hello)

(+ 2 3) (first hello)

(+ 5 6 7 8) (first (bf ’hello))

(+) (+ (first 23) (last 45))

(sqrt 16) (define pi 3.14159)

(+ (* 3 4) 5) pi

+ ’pi

’+ (+ pi 7)

’hello (* pi pi)

’(+ 2 3) (define (square x) (* x x))

’(good morning) (square 5)

(first 274) (square (+ 2 3))

(butfirst 274)

3. Use Emacs to create a file called pigl.scm in your directory containing the Pig Latin program shown
below:
(define (pigl wd)

(if (pl-done? wd)

(word wd ’ay)

(pigl (word (bf wd) (first wd)))))

(define (pl-done? wd)

(vowel? (first wd)))

(define (vowel? letter)

(member? letter ’(a e i o u)))

If you end each line with the linefeed key, instead of the return key, Emacs will automatically
indent the lines of your program properly.

4. Now run Scheme. You are going to create a transcript of a session using the file you just created, like
this:
(transcript-on "lab1") ; This starts the transcript file.

(load "pigl.scm") ; This reads in the file you created earlier.

(pigl ’scheme) ; Try out your program.

; Feel free to try more test cases here!

(trace pigl) ; This is a debugging aid. Watch what happens

(pigl ’scheme) ; when you run a traced procedure.

(transcript-off)

(exit)

5. Use lpr to print your transcript file.

Continued on next page.
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Lab Assignment 1.1 continued...

6. Predict what Scheme will print in response to each of these expressions. Then try it and make sure your
answer was correct, or if not, that you understand why!
(define a 3)

(define b (+ a 1))

(+ a b (* a b))

(= a b)

(if (and (> b a) (< b (* a b)))

b

a)

(cond ((= a 4) 6)

((= b 4) (+ 6 7 a))

(else 25))

(+ 2 (if (> b a) b a))

(* (cond ((> a b) a)

((< a b) b)

(else -1))

(+ a 1))

((if (< a b) + -) a b)

7. In the shell, type the command

cp ~cs61a/lib/plural.scm .

(Note the period at the end of the line!) This will copy a file from the class library to your own directory.
Then, using emacs to edit the file, modify the procedure so that it correctly handles cases like (plural ’boy).

8. Define a procedure that takes three numbers as arguments and returns the sum of the squares of the two
larger numbers.

9. Write a procedure dupls-removed that, given a sentence as input, returns the result of removing duplicate
words from the sentence. It should work this way:
> (dupls-removed ’(a b c a e d e b))

(c a d e b)

> (dupls-removed ’(a b c))

(a b c)

> (dupls-removed ’(a a a a b a a))

(b a)
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CS61A – Lab Assignment 1.2 Kurt Meinz
University of California, Berkeley Summer 2002

1. For each of the following expressions, what must f be in order for the evaluation of the expression to
succeed, without causing an error? For each expression, give a definition of f such that evaluating the
expression will not cause an error, and say what the expression’s value will be, given your definition.
f

(f)

(f 3)

((f))

(((f)) 3)

2. Find the values of the expressions
((t 1+) 0)

((t (t 1+)) 0)

(((t t) 1+) 0)

where 1+ is a primitive procedure that adds 1 to its argument, and t is defined as follows:
(define (t f)

(lambda (x) (f (f (f x)))) )

Work this out yourself before you try it on the computer!

3. Find the values of the expressions
((t s) 0)

((t (t s)) 0)

(((t t) s) 0)

where t is defined as in question 2 above, and s is defined as follows:
(define (s x)

(+ 1 x))

4. Consider a Scheme function g for which the expression
((g) 1)

returns the value 3 when evaluated. Determine how many arguments g has. In one word, also describe as
best you can the type of value returned by g.

5. Write a procedure substitute that takes three arguments: a new word, an old word, and a sentence. It
should return a copy of the sentence, but with every occurrence of the old word replaced by the new word.
For example:

> (substitute ’maybe ’yeah ’(she loves you yeah yeah yeah))
(she loves you maybe maybe maybe)

Continued on next page.
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Lab Assignment 1.2 continued...

6. First, type the definitions

(define a 7)

(define b 6)

into Scheme. Then, fill in the blank in the code below with an expression whose value depends on both a

and b to determine a return value of 24. Verify in Scheme that the desired value is obtained.

(let

((a 3) (b (+ a 2)))

)

7. Write and test the make-tester procedure. Given a word w as argument, make-tester returns a procedure
of one argument x that returns true if x is equal to w and false otherwise. Examples:

> ((make-tester ’hal) ’hal)

#t

> ((make-tester ’hal) ’cs61a)

#f

> (define sicp-author-and-astronomer? (make-tester ’gerry))

> (sicp-author-and-astronomer? ’hal)

#f

> (sicp-author-and-astronomer? ’gerry)

#t
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CS61A – Lab Assignment 2.1 Kurt Meinz
University of California, Berkeley Summer 2002

This lab exercise concerns the change counting program on pages 40–41 of Abelson and Sussman.

1. Identify two ways to change the program to reverse the order in which coins are tried, that is, to change
the program so that pennies are tried first, then nickels, then dimes, and so on.

2. Abelson and Sussman claim that this change would not affect the correctness of the computation. However,
it does affect the efficiency of the computation. Implement one of the ways you devised in exercise 1 for
reversing the order in which coins are tried, and determine the extent to which the number of calls to cc
is affected by the revision. Verify your answer on the computer, and provide an explanation. Hint: limit
yourself to nickels and pennies, and compare the trees resulting from (cc 5 2) for each order.

3. Modify the cc procedure so that its kinds-of-coins parameter, instead of being an integer, is a sentence
that contains the values of the coins to be used in making change. The coins should be tried in the sequence
they appear in the sentence. For the count-change procedure to work the same in the revised program as
in the original, it should call cc as follows:

(define (count-change amount)

(cc amount ’(50 25 10 5 1)) )

4. Many Scheme procedures require a certain type of argument. For example, the arithmetic procedures
only work if given numeric arguments. If given a non-number, an error results.

Suppose we want to write safe versions of procedures, that can check if the argument is okay, and either
call the underlying procedure or return #f for a bad argument instead of giving an error. (We’ll restrict our
attention to procedures that take a single argument.)

> (sqrt ’hello)

ERROR: magnitude: Wrong type in arg1 hello

> (type-check sqrt number? ’hello)

#f

> (type-check sqrt number? 4)

2

Write type-check. Its arguments are a function, a type-checking predicate that returns #t if and only if the
datum is a legal argument to the function, and the datum.

Continued on next page.
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Lab Assignment 2.1 continued...

5. We really don’t want to have to use type-check explicitly every time. Instead, we’d like to be able to
use a safe-sqrt procedure:

> (safe-sqrt ’hello)

#f

> (safe-sqrt 4)

2

Don’t write safe-sqrt! Instead, write a procedure make-safe that you can use this way:

> (define safe-sqrt (make-safe sqrt number?))

It should take two arguments, a function and a type-checking predicate, and return a new function that
returns #f if its argument doesn’t satisfy the predicate.
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CS61A – Lab Assignment 2.2 Kurt Meinz
University of California, Berkeley Summer 2002

1. Try these in Scheme:

(define x (cons 4 5))

(car x)

(cdr x)

(define y (cons ’hello ’goodbye))

(define z (cons x y))

(car (cdr z))

(cdr (cdr z))

2. Predict the result of each of these before you try it:

(cdr (car z))

(car (cons 8 3))

(car z)

(car 3)

3. Enter these definitions into Scheme:

(define (make-rational num den)

(cons num den))

(define (numerator rat)

(car rat))

(define (denominator rat)

(cdr rat))

(define (*rat a b)

(make-rational (* (numerator a) (numerator b))

(* (denominator a) (denominator b))))

(define (print-rat rat)

(word (numerator rat) ’/ (denominator rat)))

4. Try this:

(print-rat (make-rational 2 3))

(print-rat (*rat (make-rational 2 3) (make-rational 1 4)))

5. Define a procedure +rat to add two rational numbers, in the same style as *rat above.

6. Now do exercises 2.2, 2.3, and 2.4 from SICP.

7. SICP ex. 2.18; this should take some thought, and you should make sure you get it right, but don’t get
stuck on it for the whole hour. Note: Your solution should reverse lists, not sentences! That is, you should
be using cons, car, and cdr, not first, sentence, etc.
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CS61A – Lab Assignment 3.1 Kurt Meinz
University of California, Berkeley Summer 2002

1. SICP ex. 2.25 and 2.53; these should be quick and easy.

2. SICP ex. 2.55; explain your answer to your TA.

3. SICP ex. 2.27. This is the central exciting adventure of today’s lab! Think hard about it.

4. Each person individually make up a procedure named mystery that, given two lists as arguments, returns
the result of applying exactly two of cons, append, or list to mystery’s arguments, using no quoted values
or other procedure calls. Here are some examples of what is and is not fair game:

okay not okay

(define (mystery L1 L2) (define (mystery L1 L2)

(cons L1 (append L2 L1))) (cons L1 (cons L2 (cons L1 L2))))

(define (mystery L1 L2) (define (mystery L1 L2)

(list L1 (list L1 L1))) (cons L1 L2))

(define (mystery L1 L2) (define (mystery L1 L2)

(append (cons L2 L2) L1)) (append L1 (cons L1 ’(A B C))))

Type your mystery definition into a file, and have one of your partners load it into Scheme and try to guess
what it is by trying it out with various arguments.

After everyone has tried someone else’s procedure, decide with your partners which procedure was hardest
to guess and why, and what test cases were most and least helpful in revealing the definitions.
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CS61A – Lab Assignment 3.2 Kurt Meinz
University of California, Berkeley Summer 2002

Start by reading SICP section 2.3.3 (pages 151–161).

1. SICP ex. 2.62.

2. The file ~cs61a/lib/bst.scm contains the binary search tree procedures from pages 156–157 of SICP.
Using adjoin-set, construct the trees shown on page 156.

3. SICP ex. 2.74.
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CS61A – Lab Assignment 4.1 Kurt Meinz
University of California, Berkeley Summer 2002

1. Modify the person class given in the lecture notes for week 3 (it’s in the file demo2.scm in the
~cs61a/lectures/3.0 directory) to add a repeat method, which repeats the last thing said. Here’s an
example of responses to the repeat message.

> (define brian (instantiate person ’brian))

brian

> (ask brian ’repeat)

()

> (ask brian ’say ’(hello))

(hello)

> (ask brian ’repeat)

(hello)

> (ask brian ’greet)

(hello my name is brian)

> (ask brian ’repeat)

(hello my name is brian)

> (ask brian ’ask ’(close the door))

(would you please close the door)

> (ask brian ’repeat)

(would you please close the door)

2. This exercise introduces you to the usual procedure described on page 9 of “Object-oriented Programming
– Above-the-line View”. Read about usual there to prepare for lab. Suppose that we want to define a class
called double-talker to represent people that always say things twice, for example as in the following
dialog.

> (define mike (instantiate double-talker ’mike))

mike

> (ask mike ’say ’(hello))

(hello hello)

> (ask mike ’say ’(the sky is falling))

(the sky is falling the sky is falling)

Consider the following three definitions for the double-talker class. (They can be found online in the file
~cs61a/lib/double-talker.scm.)

(define-class (double-talker name)

(parent (person name))

(method (say stuff) (se (usual ’say stuff) (ask self ’repeat))) )

(define-class (double-talker name)

(parent (person name))

(method (say stuff) (se stuff stuff)) )

(define-class (double-talker name)

(parent (person name))

(method (say stuff) (usual ’say (se stuff stuff))) )

Determine which of these definitions work as intended. Determine also for which messages the three versions
would respond differently.
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1. Given below is a simplified version of the make-account procedure on page 223 of Abelson and Sussman.

(define (make-account balance)

(define (withdraw amount)

(set! balance (- balance amount)) balance)

(define (deposit amount)

(set! balance (+ balance amount)) balance)

(define (dispatch msg)

(cond

((eq? msg ’withdraw) withdraw)

((eq? msg ’deposit) deposit) ) )

dispatch)

Fill in the blank in the following code so that the result works exactly the same as the make-account
procedure above, that is, responds to the same messages and produces the same return values. The differences
between the two procedures are that the inside of make-account above is enclosed in the let below, and
the names of the parameter to make-account are different.

(define (make-account init-amount)
(let ( underbar )

(define (withdraw amount)
(set! balance (- balance amount)) balance)

(define (deposit amount)
(set! balance (+ balance amount)) balance)

(define (dispatch msg)
(cond

((eq? msg ’withdraw) withdraw)
((eq? msg ’deposit) deposit) ) )

dispatch) )

2. Modify either version of make-account so that, given the message balance, it returns the current account
balance, and given the message init-balance, it returns the amount with which the account was initially
created. For example:

> (define acc (make-account 100)
acc
> (acc ’balance)
100

Continued on next page...
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Lab Assignment 4.2 continued:

3. Modify make-account so that, given the message transactions, it returns a list of all transactions made
since the account was opened. For example:

> (define acc (make-account 100))
acc
> ((acc ’withdraw) 50)
50
> ((acc ’deposit) 10)
60
> (acc ’transactions)
((withdraw 50) (deposit 10))

4. Given this definition:

(define (plus1 var)
(set! var (+ var 1))
var)

Show the result of computing

(plus1 5)

using the substitution model. That is, show the expression that results from substituting 5 for var in the
body of plus1, and then compute the value of the resulting expression. What is the actual result from
Scheme?
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1. This lab activity consists of example programs for you to run in Scheme. Predict the result before you
try each example. If you don’t understand what Scheme actually does, ask for help! Don’t waste your time
by just typing this in without paying attention to the results.

(define (make-adder n) ((lambda (x)

(lambda (x) (+ x n))) (let ((a 3))

(+ x a)))

(make-adder 3) 5)

((make-adder 3) 5) (define k

(let ((a 3))

(define (f x) (make-adder 3)) (lambda (x) (+ x a))))

(f 5) (k 5)

(define g (make-adder 3)) (define m

(lambda (x)

(g 5) (let ((a 3))

(+ x a))))

(define (make-funny-adder n)

(lambda (x) (m 5)

(if (equal? x ’new)

(set! n (+ n 1)) (define p

(+ x n)))) (let ((a 3))

(lambda (x)

(define h (make-funny-adder 3)) (if (equal? x ’new)

(set! a (+ a 1))

(define j (make-funny-adder 7)) (+ x a)))))

(h 5) (p 5)

(h 5) (p 5)

(h ’new) (p ’new)

(h 5) (p 5)

(j 5) (define r

(lambda (x)

(let ((a 3)) (let ((a 3))

(+ 5 a)) (if (equal? x ’new)

(set! a (+ a 1))

(let ((a 3)) (+ x a)))))

(lambda (x) (+ x a)))

(r 5)

((let ((a 3))

(lambda (x) (+ x a))) (r 5)

5)

(r ’new)

Continued on next page...
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Lab Assignment 5.1 continued:

(r 5)

(define s (define (ask obj msg . args)

(let ((a 3)) (apply (obj msg) args)))

(lambda (msg)

(cond ((equal? msg ’new) (ask s ’add 5)

(lambda ()

(set! a (+ a 1)))) (ask s ’new)

((equal? msg ’add)

(lambda (x) (+ x a))) (ask s ’add 5)

(else (error "huh?"))))))

(define x 5)

(s ’add)

(let ((x 10)

(s ’add 5) (f (lambda (y) (+ x y))))

(f 7))

((s ’add) 5)

(define x 5)

(s ’new)

((s ’add) 5)

((s ’new))

((s ’add) 5)

2. Exercise 3.12 of Abelson and Sussman.

3. Suppose that the following definitions have been provided.

(define x (cons 1 3)) (define y 2) A CS 61A student, intending to change the value of x to a pair with

car equal to 1 and cdr equal to 2, types the expression (set! (cdr x) y) instead of (set-cdr! x y) and
gets an error. Explain why.

4a. Provide the arguments for the two set-cdr! operations in the blanks below to produce the indicated
effect on list1 and list2. Do not create any new pairs; just rearrange the pointers to the existing ones.

> (define list1 (list (list ’a) ’b))

list1

> (define list2 (list (list ’x) ’y))

list2

> (set-cdr! )

okay

> (set-cdr! )

okay

> list1

((a x b) b)

> list2

((x b) y)

4b. After filling in the blanks in the code above and producing the specified effect on list1 and list2, draw
a box-and-pointer diagram that explains the effect of evaluating the expression (set-car! (cdr list1)
(cadr list2)) .

5. Exercises 3.13 and 3.14 in Abelson and Sussman.
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1. What is the type of the value of (delay (+ 1 27))? What is the type of the value of (force (delay
(+ 1 27)))?

2. Evaluation of the expression

(stream-cdr (stream-cdr (cons-stream 1 ’(2 3))))

produces an error. Why?

3. Consider the following two procedures.

(define (enumerate-interval low high)

(if (> low high)

’()

(cons low (enumerate-interval (+ low 1) high)) ) )

(define (stream-enumerate-interval low high)

(if (> low high)

the-empty-stream

(cons-stream low (stream-enumerate-interval (+ low 1) high)) ) )

What’s the difference between the following two expressions?

(delay (enumerate-interval 1 3))

(stream-enumerate-interval 1 3)

4. An unsolved problem in number theory concerns the following algorithm for creating a sequence of positive
integers s1, s2, ...

Choose s1 to be some positive integer.

For n > 1,
if sn is odd, then sn+1 is 3 sn + 1;
if sn is even, then sn+1 is sn / 2.

No matter what starting value is chosen, the sequence always seems to end with the values 1, 4, 2, 1, 4, 2,
1, ... However, it is not known if this is always the case.

4a. Write a procedure num-seq that, given a positive integer n as argument, returns the stream of values
produced for n by the algorithm just given. For example, (num-seq 7) should return the stream representing
the sequence 7, 22, 11, 34, 17, 52, 26, 13, 40, 20, 10, 5, 16, 8, 4, 2, 1, 4, 2, 1, ...

4b. Write a procedure seq-length that, given a stream produced by num-seq, returns the number of values
that occur in the sequence up to and including the first 1. For example, (seq-length (num-seq 7)) should
return 17. You should assume that there is a 1 somewhere in the sequence.
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1. List all the procedures in the metacircular evaluator that call eval.

2. List all the procedures in the metacircular evaluator that call apply.

3. Explain why make-procedure does not call eval.

4. Abelson and Sussman, exercises 4.1, 4.2, 4.4, 4.5

If you have extra time after finishing this lab, please try to get an early start on Lab 6.2.
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1. Abelson and Sussman, exercise 4.2

2. Abelson and Sussman, exercise 4.4

3. Abelson and Sussman, exercise 4.5
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Part A: Abelson and Sussman, exercises 4.27 and 4.29.

Part B: In this lab exercise you will become familiar with the Logo programming language, for which you’ll
be writing an interpreter in project 4.

To begin, type logo at the Unix shell prompt — not from Scheme! You should see something like this:

Welcome to Berkeley Logo version 3.4
?

The question mark is the Logo prompt, like the > in Scheme. (Later, in some of the examples below, you’ll
see a > prompt from Logo, while in the middle of defining a procedure)

1. Type each of the following instruction lines and note the results. (A few of them will give error messages.)
If you can’t make sense of a result, ask for help.

print 2 + 3

print 2 + 3

print sum 2 3

print (sum 2 3 4 5)

print sum 2 3 4 5

2 + 3

print "yesterday

print "julia"

print revolution

print [blue jay way]

show [eight days a week]

show first [golden slumbers]

print first bf [she loves you]

pr first first bf [yellow submarine]

to second :stuff

output first bf :stuff

end

second "something

print second "piggies

pr second [another girl]

pr first second [carry that weight]

pr second second [i dig a pony]

to pr2nd :thing

print first bf :thing

end

pr2nd [the 1 after 909]

print first pr2nd [hey jude]

repeat 5 [print [this boy]]

if 3 = 1 + 1 [print [the fool on the hill]]

print ifelse 2=1+1 ~

[second [your mother should know]] ~

[first "help]

print ifelse 3 = 1 + 2 ~

[strawberry fields forever] ~

[penny lane]

print ifelse 4 = 1 + 2 ~

["flying] ~

[[all you need is love]]

Continued on next page...
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Lab Assignment 7.1 continued...

to greet :person

say [how are you,]

end

to say :saying

print sentence :saying :person

end

greet "ringo

show map "first [paperback writer]

show map [word first ? last ?] ~

[lucy in the sky with diamonds]

to who :sent

foreach [pete roger john keith] "describe

end

to describe :person

print se :person :sent

end

who [sells out]

print :bass

make "bass "paul

print :bass

print bass

to bass

output [johnny cymbal]

end

print bass

print :bass

print "bass

to countdown :num

if :num=0 [print "blastoff stop]

print :num

countdown :num-1

end

countdown 5

to downup :word

print :word

if emptyp bl :word [stop]

downup bl :word

print :word

end

downup "rain

;;;; The following stuff will work

;;;; only on an X workstation:

cs

repeat 4 [forward 100 rt 90]

cs

repeat 10 [repeat 5 [fd 150 rt 144] rt 36]

cs repeat 36 [repeat 4 [fd 100 rt 90]

setpc remainder pencolor+1 8

rt 10]

to tree :size

if :size < 3 [stop]

fd :size/2

lt 30 tree :size*3/4 rt 30

fd :size/3

rt 45 tree :size*2/3 lt 45

fd :size/6

bk :size

end

cs pu bk 100 pd ht tree 100

2. Devise an example that demonstrates that Logo uses dynamic scope rather than lexical scope. Your
example should involve the use of a variable that would have a different value if Logo used lexical scope.
Test your code with Berkeley Logo.

3. Explain the differences and similarities among the Logo operators " (double-quote), [ ] (square brackets),
and : (colon).

32



CS61A – Lab Assignment 7.2 Kurt Meinz
University of California, Berkeley Summer 2002

1. Abelson and Sussman, exercises 4.35 and 4.38.

2. In this exercise we learn what a continuation is. Suppose we have the following definition:

(define (square x cont)
(cont (* x x))

Here x is the number we want to square, and cont is the procedure to which we want to pass the result.
Now try these experiments:

> (square 5 (lambda (x) x))

> (square 5 (lambda (x) (+ x 2)))

> (square 5 (lambda (x) (square x (lambda (x) x))))

> (square 5 display)

> (define foo 3)
> (square 5 (lambda (x) (set! foo x)))
> foo

Don’t just type them in – make sure you understand why they work! The nondeterministic evaluator works
by evalutating every expression with two continuations, one used if the computation succeeds, and one used
if it fails.

(define (reciprocal x yes no)
(if (= x 0)

(no x)
(yes (/ 1 x))))

> (reciprocal 3 (lambda (x) x) (lambda (x) (se x ’(cannot reciprocate))))

> (reciprocal 0 (lambda (x) x) (lambda (x) (se x ’(cannot reciprocate))))
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Abelson and Sussman, exercises 4.55 and 4.62:

4.55: Give simple queries that retrieve the following information from the data base:

All people supervised by Ben Bitdiddle;

The names and jobs of all people in the accounting division;

The names and addresses of all people who live in Slumerville.

4.62: Define rules to implement the last-pair operation of exercise 2.17, which returns a list containing
the last element of a nonempty list. Check your rules on queries such as

(last-pair (3) ?x)

(last-pair (1 2 3) ?x)

(last-pair (2 ?x) (3))

Do your rules work correctly on queries such as (last-pair ?x (3))?

For the lab exercises and the homework problems that involve writing queries or rules, test your solutions
using the query system. To run the query system and load in the sample data:

scm

(load "~cs61a/lib/query.scm")

(initialize-data-base microshaft-data-base)

(query-driver-loop)

You’re now in the query system’s interpreter. To add an assertion:

(assert! (foo bar))

To add a rule:

(assert! (rule (foo) (bar)))

Anything else is a query.
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Topic: Functional programming

Lectures: Monday June 23, Tuesday June 24

Reading: Abelson & Sussman, Section 1.1

In this assignment you’ll write simple recursive programs to manipulate words and sentences, as well as
explore what makes special forms special. You should use the functions sentence, first, butfirst, last
and butlast presented in lecture to operate on words and sentences. These functions are not discussed in
the book. If you have taken CS3 and know about higher-order procedures such as every, please do not use
them; use explicit recursion.

This homework is due at 8 PM on Sunday, June 29. Please put your answers into a file called hw1-1.scm
and submit it electronically by typing submit hw1-1 in the directory where the file is located. You will
probably find it convenient to make a new directory (folder) for every week of the course and store the
associated labs and homeworks in it; to create a folder called week1 type mkdir week1 at the Unix prompt.
We understand that many of you have never used Unix before and will be struggling to find your way around.
If you run into problems submitting the homework electronically don’t freak out. We’ll be quite lenient the
first time around. Get your TA to help you submit on Monday. In subsequent weeks, we expect you to have
mastered the online submission process.

Be sure to test each function you write; the sample calls given here do not guarantee your code is bug-free.
Include your test cases in your submission, but make sure to comment them out (the semicolon character
begins a one-line comment in Scheme) so the file loads smoothly. Unless explicitly disallowed, you may
always write helper procedures.

One final note: Please ensure that your submitted .scm file loads into STk via the (load "hw1-1.scm")
command smoothly. Submissions that cause errors on loading may lose points.

Question 1. Write a procedure scale that takes two arguments: a number n and a sentence of numbers.
It should multiply each number in the sentence by n and return a sentence of the results:

STk> (scale 5 (se 1 2 0 10))
(5 10 0 50)

Question 2. Write a procedure ends-e that takes a sentence as its argument and returns a sentence
containing only those words of the argument whose last letter is “e”:

STk> (ends-e ’(please put the salami above the blue elephant))
(please the above the blue)
STk> (ends-e ’(absolutely nothing))
()

Question 3. Write a procedure reverse which reverses a sentence:

STk> (reverse ’(the matrix cannot tell you who you are))
(are you who you tell cannot matrix the)
STk> (reverse ’(kurt alex greg carolen))
(carolen greg alex kurt)

The adventure continues on the next page.

35



Question 4. Write a predicate decreasing? that takes a non-empty sentence of numbers as its argument.
It should return a true value if the numbers are in strictly decreasing order and a false value otherwise:

STk> (decreasing? ’(10 9 8 -2))
#t
STk> (decreasing? ’(5 5 4))
#f
STk> (decreasing? ’(17))
#t

Question 5. This question concerns special forms.

A. Most versions of Lisp provide and and or procedures like the ones described on Page 19 of the book.
In principle there is no reason why these can’t be ordinary procedures, but some versions of Lisp make
them special forms. Suppose we evaluate:

STk> (or (= x 0) (= y 0) (= z 0))

If or is an ordinary procedure, all three argument expressions will be evaluated when or is invoked.
But if the variable x has the value 0, we know that or should return true regardless of the values of y
and z. There is no reason to evaluate the other two expressions! A Lisp interpreter in which or is a
special form can evaluate the arguments one by one until either a true one is found or it runs out of
arguments. (This is called short-circuit evaluation.)

Devise a test that will determine whether Scheme’s and and or are a short-circuiting special forms or
ordinary functions. That is, do and and or evaluate all their arguments all the time or do they stop
as soon as they know the correct value to return?

B. Scheme has two special forms for making choices, cond and if. Is it possible to define one in terms of
the other? Specifically, say we attempt to define our own if procedure:

STk> (define (my-if predicate consequent alternative)
(cond (predicate consequent)

(else alternative)))

Let’s take it out for a spin:

STk> (my-if (= 5 6) ’yes ’no)
no

It seems to work, so try something more interesting:

STk> (define (my-factorial n)
(my-if (= n 0)

1
(* n (my-factorial (- n 1)))))

What happens when you attempt to use my-factorial? Why?
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Topic: Higher-order procedures

Lectures: Wednesday June 25, Thursday June 26

Reading: Abelson & Sussman, Section 1.3

In this assignment you’ll gain experience with Scheme’s first class procedures and the lambda special form
for creating anonymous functions.

This homework is due at 8 PM on Sunday, June 29. Please put your answers into a file called hw1-2.scm
and submit electronically by typing submit hw1-2 in the directory where the file is located.

The book’s treatment of this subject is highly mathematical because it doesn’t introduce symbolic data (such
as words and sentences) until later. Don’t panic if you have trouble with the half-interval example on Page
67; you can just skip it. Try to read and understand everything else.

Question 1. Use higher-order functions such as every and keep presented in lecture to write the function
permute; don’t use explicit recursion! Permute takes two arguments, both sentences. The first sentence,
called the template, contains only numbers. A number n in the template corresponds to the nth word in the
second argument to permute (counting from 1). Permute should rearrange its second argument to conform
to the template:

STk> (permute ’(1 1 2 1) ’(summer is almost here))
(summer summer is summer)
STk> (permute ’(3 2 1) ’(strange blue chicken))
(chicken blue strange)
STk> (permute ’() ’(berkeley city council))
()

Don’t check for out-of-bounds numbers in the template. You may find item useful.

Question 2. This question builds on the sum procedure defined on Page 58.

A. The sum function allows one to add up the elements of a pattern defined by the parameters term and
next over some range [a, b]. Use sum to define a function sum-odds that takes two numbers and returns
the sum of all odd numbers between them, inclusive:

STk> (sum-odds 1 10)
25 ;; 1 + 3 + 5 + 7 + 9
STk> (sum-odds 4 9)
21 ;; 5 + 7 + 9
STk> (sum-odds 7 7)
7 ;; 7

Your definition of sum-odds must have the following form:

(define (sum-odds a b)
(sum ?? ?? ?? ??))

You may assume the first argument to sum-odds will be less than or equal to the second.

The excitement continues on the next page.
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B. What if we want to multiply numbers over a range? Define a function product that takes the same
arguments as sum but does multiplication rather than addition:

STk> (sum (lambda (x) 10) 1 (lambda (x) (+ x 1)) 3)
30
STk> (product (lambda (x) 10) 1 (lambda (x) (+ x 1)) 3)
1000

C. The factorial of a number n is 1 · 2 · 3 · ... · n. Use product to define a factorial function.

D. Now use product to approximate π using the formula:

π

4
=

2 · 4 · 4 · 6 · 6 · 8 · ...
3 · 3 · 5 · 5 · 7 · 7 · ...

Do this by writing a function pi that takes one numeric argument i. This parameter should in some
way control the number of terms computed; hence a larger value of i should yield a closer approximation
to π. Exactly what is meant by “number of terms” is up to you. All we care about is that a larger
value of i produces a better approximation. For example, our solution takes i to be the largest number
in the numerator:

STk> (pi 1000)
3.1431607055322752

Depending on the meaning you give to i and the algorithm you employ, you might not get as close an
approximation (or you might get an even closer one!). It is likely that making i too big will overload
the machine, so don’t be overeager.

One way to do this problem is to compute the numerator and denominator independently, then divide
them. While this can be done, it’s trickier than it looks because you have to ensure the same number
of terms in both, and, as you can see, the numerator and denominator don’t line up nicely. If you’re
stuck, try treating 2·4

3·3 as one unit.

E. Writing product after sum should have seemed redundant. They differ in only two ways: the combiner
function and the value returned in the base case (often called the “null value”). We’d like to generalize
the pattern exhibited by both functions to create a still more powerful procedure called accumulate.
This function should take all the arguments that sum and product do plus the two additional parame-
ters: the combiner and the null value. Once you have written accumulate both sum and product may
be defined in terms of it like this:

STk> (define (sum term a next b) (accumulate + 0 term a next b))
sum
STk> (define (product term a next b) (accumulate * 1 term a next b))
product

Use accumulate to define the function enumerate-interval, which takes two numeric arguments a
and b, where a ≤ b. It returns a sentence of all the numbers between a and b, inclusive:

STk> (enumerate-interval 3 10)
(3 4 5 6 7 8 9 10)
STk> (enumerate-interval -3 3)
(-3 -2 -1 0 1 2 3)

The excitement continues on the next page.
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Question 2. This question explores procedures as return values.

A. Define a procedure double that takes a one-argument function f and returns a procedure that
applies f twice:

STk> (define 1+ (lambda (x) (+ x 1)))
1+
STk> (define 2+ (double 1+))
2+
STk> ((double 2+) 10)
14

What value is returned by the following? Try to figure it out in your head first!

STk> (((double (double double)) 1+) 5)

B. Now generalize double by writing a procedure repeated that takes two arguments: a unary function
f and and a nonnegative integer n which is the number of times f should be applied. It should return
a procedure which applies f that many times:

STk> (repeated square 2)
#[closure arglist=(x) cd7fdc] ;; returns a procedure!
STk> ((repeated square 2) 5)
625
STk> ((repeated bf 3) ’(the matrix has you))
(you)
STk> ((repeated first 0) ’(luke i am your father)) ;; identity function
(luke i am your father)

A particularly elegant solution exists that uses compose from Exercise 1.42 in the book.
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Topic: Recursion and iteration

Lectures: Monday June 30, Tuesday July 1

Reading: Abelson & Sussman, Section 1.2 through 1.2.4 (Pages 31–47)

In this assignment you’ll practice writing procedures that evolve iterative processes. The homework is due at
8 PM on Sunday, July 6. Please put your solutions into a file called hw2-1.scm and submit electronically
by typing submit hw2-1 in the appropriate directory. Include test cases and make sure that your .scm files
loads without errors.

Question 1. You’ve seen the keep higher-order function in lecture. It takes two arguments: a predicate
and a sentence. It returns a new sentence of only those elements that satisfy the predicate (i.e. those for
which the predicate returns a true value):

STk> (keep odd? ’(1 2 3 4 5 6 7))
(1 3 5 7)
STk> (keep (lambda (x) (equal? x ’foo)) ’(follow the white rabbit))
()

Write keep so it generates an iterative process.

Question 2. The fast-expt procedure presented on Page 45 performs exponentiation in a logarithmic
number of steps using successive squaring. Its order of growth is approximately Θ(log2(n)), which is pretty
damn good. However, the book’s version evolves a recursive process: each time n is even a call to square is
left to be done before the function returns. Re-write fast-expt so it evolves an iterative process (and still
uses a logarithmic number of steps, of course). The idea behind successive squaring is:

bn = (b
n
2 )2 = (b2)

n
2

To adapt this to an iterative algorithm, you’ll need to maintain an extra iteration variable, call it a for
“answer,” that is taken to be 1 initially; the final value of a will be the result of fast-expt. The value of abn

should not change from one iteration to the next. In other words, abn should remain invariant throughout
the computation. The individual values of a, b and n may change from iteration to iteration.

STk> (fast-expt 3 6)
729
STk> (fast-expt 2 32)
4294967296

The adventure continues on the next page.
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Question 3. Read and complete Exercise 1.37 from SICP. Don’t get intimidated by the math. This question
has nothing to do with φ, the special number 1.6180, except that its inverse can be approximated with the
continued fraction:

1

1 +
1

1 +
1

1 + · · ·
You don’t need to understand the mathematical significance of φ. However, your cont-frac function should
give a good approximation to 1

φ :

STk> (cont-frac (lambda (i) 1.0) (lambda (x) 1.0) 100)
0.618033988749895

But before you start approximating 1
φ , test your function with a small k-term finite continued fraction like:

1

1 +
2

2 +
3
3

There are just three terms in this fraction, making it easy to compute by hand:

STk> (/ 1 (+ 1 (/ 2 (+ 2 (/ 3 3)))))
0.6

Using cont-frac should give matching results:

STk> (cont-frac (lambda (x) x) (lambda (x) x) 3)
0.6

Hint: You will find it easier to count up from one to k in the recursive version, and to count down from k
to zero in the iterative version.

Question 4. A perfect number is defined as a number equal to the sum of all its factors less than itself.
For example, the first perfect number is 6, because 1 + 2 + 3 = 6. The second perfect number is 28, because
1 + 2 + 4 + 7 + 14 = 28. What is the third perfect number? Write a procedure next-perfect that takes a
single number n and tests numbers starting with n until a perfect number is found:

STk> (next-perfect 4)
6
STk> (next-perfect 6)
6
STk> (next-perfect 7)
28

To find the third perfect number evaluate (next-perf 29). To do this problem, you’ll need a sum-of-factors
subprocedure. If you run this program when the system is heavily loaded, it may take a while to compute
the answer! Make sure your program can find 6 and 28 first.

Does next-perfect evolve an iterative or recursive process?
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CS61A – Homework 2.2 Kurt Meinz
University of California, Berkeley Summer 2003

Topic: Data abstraction

Lectures: Wednesday July 2, Thursday July 3

Reading: Abelson & Sussman, Sections 2.1 and 2.2.1 (Pages 79–106)

In this assignment you’ll practice working with Scheme lists. Although lists look like sentences, you should
treat them as a completely separate type. Do not use sentence operators on lists! Below is a table of sentence
functions and their list counterparts:

Sentences Lists
first butfirst car cdr
last butlast none
sentence list append cons
every map
keep filter
member? member
item list-ref
empty? null?
count length

The homework is due at 8 PM Sunday, July 6. Please put your solutions into a file called hw2-2.scm and
submit them online. Include test cases, but comment them out so the file loads cleanly.

Question 1. In the sentence world, keep can be written in terms of every, like this:

STk> (define (keep pred sent)
(every (lambda (e) (if (pred e) e ’())) sent))

STk> (keep number? ’(in 1 day it will be 1999))
(1 1999)

Can you use a similar trick to write filter using map, which is defined on Page 105? Why or why not?

Question 2. Read and complete Exercise 2.12 in SICP. Here is the interval ADT:

(define (make-interval a b) (cons a b))

(define (upper-bound interval) (car interval))

(define (lower-bound interval) (cdr interval))

We’ll represent percentages as decimal values in the range [0, 1]. Here is the desired behavior:

STk> (define my-interval (make-center-percent 10 .1)) ;; 10% tolerance
STk> (center my-interval)
10
STk> (percent my-interval)
.1
STk> (lower-bound my-interval)
9
STk> (upper-bound my-interval)
11

The fun continues on the next page.
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Question 3. The great thing about lists is that they can hold any Scheme value: numbers, booleans, even
procedures! Watch:

STk> (define procs (list + * =)) ;; why doesn’t ’(+ * =) work?
procs
STk> ((car procs) 10 10 10)
30
STk> ((caddr procs) 9 11)
#f

A. We’d like to exploit this feature by writing a function call-all that takes two arguments: a list of
unary procedures and an arbitrary Scheme value x. It should invoke all the procedures in the list on
x in the intuitive order (the leftmost procedure is the last one invoked):

STk> (call-all (list sqrt abs (lambda (x) (- x 6))) -10)
4
STk> (call-all (list null? cdr cdr cdr) ’(free your mind))
#t
STk> (call-all nil ’foo) ;; identity function
foo
STk> (call-all (list list list list) ’foo)
(((foo)))

Write call-all; there is a very simple recursive solution.

B. It’d be a lot nicer if instead of taking two arguments call-all could take any number of arguments,
the last of which is x, like this:

STk> (call-all null? cdr cdr cdr ’(free your mind))
#t
STk> (call-all ’foo) ;; identity function
foo

Scheme provides a special dotted-tail notation for definitions that allows procedures to take an arbitrary
number of arguments. For example:

STk> (define (f x y . z) (list x y z))

The procedure f can be called with two or more arguments. The first will be in x; the second in y and
any remaining arguments will be put into a list z:

STk> (f 1 2 3 4)
(1 2 (3 4))
STk> (f 1 2)
(1 2 ())
STk> (f 1)
*** Error: wrong number of arguments to procedure: (f 1)

As another example, the primitive operator list can be defined like this:

STk> (define (list . args) args)
list
STk> (list 1 2 ’three)
(1 2 three)

Use dotted-tail notation to create a new version of call-all that behaves as above. It should accept
one or more arguments.

The fun continues on the next page.
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Question 4. Since lists can contain lists, it becomes possible to create nested lists. Next week we’ll explore
nested lists and other hierarchical data structures. As a prelude, write a function group-3 that takes a single
list as argument. The number of things in the list will always be a multiple of three. The function should
group every three consecutive elements into a list, returning a list of lists:

STk> (group-3 ’(a b c d e f g h i))
((a b c) (d e f) (g h i))
STk> (group-3 ’(hello (mr) anderson))
((hello (mr) anderson))

First write group-3 so it generates a recursive process. Next write a version that generates an iterative
process. The iterative solution is a bit more difficult; you may find append useful.
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CS61A – Homework 3.1 Kurt Meinz
University of California, Berkeley Summer 2003

Topic: Hierarchical data

Lectures: Monday July 7, Tuesday July 8

Reading: Abelson & Sussman, Section 2.2.2–2.2.3, 2.3.1, 2.3.3

In this assignment you’ll gain experience working with structures that have variable depth such as lists of
lists and the Tree and Mobile abstract data types. However, the book does not have a tree ADT. In fact,
when the book refers to “trees”—as in scale-tree on Page 112—it’s really talking about deep lists.

Our tree ADT—which consists of the functions make-tree, children and datum—is itself usually imple-
mented using lists:

(define make-tree cons)
(define datum car)
(define children cdr)

But remember, the underlying representation of any ADT is irrelevant! We can define make-tree and friends
in a thousand different ways. As you do this homework, fight the desire to think of a Mobile or a Tree in
terms of their underlying representations as lists.

This assignment is due at 8 PM on Sunday, July 13. Put your answers into a file called hw3-1.scm and
turn it in online with submit hw3-1 as usual.

Question 1. Write a function deep-map that takes a unary function and a (possibly) nested list. It should
apply the function to each atomic element of the list and return a new list with the same nested structure:

STk> (deep-map not ’(#f ((#f) (#t))))
(#t ((#t) (#f)))
STk> (deep-map (lambda (a) ’foo) ’())
()
STk> (deep-map (lambda (x) ’foo) ’(((((3) 4) (5)) 6)))
(((((foo) foo) (foo)) foo))
STk> (deep-map square ’(1 2 (3) 4))
(1 4 (9) 16)
STk> (deep-map list ’(1 2 (3) 4))
((1) (2) ((3)) (4))

Question 2. In this question we’ll make use of the Tree ADT presented in lecture. A Tree can have any
number of children. The constructor is make-tree and takes two arguments, the second of which is a list of
Trees which are the children. The selectors are datum and children. The following code builds up the tree
at right (from the bottom up):

(define eight (make-tree 8 ’())) 1
(define twelve (make-tree 12 ’())) / | \
(define ten (make-tree 10 ’())) / | \
(define six (make-tree 6 ’())) 2 12 3
(define seven (make-tree 7 ’())) | / | \
(define two (make-tree 2 (list eight))) 8 6 9 7
(define nine (make-tree 9 (list ten))) |
(define three (make-tree 3 (list six nine seven))) 10
(define one (make-tree 1 (list two twelve three)))

The question continues on the next page.
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This is a large Tree specifically so that you can play with it. In testing your code, you may want to work
with one of the subtrees, such as three or nine.

Write a function fringe that takes a Tree and returns a list of the datums of the leaf nodes, in any order:
STk> (fringe one)
(8 12 6 10 7)
STk> (fringe three)
(6 10 7)
STk> (fringe six)
(6)

Question 3. This question explores a Mobile ADT. A Mobile is like a tree with only two branches at every
node: a right branch and a left branch. From each branch hangs either a weight, which is just a number, or
another Mobile. Here is a constructor:
(define (make-mobile left-branch right-branch)

(list ’mobile left-branch right-branch))

A branch also consists of two parts: a length and a structure. The length of a branch is numeric; the
structure at the end, however, can be either another Mobile or a weight (a number).
(define (make-branch branch-length branch-structure)

(list ’branch branch-length branch-structure))

The following code builds up the Mobile at right (from the bottom up):
O

8 / \ 5
STk> (define mobile-1 (make-mobile (make-branch 4 5) / \

(make-branch 2 10))) O 10
STk> (define mobile-2 (make-mobile (make-branch 3 10) 3 / \ 2

(make-branch 2 mobile-1))) / \
STk> (define mobile-3 (make-mobile (make-branch 8 mobile-2) 10 O

(make-branch 5 10))) 4 / \ 2
/ \

5 10

A. There are four selectors that need to be written. Two are for Mobiles: right-branch and left-branch,
and two are for branches: branch-structure and branch-length. We’ll build a simple error check
into the selectors to ensure they’re applied to the right type:
(define (left-branch mobile)

(if (and (list? mobile) (equal? (car mobile) ’mobile))
(cadr mobile)
(error "Not a mobile -- LEFT-BRANCH: " mobile)))

Write the three remaining selectors analogously. Try them out on mobile-3 above:
STk> (branch-structure (right-branch mobile-3))
10
STk> (branch-length (left-branch (branch-structure (left-branch mobile-3))))
3
STk> (branch-structure

(left-branch
(branch-structure

(right-branch (branch-structure (left-branch mobile-3))))))
5

The learning continues on the next page.
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B. Write a function total-weight which returns the weight of a Mobile. Assume branches are weightless;
hence, only the weights increase the total weight of a Mobile:

STk> (total-weight mobile-1)
15
STk> (total-weight mobile-2)
25
STk> (total-weight mobile-3)
35

Students tend to solve this problem by performing an unnecessarily exhaustive case analysis: is the
left branch a weight? is the right branch a weight? are both of them weights? This approach indicates
that you don’t trust the recursion. You only need one base case and one recursive case! Ask yourself,
what are the “leaves” of a Mobile?

C. A mobile is said to be balanced if the torque applied by its top-left branch is equal to that applied
by its top-right branch, and if all the other mobiles hanging beneath it are themselves balanced. The
“torque applied by a branch” means the product of the branch-length and the total-weight of the
branch-structure. For example, the torque applied by the top-right branch of the mobile (whose
length is 5 and whose structure is the weight 10) is 50. Write a balanced? predicate that takes a
Mobile and returns a true value if it is balanced, #f otherwise:

STk> (balanced? mobile-1)
#t
STk> (balanced? mobile-2)
#t
STk> (balanced? mobile-3)
#f

Aim for the simplest possible base case. You may assume that a weight by itself is always balanced.

Question 4. We can represent a set as a list of distinct, unordered elements. We’d like to find the subsets
of such a set. The subsets of a set S are all the sets that can be formed by selecting any number of the
elements of S. For example:

STk> (subsets ’(1 2 3))
(() (3) (2) (2 3) (1) (1 3) (1 2) (1 2 3))

Notice that the empty set is a subset of every set, and every set is a subset of itself. Complete the following
definition of subsets.

(define (subsets s)
(if (null? s)

(list ’())
(let ((rest (subsets (cdr s))))

(append rest (map ?? rest)))))

Trust the recursion!
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CS61A – Homework 3.2 Kurt Meinz
University of California, Berkeley Summer 2003

Topic: Representing abstract data

Lectures: Wednesday July 10, Thursday July 11

Reading: Abelson & Sussman, Sections 2.4 through 2.5.2 (Pages 169–200)

This assignment gives you practice with data-directed programming and message-passing. Part of the as-
signment involves understanding and modifying the generic arithmetic system described in the book.

The file ~cs61a/lib/packages.scm contains the code from the book that implements generic arithmetic. It
has the definitions of install-rectangular-package, install-polar-package, install-scheme-number-
package, install-rational-package and install-complex-package. But remember, these are just pro-
cedure definitions. You have to invoke them to populate the table! For convenience, we’ve provided
the function install-all-packages which is defined as:

(define (install-all-packages)
(install-polar-package)
(install-rectangular-package)
(install-complex-package)
(install-scheme-number-package)
(install-rational-package)
’engage-warp-9)

The file also contains apply-generic from Page 184, the generic procedures from Pages 184 and 189, the
relevant constructors and other supporting code.

This assignment is due at 8 PM on Sunday, July 13. Put your answers into a file called hw3-2.scm and
turn it in electronically. Comment out your test cases so the file loads smoothly.

Question 1. Write a function add-up-complex that takes a list of complex numbers (in polar or rectangular
form) and returns a complex number representing their sum. The result should be in rectangular form.

STk> (define x (make-complex-from-real-imag 3 4))
x
STk> (define y (make-complex-from-real-imag 10 0))
y
STk> (define z (make-complex-from-mag-ang 5 1.2))
z
STk> (add-up-complex (list x y z))
(complex rectangular 14.8117887723834 . 8.66019542983613)
STk> (add-up-complex ’())
(complex rectangular 0 . 0)

The adventure continues on the next page.
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Question 2. Read and complete Exercise 2.77 on Page 192. You might want to trace the apply-generic
procedure.

In case this is not clear, when Louis types

(put ’magnitude ’(complex) magnitude)

the magnitude procedure actually inserted into the table is the one defined on Page 184. The definitions of
real-part, imag-part and angle are there, too.

A good place to start is by reproducing Louis’ error:

STk> (load "~cs61a/lib/packages.scm")
okay
STk> (install-all-packages)
engage-warp-9
STk> (define z (make-complex-from-real-imag 3 4))
z
STk> (magnitude z)
*** Error:

No method for these types -- APPLY-GENERIC (magnitude (complex))

Question 3. We’d like to create a generic procedure zero? that tests if its argument is equal to zero. We’re
going to use apply-generic to define it:

(define (zero? x) (apply-generic ’zero? x))

Your job is to add something to the complex, rational and scheme-number packages to make this generic
definition work. Here is the desired behavior:

STk> (zero? (make-rational 1 2))
#f
STk> (zero? (make-complex-from-real-imag 0 0))
#t
STk> (zero? (make-complex-from-mag-ang 0 1.4)) ;; zero magnitude
#t
STk> (zero? (make-scheme-number 43))
#f
STk> (zero? (make-rational 0 234))
#t
STk> (zero? (make-scheme-number 0))
#t

Show just the parts you added.

The learning continues on the next page.
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Question 4. Berkeley is a great place to buy coffee. So many vendors to choose from: Starbucks, Tullys,
Peets, Strada, etc. Some of these places offer a bulk discount: the more coffee you buy the less it costs. We’ll
model the pricing scheme of a given coffee vendor with a function that takes the quantity of coffee you’d like
to purchase and returns the total price. Suppose we’ve set up a table keyed by vendor name and coffee type
like this:

STk> (put ’starbucks ’frap (lambda (n) (* n 3.50)))

STk> (put ’starbucks ’mocha (lambda (n) (* n 1.50)))

STk> (put ’coffee-source ’frap (lambda (n)
(cond ((< n 5) (* n 4.00))

((< n 10) (* n 3.00))
(else (* n 2.50)))))

STk> (put ’tullys ’frap (lambda (n)
(cond ((< n 10) (* n 3.50))

((< n 30) (* n 3.00))
(else (* n 2.50)))))

STk> (put ’peets ’frap (lambda (n)
(if (< n 50)

(* n 4.00)
(* n 2.00))))

To find out how much ten Starbucks fraps cost you’d type:

STk> ((get ’starbucks ’frap) 10)
35.0

Write a function best-deal that takes three arguments: the type of coffee, the quantity you want to purchase
and a list of vendors at least one of which sells the desired item. It should return the name of the
vendor with the best price for that quantity of goods. If multiple vendors exists with the same low price
best-deal should return the first one in the list.

STk> (best-deal ’frap 1 ’(starbucks tullys office-depot))
starbucks
STk> (best-deal ’frap 10000 ’(starbucks walmart peets tullys strada))
peets
STk> (best-deal ’frap 13 ’(coffee-source tullys))
coffee-source
STk> (best-deal ’mocha 87 ’(peets starbucks coffee-source))
starbucks

As you can see, not all the vendors will sell the product desired. Some of the vendors might not even be in
the table! At least one will. Recall that get returns #f if it does not find anything in the table matching
both keys.

You may want to use the following helper function, which returns the first vendor in a list of vendors that
sells a specific good.

(define (vendor-that-sells good vendors)
(if (get (car vendors) good)

(car vendors)
(vendor-that-sells good (cdr vendors))))

STk> (vendor-that-sells ’mocha ’(copy-central peets starbucks))
starbucks

The excitement continues on the next page.
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Question 5. In the last homework, you implemented a Mobile ADT and wrote functions total-weight
and balanced? that worked on Mobiles. Here is the Mobile constructor:

(define (make-mobile left-branch right-branch)
(list ’mobile left-branch right-branch))

We’d now like to implement Mobiles as message-passing objects, similar to make-from-real-imag on Page
186. Here is the new Mobile constructor:

(define (make-mobile left-branch right-branch)
(define (dispatch op)

(cond ((eq? op ’left-branch) left-branch)
((eq? op ’right-branch) right-branch)
(else (error "I don’t understand -- MAKE-MOBILE: " op))))

dispatch)

Implement make-branch, the constructor for branches, in message-passing style. Then write the four selectors
left-branch, right-branch, branch-structure and branch-length to work with this implementation of
Mobiles and branches. Test them on mobile-3, defined in the last homework. Your total-weight and
balanced? functions should work without modification with this new representation of Mobiles.
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CS61A – Homework 4.1 Kurt Meinz
University of California, Berkeley Summer 2003

Topic: Object-oriented programming

Lectures: Monday July 14, Tuesday July 15

Reading: “Object-Oriented Programming—Above-the-line view” (in course reader)

This homework gives your practice with our OOP system for Scheme. To use it, you must load
~cs61a/lib/obj.scm. The assignment is due at 8 PM Sunday, July 20. Put your solutions into a file
hw4-1.scm, yadda, yadda, yadda ... you know the drill.

Question 1. Create a class called random-generator that takes one instantiation argument, a number n.
An instance of this class should respond to the message new by returning a random number that is less than
n. (Recall that (random 10) returns a random number between 0 and 9.) Any other message should cause
the instance to spit out the number it returned the last time:

STk> (define rand1 (instantiate random-generator 10))
rand1
STk> (ask rand1 ’new)
4
STk> (ask rand1 ’new)
9
STk> (ask rand1 ’foo)
9
STk> (ask rand1 ’bar)
9
STk> (ask rand1 ’baz)
9

If a newly instantiated random-generator is given a message that is not new, it may return anything.

Question 2. Create a coke-machine class. Instances of this class have one instantiation variable, the price
(in cents) of a coke, and respond to five messages:

• num-cokes — Returns the number of cokes currently in the machine. Initially, zero.

• fill n — Fills the machine with n cokes. Machines start out empty. Returns anything.

• price — Returns the price of a coke.

• deposit n — Deposits n cents into the machine toward the purchase of a coke. You can deposit
several coins and the machine should remember the total. Return value is up to you.

• coke — Returns the string "Machine empty", the string "Not enough money") or your change, which
signifies the successful purchase of a beverage. Decreases the number of cokes in the machine by one
and clears the money in the machine.

Here’s an example:

STk> (define my-machine (instantiate coke-machine 70))

STk> (ask my-machine ’num-cokes)
0

The question continues on the next page.
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STk> (ask my-machine ’coke)
"Machine empty"

STk> (ask my-machine ’fill 60) ;; return value up to you

STk> (ask my-machine ’deposit 25) ;; return value up to you

STk> (ask my-machine ’coke)
"Not enough money"

STk> (ask my-machine ’deposit 25) ;; now there’s 50 cents in there

STk> (ask my-machine ’deposit 25) ;; now there’s 75 cents

STk> (ask my-machine ’coke)
5 ;; 5 cents change

STk> (ask my-machine ’num-cokes)
59

You may assume that the machine has an infinite supply of change and infinite space to store cokes.

Question 3. The OOP construct usual forwards a message to the parent class, up exactly one level in
the inheritance hierarchy. Extend this capability by writing a method called n-usual that sends a message
to the nth ancestor in the inheritance hierarchy. This feature need only work with single inheritance. The
method will take two arguments: n and a message. If n is zero, the message should be given to self. In
order for this to work, each class in the hierarchy must have the same n-usual method. Here is the desired
behavior (with return values omitted for clarity):

STk> (define-class (a)
(method (foo) (display "Foo in A") (newline))
(method (n-usual n message) ... ))

STk> (define-class (b)
(parent (a))
(method (foo) (display "Foo in B") (newline))
(method (n-usual n message) ... ))

STk> (define (c)
(parent (b))
(method (foo) (display "Foo in C") (newline))
(method (n-usual n message) ... ))

STk> (define a1 (instantiate a))

STk> (define b1 (instantiate b))

STk> (define c1 (instantiate c))

STk> (ask c1 ’n-usual 0 ’foo)
Foo in C

STk> (ask c1 ’n-usual 1 ’foo)
Foo in B

STk> (ask c2 ’n-usual 2 ’foo)
Foo in A

Assume the nth ancestor can handle the message, and that the message takes no arguments. This problem
is trickier than it looks. You’ll need more than one base case.

The assignment continues on the next page.
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Question 4. This exercise is mindblowingly cool. We can use OOP to represent cons pairs, and out of these
OOP pairs we can make lists! For simplicity, assume throughout this exercise that our OOP lists will contain
only atomic data, such as words and numbers. We’ll need two classes, oop-pair and the-null-list:

(define-class (oop-pair the-car the-cdr)
(method (length)

(+ 1 (ask the-cdr ’length)))
(method (list-ref n)

(if (= n 0)
the-car
(ask the-cdr ’list-ref (- n 1)))))

(define-class (the-null-list)
(method (length) 0)
(method (list-ref n)

(error "Can’t LIST-REF into null list")))

Just like a proper list made of primitive cons pairs must end in nil, a proper OOP list must end in an
instance of the-null-list class. Here is how you can use these definitions to construct the list (a b c):

STk> (define my-oop-list (instantiate oop-pair ’a
(instantiate oop-pair ’b

(instantiate oop-pair ’c
(instantiate the-null-list)))))

my-oop-list

STk> my-oop-list
#[closure arglist=(message) 32ddec] ;; it’s an object!

STk> (ask my-oop-list ’length)
3

STk> (ask my-oop-list ’list-ref 2)
c

Pause here to make sure you understand how this works.

A. It’s not very convenient to construct these OOP lists as above. Define a procedure regular->oop-list
that takes a regular Scheme list and returns the equivalent OOP list:

STk> (define oop-list-1 (regular->oop-list ’(holy cow)))
oop-list-1

STk> oop-list-1
#[closure arglist=(message) d2d88c] ;; it’s an object!

STk> (ask oop-list-1 ’length)
2

STk> (ask oop-list-1 ’list-ref 0)
holy

The assignment continues on the next page.
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B. It’s also not very convenient to view the contents of an OOP list. Add a print method to the oop-pair
and the-null-list classes that has this behavior:

STk> (define oop-list-2 (regular->oop-list ’(2 soon 2 tell)))
oop-list-2

STk> (ask oop-list-2 ’print)
[2 soon 2 tell ]
okay ;; return value up to you
STk> (ask (instantiate the-null-list) ’print)
[]
okay

Use the display procedure to print the elements of the list. The return value of the print method is
up to you. We only care about its side-effect. Don’t worry about extra spaces in the output.

C. Lastly, add a member? method to the two class definitions:

STk> (define oop-list-3 (regular->oop-list ’(a prison for your mind)))
oop-list-3

STk> (ask oop-list-3 ’member? ’prison)
#t

STk> (ask oop-list-3 ’member? ’jail)
#f
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CS61A – Homework 4.2 Kurt Meinz
University of California, Berkeley Summer 2003

Topic: Assignment, state, environments

Lectures: Wednesday July 16, Thursday July 17

Reading: Abelson & Sussman Sections 3.1, 3.2 (Pages 217-251) and
“Object-Oriented Programming—Below-the-line view” (in course reader)

This assignment gives you practice with procedures that have local state and with the environment model
of evaluation. Do not use OOP; use regular Scheme. This assignment is due at 8 PM on Sunday, July
20. Please put your answers to Questions 1-3 into a file hw4-2.scm and submit electronically. Question 4
asks you to draw an environment diagram. Please do this on a blank sheet of paper and turn it into the
box labeled with your TA’s name in 283 Soda before lecture on Monday. Don’t forget to write your name
and login on the paper.

Question 1. To instrument a procedure means to make it do something in addition to what it already does.
For example, a procedure can be instrumented to keep statistics about itself, such as how many times it has
been called.

A. Write a procedure instrument that takes a one-argument procedure f . It should return an instru-
mented version of f that keeps track of how many times it was called using a local counter. If the
instrumented procedure is called with the special symbol times-called, it should return the number
of times it has been invoked. If it’s called with reset, the internal counter should be set to zero. Any
other argument should be passed directly to f :

STk> (define i-square (instrument (lambda (x) (* x x))))
i-square
STk> (i-square 5)
25
STk> ((repeated i-square 3) 2)
256
STk> (i-square ’times-called)
4
STk> (i-square ’reset)
ok ;; return value up to you
STk> (i-square ’times-called)
0

B. We’d like to keep track of how many times factorial is called (including recursive calls). So we try:

STk> (define (factorial n)
(if (= n 0)

1
(* n (factorial (- n 1)))))

factorial
STk> (define i-factorial (instrument factorial))
i-factorial
STk> (i-factorial 5)
120
STk> (i-factorial ’times-called)
1

Explain why i-factorial thinks it’s only been called once, not five times. You may find it useful to
draw an environment diagram, though you don’t have to.
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Question 2. Modify the make-account procedure on Page 223 to create password-protected accounts. You
choose the password when you create an account; you must then supply that same password when you wish
to withdraw or deposit:

STk> (define a1 (make-account 100 ’this-is-my-password))
a1
STk> ((a1 ’withdraw ’this-is-my-password) 40)
60
STk> ((a1 ’withdraw ’this-is-not-my-password) 10)
Incorrect Password ;; print this and
ok ;; return something
STk> ((a1 ’deposit ’this-is-my-password) 10)
70

If an account is accessed more than three consecutive times with the wrong password, invoke this procedure
(or your own variant):

(define (police)
(display "Bad boys, bad boys\n")
(display "Watcha gonna do whatcha gonna do when they come for you\n")
(display "Bad boys, bad boys\n")
(display "Watcha gonna do whatcha gonna do when they come for you\n")
(display "...\n")
(display "Nobody naw give you no break\n")
(display "Police naw give you no break\n"))

(Lyrics from www.geocities.com/tvshowthemelyrics/CopsSong.html)

Question 3. Under the substitution model of evaluation, the order in which arguments were evaluated
(e.g., left to right or right to left) didn’t matter. With the introduction of assignment—or other side-effects,
such as printing—the order in which expressions are evaluated matters a great deal; different results are
possible if arguments are evaluated from left to right instead of right to left. Devise a way to test the order
in which arguments are evaluated. Determine which way does +, (lambda (x y z) (list x y z)) and
cons evaluate their arguments in STk.

The fun continues on the next page.
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Question 4. Draw an environment diagram for the following expressions. Also fill in the return value in
each blank:

STk> (define make-counter
(let ((total 0))

(lambda ()
(let ((count 0))
(lambda ()

(set! count (+ 1 count))
(set! total (+ 1 total))
(list count total))))))

STk> (define c1 (make-counter))

STk> (c1)

STk> (c1)

STk> (define c2 (make-counter))

STk> (c2)

STk> (c1)

There is a program called EnvDraw that draws environment diagrams. There is no reason you shouldn’t
check your work using it. To run it, type envdraw at your shell (% is the shell prompt):

% envdraw

This will launch STk. From STk call the envdraw procedure:

STk> (envdraw)
okay

Now, any expression you evaluate at the STk prompt will be shown in the environment. To keep EnvDraw
from drawing the entire diagram at once, turn on Stepping mode; when you want it to draw the next piece
of the diagram, choose Step from the menu.

But wait! We did say check your work using EnvDraw, not let EnvDraw do the whole thing and copy.
Environment diagrams are fundamental to what we do from now until the end of the semester. Putting in
the time to understand them this week will make subsequent topics easier.

Lastly, it is useful to think of local state variables as either class variables or instance variables. If we treat
c1 and c2 in the above expression as instances, which are the class and instance variables?
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CS61A – Homework 5.1 Kurt Meinz
University of California, Berkeley Summer 2003

Topic: Mutation

Lectures: Monday July 21, Tuesday July 22

Reading: Abelson & Sussman, Section 3.3.1–3

This assignment gives you practice with mutation of pairs and circular structures made of pairs. Additionally,
several of problems require an understanding of last week’s material. Question 4, count-pairs, is a classic
problem in computer science. Make sure to spend enough time on it. This homework is due at 8 PM on
Sunday, July 27. Put your answers into a file hw5-1.scm and submit it electronically.

Question 1. This question isn’t so much about how tables work, but about using them. Memoization is
a technique for increasing the efficiency of a program by recording previously computed results in a local
table. The keys are the arguments to the memoized procedure. When the memoized procedure is asked
to compute a value, it first checks the table. If the value has already been computed, just pull it out of
the table. Otherwise, compute the value and store it in the table for future use. (Note that memoization
only benefits procedures that are strictly functional; it would not make sense to memoize random or other
procedures with side-effects.)

A. Here is the familiar procedure for computing Fibonacci numbers:
(define (fib n)

(cond ((= n 0) 1)
((= n 1) 1)
(else (+ (fib (- n 1)) (fib (- n 2))))))

Its order of growth is Θ(2n). Here is a memoized version:
(define memo-fib

(let ((history (make-table)))
(lambda (n)

(let ((previously-computed (lookup n history)))
(or previously-computed

(cond ((= n 0) 1)
((= n 1) 1)
(else

(let ((result (+ (memo-fib (- n 1)) (memo-fib (- n 2)))))
(insert! n result history)
result))))))))

Code for one-dimentional tables is in ~cs61a/lib/tables.scm. To get a rough idea of how much work is
saved, trace both versions and compute the 11th Fibonacci number. Explain why memo-fib computes
the nth Fibonacci number in a number of steps proportional to n. That is, show that memo-fib has
roughly a linear order of growth. Treat lookup and insert! as constant-time operations.

B. Memoize the count-change procedure defined on Page 40 of SICP. Actually, memoize its helper cc.
Model your memo-cc procedure on memo-fib. Notice that cc has a structure that is very similar to
fib: two base cases, one recursive case but with two recursive calls. The only difference is that cc
takes two arguments, amount and kinds-of-coins. While you can use a two-dimentional table to deal
with this, it is probably easier to use a one-dimentional table and list both arguments for the key.
Test your memo-cc against the original cc procedure to make sure it returns the same answer—but
faster! You’ll find the original count-change procedure in ~cs61a/lib/change.scm.

The adventure continues on the next page.
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Question 2. In this question we look at destructive removal of elements from a proper list.

A. Write the procedure remove-nth! that takes a list and a number n. It should destructively remove
the nth element of the list (counting from zero). The return value of remove-nth! is up to you; it’s
the side-effect we’re after. You may assume that n will be within the length of the list. Additionally,
you may assume that n will never be zero; that is, we’ll never ask remove-nth! to get rid of the very
first list element. The desired behavior is this:

STk> (define red-pill (list ’how ’deep ’the ’rabbit ’hole ’is))
red-pill
STk> (remove-nth! red-pill 1)
ok ;; return value is garbage
STk> red-pill
(how the rabbit hole is)
STk> (remove-nth! red-pill 3)
ok
STk> red-pill
(how the rabbit is)

B. Now the interesting part: why can’t n be zero? Specifically, why is it impossible to write a remove-
nth! function that can remove all the elements of a given list? For example:

STk> (define a (list ’hello))
a
STk> (remove-nth! a 0)
ok
STk> a
()

Assuming you have a working remove-nth! from Part A, why does the following definition of
remove-nth-with-zero!, which attempts to handle the case when n is zero, fail?

(define (remove-nth-with-zero! lst n)
(if (= n 0)

(set! lst (cdr lst))
(remove-nth! lst n))) ;; call remove-nth! if n is nonzero

You may find it useful to draw an environment diagram (or have EnvDraw draw it for you).

Question 3. Write a function interleave! that takes two lists, the first of which is non-empty, and
interleaves their elements using mutation. That is, interleave! should insert an element of the second list
between every two elements of the first list. The return value of interleave! is up to you. Here is a sample
call (with some return values omitted for clarity):

STk> (define numbers (list 1 2 3 4 5))
STk> (define letters (list ’a ’b))
STk> (interleave! numbers letters)
STk> numbers
(1 a 2 b 3 4 5)
STk> letters
(a 2 b 3 4 5)

Test interleave! thoroughly and include your test cases in your submission (but comment them out). Do
not allocate any new pairs! The point of this problem is to reuse existing pairs, not make new ones.
Hence, cons and friends are illegal.

The homework continues on the next page.
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Question 4. We’d like to write a procedure count-pairs that returns the number of pairs in an arbitrary
structure. The following is a version that would work for any structure of pairs that can be constructed
without mutation:

(define (count-pairs x)
(if (not (pair? x))

0
(+ (count-pairs (car x))

(count-pairs (cdr x))
1)))

Let’s take it out for a spin:

STk> (count-pairs (list ’a ’b ’c))
3
STk> (count-pairs (cons ’a (cons ’b ’c)))
2
STk> (count-pairs (list (list (list (list ’a)) ’b) ’c))
6

Mutation, however, allows us to fool count-pairs into thinking a structure has more pairs than it really
does:

STk> (define test (list ’a ’b ’c)) ;; 3 pairs
test
STk> (set-car! test (cdr test)) ;; still 3 pairs
okay
STk> (count-pairs test)
5

Worse still, count-pairs will go into an infinite loop on circular structures:

STk> (define test (list ’a ’b ’c))
test
STk> (set-car! test test)
okay
STk> (count-pairs test)
doesn’t return

Fix count-pairs so it correctly returns the number of pairs in any structure, circular or not. Do this by
having count-pairs keep track of pairs it has already visited in a local list. (Yes, this means you’ll need to
maintain local state somewhere.) When facing a new pair, check if it is already in the list with memq, which
is is like member but uses eq? to perform comparisons. You will need a helper.

Test the new count-pairs on the nastiest circular structures you can come up with.
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CS61A – Homework 5.2 Kurt Meinz
University of California, Berkeley Summer 2003

Topic: Streams

Lectures: Wednesday July 23, Thursday July 24

Reading: Abelson & Sussman, Section 3.5.1–3, 3.5.5

This assignment explores infinite streams. Use show-stream (abbreviated as ss) to print a stream; it takes
an optional second argument specifying the number of elements to print. This homework is due at 8PM on
Sunday, July 27. Please put your solutions into a file called hw6-1.scm and submit it electronically with
submit hw6-1. As always, include test cases in your file but be sure to comment them out so the file loads
smoothly.

Question 1. Write a procedure list->stream that takes a list as its argument and returns an infinite
stream of the elements of the list, re-starting at the begging once the end of the list is reached:

STk> (ss (list->stream ’(there is no spoon)))
(there is no spoon there is no spoon there is ...)

Question 2. In this question, you’ll write a more general stream-map procedure and use it to define a
stream implicitly.

A. We’d like to generalize the two-argument stream-map function defined on Page 320 so that it behaves
as follows (Assume ones and integers are both infinite streams.):

STk> (ss (stream-map list ones integers) 5)
((1 1) (1 2) (1 3) (1 4) (1 5) ...)

As you can see, the new stream-map takes n streams and a procedure that can take n arguments. The
procedure is applied to the corresponding elements of each stream. You may assume that the streams
given to stream-map will be infinite. Hence, a base case is not needed. Complete this definition of
stream-map:

(define (stream-map proc . streams)
( ??

(apply proc (map ?? streams))
(apply stream-map (map ?? streams))))

B. We’d now like to create an infinite stream of factorials:

STk> (ss factorials)
(1 2 6 24 120 720 5040 40320 362880 3628800 ...)

The nth element of this stream is n + 1 factorial. Complete the following implicit definition of this
stream:

(define factorials (cons-stream 1 (stream-map * ?? ??)))

Notice that unlike list->stream from Question 1, you’re not writing a function that returns a stream;
instead, you’re defining the variable factorials to be the stream itself. Yet, because of the delayed
evaluation afforded by streams, you may refer to the stream you’re defining as you’re defining it! See
Page 328 for a more complete discussion of implicit stream definitions. Do not define any helper
functions for this problem. You may, however, use the integers stream.

The adventure continues on the next page.
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Question 3. Create an infinite stream called runs that looks like this:

STk> (ss runs 15)
(1 1 2 1 2 3 1 2 3 4 1 2 3 4 5 ... )

You’ll probably want to use the generator approach to creating streams by defining an auxiliary function,
say, runs-generator and calling it with some initial values. Then use it to define runs:

STk> (define runs (runs-generator parameters))

Question 4. Write a procedure chocolate that takes the name of someone who likes chocolate a lot and
creates an infinite stream that says so:

STk> (ss (chocolate ’greg) 25) (greg likes chocolate greg really
likes chocolate greg really really likes chocolate greg really
really really likes chocolate greg really really really really
likes chocolate ... )

If you have trouble with this problem, try to first define a version of chocolate for lists that takes an
additional argument: the maximum number of “really”s. Then gradually change list operations like cons
and append to stream operations like cons-stream and stream-append. You’ll need a helper function.

Question 5. The pairs procedure defined on Page 341 seems more complicated than needed. In the
book’s version, the first pair, represented by (S0, T0) on the diagram on Page 339, is formed explicitly.
The stream-map handles the subsequent pairings of S0. Why is the first pair a special case? Why can’t
stream-map take care of the entire row? Here is a simpler version of pairs:

(define (pairs s t)
(interleave (stream-map (lambda (x) (list (stream-car s) x)) t)

(pairs (stream-cdr s) (stream-cdr t))))

Does this work? Explain what happens when we attempt to evaluate the following with the new definition:

STk> (pairs integers ones)
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CS61A – Homework 6.1 Kurt Meinz
University of California, Berkeley Summer 2003

Topic: Metacircular evaluator

Lectures: Monday July 28, Tuesday July 29

Reading: Abelson & Sussman, Section 4.1.1–6 (Pages 359–393)

This is the first of two homeworks on the metacircular evaluator. This assignment focuses on adding simple
special forms as derived expressions and modifying the behavior of existing special forms. A version of the
metacircular evaluator is available in ~cs61a/lib/mceval.scm. Please copy it to your homework directory
and rename is hw6-1.scm. Answer all questions by adding to or modifying the code in this file. Clearly mark
the parts you changed. You may include test cases in this file (just be sure to comment them out) or in a
separate file called tests. When you are done, you will have a Scheme interpreter that supports let, let*
and an extended version of define, as well as have a built-in map higher-order procedure. This assignment
is due at 8 PM on Sunday, August 3.

To keep your sanity test any new code in isolation before testing it through the interpreter. Get in the
habit of testing incrementally: test the smallest nontrivial piece of code first, and work your way up. This
way, any errors you encounter will be closer to the code that produced them.

Lastly, remember to use mce to start the interpreter for the first time, since mce initializes the global
environment. When you wish to get back to the REPL and preserve the state of the environment, use
driver-loop.

Question 1. This question concerns adding derived expressions to the metacircular evaluator.

A. Add let as a special form to the metacircular evaluator by implementing a syntactic translation
let->lambda that transforms a let expression into the equivalent procedure call:

STk> (let->lambda ’(let ((a 1) (b (+ 2 3))) (* a b))))
((lambda (a b) (* a b)) 1 (+ 2 3)) ;; returns a list!

Remember, let->lambda takes a list that represents a let expression and returns another list that
represents the equivalent procedure call. Do not be intimidated by this problem simply because it
appears in the context of the MCE. This is a simple list-manipulation problem; the only thing that is
new is that the list happens to look like Scheme code. Make sure your let->lambda function works
correctly before proceeding; test it in isolation, at the STk (not MCE!) prompt. After you have written
let->lambda, install let into the interpreter by adding the following clause to mc-eval:

((let? exp) (mc-eval (let->lambda exp) env))

Don’t forget to define the predicate let? in the obvious way. You should now be able to use the let
form in your metacircular interpreter, like this:

;;; M-Eval input:
(let ((cadr (lambda (x) (car (cdr x)))))

(cadr ’(one two three)))

;;; M-Eval value:
two

The question continues on the next page.
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B. The let* special form is similar to let except that the bindings are preformed sequentially (from left
to right), allowing you to refer to previous let variables in defining later ones:

STk> (let* ((a 10) (b (* a a)) (c (+ a b)))
(list a b c))

(10 100 110)

One way to implement let* is by transforming it into nested let expressions. That is, the expression

(let* ((a 10) (b (* a a)) (c (+ a b)))
(list a b c))

is just syntactic sugar for

(let ((a 10))
(let ((b (* a a)))

(let ((c (+ a b)))
(list a b c))))

Add let* to the MCE by implementing this syntactic transformation. Write the function let*->lets
which takes a list that looks like a let* expression and returns nested lets. Before going further, test
your function in isolation:

STk> (let*->lets ’(let* ((a 10) (b (* a a)) (c (+ a b)))
(list a b c)))

(let ((a 10)) (let ((b (* a a))) (let ((c (+ a b))) (list a b c))))

Then do everything else necessary to allow let* to be used in metacircular Scheme.

Question 2. In lab (Exercise 4.4) you added and and or to the MCE. An important detail of these two
special forms is that and returns #f or the last true value. For example:

STk> (and 1 2 3 4)
4

Similarly, or returns #f or the first true value:

STk> (or 1 2 3 4)
1

Here is a näıve implementation of or that is intended to behave as above:

(define (eval-or exp env)
(if (null? exp)

#f
(if (true? (mc-eval (car exp) env))

(mc-eval (car exp) env)
(eval-or (cdr exp) env))))

Please define or? in the standard way and add the following clause to mc-eval:

((or? exp) (eval-or (cdr exp) env)) ;; cdr to strip off the "and" tag

Show a sample interaction with the MCE that reveals a bug in this eval-or. You can use STk to see what
the “right answer” is for any given or expression. How would you fix this bug? (You don’t actually need to
fix it if you don’t want to.)

The action continues on the next page.

65



Question 3. Sometimes it’s convenient to initialize a whole slew of variables with a single define. Modify
the eval-definition function to cope with the definition of any number of variables. For example:

;;; M-Eval input:
(define a (+ 2 3)

b (* 2 5)
c (+ a b))

;;; M-Eval value:
ok

;;; M-Eval input:
(list a b c)

;;; M-Eval value:
(5 10 15)

Like let* in the previous problem, the bindings should be performed sequentially in a left-to-right order,
allowing later bindings to refer to earlier ones. Do not implement this feature as a derived expression by,
say, turning

(define a (+ 2 3) b (* 2 5) c (+ a b))
into

(begin (define a (+ 2 3)) (define b (* 2 5)) (define c (+ a b)))

Change eval-definition instead. Remember to always test in isolation first:

STk> (eval-definition ’(define a (+ 2 3) b (* 2 5) c (+ a b))
the-global-environment)

ok
STk> (lookup-variable-value ’c the-global-environment)
15

Hint: You may find it convenient to change the definition? clause in mc-eval to strip off the “define”
tag, like this:

((definition? exp) (eval-definition (cdr exp) env))

The learning continues on the next page.
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Question 4. The MCE is missing quite a few primitive procedures. Evaluate primitive-procedures in
STk to see which ones are available. The goal of this question is to make the higher-order function map
available on startup in the metacircular evaluator:

STk> (mce) ;; initializes interpreter

;;; M-Eval input:
(map (lambda (x) (* x x)) ’(1 2 3))

;;; M-Eval value:
(1 4 9)

Depending on how you do this, map may end up a primitive procedure:

;;; M-Eval input:
map

;;; M-Eval value:
(primitive #[closure arglist=(func lst) 9d3c10])

or a compound procedure that is pre-defined in the MCE:

;;; M-Eval input:
map

;;; M-Eval value:
(compound-procedure (func lst) (...) <procedure-env>)

A. Why can’t we just import STk’s map into the MCE by adding it to the list of known primitives:

(define primitive-procedures
(list (list ’car car)

(list ’cdr cdr)
(list ’map map) ;; new!

...

Explore what happens when you attempt to use map in metacircular Scheme. Hint: STk’s map is
designed to be used with STk procedures, which look like #[closure arglist=(x) d3afbc]. What
do MCE procedures look like?

B. Find a way to add map to the MCE. You may add it as a primitive or compound procedure, but not
as a special form. There is no reason to make map a special form because map obeys the normal rules
of evaluation.

You know you’ve done this right when you can use map immediately after initializing the interpreter
(as in the example above). You may modify any functions or definitions you need to.
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CS61A – Homework 6.2 Kurt Meinz
University of California, Berkeley Summer 2003

Topic: Metacircular evaluator, Lazy evaluator

Lectures: Wednesday July 30, Thursday July 31

Reading: Abelson & Sussman, Sections 4.2.2–3 (Pages 401–411)

This assignment gives you practice making substantial modifications to the metacircular evaluator, as well
as introduces you to the lazy evaluator. It is long! As before, make a copy of ~cs61a/lib/mceval.scm
and rename it hw6-2.scm. Alternatively, you may use your modified metacircular evaluator from the last
homework. Include test cases in this file or a separate file called tests. Please do Question 4 in a file called
question4.scm. Submit all files electronically. The homework is due at 8 PM on Sunday, August 3.

Question 1. We can create new bindings with define in Scheme, but there is no way to get rid of old ones.
Add the undefine special form to the metacircular evaluator which should remove the most local binding of
a given symbol (the same binding that would be retrieved if the symbol was to be looked up):

;;; M-Eval input:
(define color ’yellow)

;;; M-Eval value:
ok

;;; M-Eval input:
((lambda (color) (undefine color) color) ’green) ;; removes local "color"

;;; M-Eval value:
yellow

;;; M-Eval input:
(undefine color) ;; now global "color" is gone too

;;; M-Eval value:
ok ;; return value up to you

;;; M-Eval input:
color

*** Error: Unbound variable color

This problem requires you to understand the representation of environments in the interpreter. Since envi-
ronments are made of pairs (surprise, surprise) you’ll need set-car! and set-cdr! to change them. Make
sure to test your code outside the interpreter first. This will help you isolate bugs. Assuming the underlying
Scheme procedure that implements undefine is called eval-undefine, here is how you might test it:

STk> (define my-environment ;; make simple environment
(extend-environment ;; with one frame that

’(a b) ’(1 2) ;; contains two bindings
the-empty-environment)) ;; a=1 and b=2

STk> my-environment
(((a b) 1 2)) ;; peek at its representation as a list
STk> (eval-undefine ’b my-environment)
ok
STk> my-environment
(((a) 1)) ;; no more b

Lastly, briefly explain why undefine must be a special form.

The homework continues on the next page.
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Question 2. We’re going to borrow a neat looping construct from Emacs Lisp called do-list. It has this
syntax:

(do-list (<variable> <list> <return value>)
<body>)

The evaluation rules are: for every element of <list>, bind <variable> to the element and evaluate <body>.
It’s important that <variable> be made local to the evaluation of <body>. It should not exist after do-list
is done. When the list is empty, evaluate and return <return value>. Below are some examples (you will
need to add display and newline to the list of primitives):

;;; M-Eval input:
(do-list (num (list 1 2 3) ’foo)

(display num)
(newline))

1
2
3

;;; M-Eval value:
foo

;;; M-Eval input:
(define (reverse seq)

(let ((result ’()))
(do-list (e seq result)

(set! result (cons e result)))))

;;; M-Eval input:
(reverse (list ’a ’b ’c))

;;; M-Eval value:
(c b a)

Add do-list to the MCE, but not as a derived expression! That’s less interesting. Write an evaluation
function for it instead.

As you work on this problem, you may notice a slight ambiguity in the specs. Should <return value> be
evaluated in the original environment, or in the environment where <variable> is bound? It’s up to you.

The fun continues on the next page.
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Question 3. Add trace and untrace to the metacircular evaluator. Both primitive and compound proce-
dures should be traceable, just like in STk. Don’t worry about proper indentation of trace output; we just
want the basic printing of arguments and return value of a traced procedure, like this:

;;; M-Eval input:
(trace *) ;; return value omitted

;;; M-Eval input:
(* (* 2 3) (+ 4 1))

* with args (2 3)
returns 6
* with args (6 5)
returns 30

;;; M-Eval value:
30

;;; M-Eval input:
(untrace *) ;; * is no longer traced

;;; M-Eval input:
(define (factorial n)

(if (= n 0)
1
(* n (factorial (- n 1)))))

;;; M-Eval input:
(trace factorial)

;;; M-Eval input:
(factorial 5)
factorial with args (5)
factorial with args (4)
factorial with args (3)
factorial with args (2)
factorial with args (1)
factorial with args (0)
returns 1
returns 1
returns 2
returns 6
returns 24
returns 120

;;; M-Eval value:
120

The return values of trace and untrace are up to you. There are several ways to do this problem, but the
easiest is to stick a boolean inside the list that represents a procedure that will be true if the procedure is
being traced and false otherwise. All that’s left then is to figure out where procedures are called and do
some printing. Depending on your implementation, trace and untrace may or may not need to be special
forms. Did you make them special forms? Briefly explain.

The excitement continues on the next page.
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Question 4. This question explores the difference between normal-order evaluation (as implemented by
the lazy interpreter) and applicative-order evaluation (as done by STk or our own metacircular evaluator).
Please put your answers to this question into a file question4.scm.

A. The “Hanoi stream” is an infinite stream of the form:

1 2 1 3 1 2 1 4 1 2 1 3 1 2 1 5 1 2 1 3 1 2 1 4 1 2 1 3 1 2 1 6 1 2 1 ...

As you can see, every other element in the stream is a one:

1 2 1 3 1 2 1 4 1 2 1 3 1 2 1 5 1 2 1 3 1 2 1 4 1 2 1 3 1 2 1 6 1 2 1 ...

If we take out all the ones, we get a stream where every other element is a two:

2 3 2 4 2 3 2 5 2 3 2 4 2 3 2 6 2 ...

And so on. This leads to the following rather intuitive generator procedure:

(define (make-hanoi-stream n)
(interleave (stream-of n)

(make-hanoi-stream (+ n 1))))

(define (stream-of x) (cons-stream x (stream-of x)))

The Hanoi stream can then be made by evaluating:

(define hanoi (make-hanoi-stream 1))

Try this in STk and explain the results. Hint: You have seen this question before.

B. Now let’s try a similar approach in the lazy evaluator. Although the lazy evaluator does not have
streams, it has something better: non-strict compound procedures, which allow us to implement lazy
lists. To quote SICP (Page 409), “With lazy evaluation, streams and lists can be identical, so there is
no need for special forms or for separate list and stream operations.” As shown on Page 409, implement
pairs as procedures in the lazy evaluator, thereby eliminating the need to have cons, car and cdr as
primitives. Adapt make-hanoi-stream and stream-of to create lazy lists instead of streams. You
may use this definition of interleave:

(define (interleave list1 list2)
(cons (car list1) (interleave list2 (cdr list1))))

Use the following procedure to print the first n elements of a lazy list (you will need to add display
and newline as primitives):

(define (show-lazy lst n)
(if (= n 0)

(begin (display "...") (newline))
(begin (display (car lst))

(display " ")
(show-lazy (cdr lst) (- n 1))))

’ok)

Include a short session with the lazy evaluator demonstrating that the generator function works.
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CS61A – Homework 7.1 Kurt Meinz
University of California, Berkeley Summer 2003

Topic: Lazy evaluator, Analyzing evaluator, Nondeterministic evaluator

Lectures: Monday August 4, Tuesday August 5

Reading: Abelson & Sussman, Section 4.1.7–4.3.2 (Pages 393–426) skim the parsing stuff

This assignment is an evaluator potpourri, giving you practice with the lazy, analyzing and nondeterministic
evaluators mostly “above the line.”

• ~cs61a/lib/analyze.scm – Analyzing evaluator

• ~cs61a/lib/lazy.scm – Lazy evaluator

• ~cs61a/lib/vambeval.scm – Nondeterministic evaluator

Please put your solutions into a file called hw7-1.scm and submit it online as usual. Include only the code
you wrote and test cases. The assignment is due at 8 PM on Sunday, August 10.

Question 1. In the lazy evaluator actual-value is called in four places: to evaluate the arguments to a
primitive procedure, to evaluate the operator in a procedure application, to print the results in the REPL
and to evaluate the predicate in a conditional. This question investigates what happens when we replace
actual-value with mc-eval in two of these. For each of the following two scenarios, describe what goes
wrong and include a brief session with the lazy evaluator that demonstrates the problem.

A. Suppose we change the application clause to use mc-eval, like this:

((application? exp)
(mc-apply (mc-eval (operator exp) env) ;; was actual-value

(operands exp)
env))

B. Suppose we change eval-if to use mc-eval, like this:

(define (eval-if exp env)
(if (true? (mc-eval (if-predicate exp) env)) ;; was actual-value

(mc-eval (if-consequent exp) env)
(mc-eval (if-alternative exp) env)))

The adventure continues on the next page.
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Question 2. This question explores the behavior of procedures with side-effect in the lazy evaluator. For
both parts, type the following definitions into the lazy evaluator first:

(define count 0)

(define (identity x)
(set! count (+ count 1))
x)

A. Fill in the blanks in the following interaction with the lazy evaluator and explain your answers:

;;; L-Eval input:
(define w (identity (identity 10)))

;;; L-Eval input:
count

;;; L-Eval value:

;;; L-Eval input:
w

;;; L-Eval value:

;;; L-Eval input:
count

;;; L-Eval value:

B. Explain the final value of count in the following interaction when the interpreter uses memoized and
unmemoized thunks. Start count at zero. (By default the lazy evaluator uses memoized thunks because
the memoizing definition of force-it loads after the un-memoizing one.)

;;; L-Eval input:
(define (square x) (* x x))

;;; L-Eval input:
(square (identity 10))

;;; L-Eval value:
100

The fun continues on the next page.
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Question 3. In the last homework you added do-list to the metacircular evaluator. Now add it to the ana-
lyzing evaluator. Again, do not add it as a derived expression. Instead, write a procedure analyze-do-list
that can handle this form. Make sure that the do-list body is analyzed only once, since this will result in
a tremendous saving of computation over the MCE version. Remember, the return value of analyze-do-list
should be an execution procedure that expects an environment. Here are some isolation tests:
STk> (define-variable! ’count 0 the-global-environment) ;; we’ll need this in a second
ok
STk> (analyze-do-list ’(do-list (x (list 1 2 3) count)

(set! count (+ 1 count))))
#[closure arglist=(env) 9c62f0] ;; returns execution procedure
STk> ((analyze-do-list ’(do-list (x (list ’a ’b ’c) count) ;; needs environment to run

(set! count (+ 1 count))))
the-global-environment)

3

Question 4. We’d like to write a nondeterministic program to crack a combination lock. Since there is
only a finite number of combinations, all it takes is time! We will represent locks as message-passing objects
created with the following procedure:
(define (make-lock combination)

(lambda (message combo)
(cond ((eq? message ’try) (if (equal? combo combination) ’open ’nice-try))

(else (error "I don’t understand " message)))))

As you can see, it’s not a very sophisticated lock; it only knows the message try, which comes with one
argument taken to be a test combination. If the test combination matches the real combination, the lock
says open; otherwise it says nice-try.

A. Your task is to write a nondeterministic program code-breaker that takes a lock and returns the
combination that opens it. Assume that a combination is a list of three elements
((left n) (right n) (left n))

where n is between 0 and 20, inclusive, and the directions are exactly as shown: left, right, left. Here
is the desired behavior:
;;; Amb-Eval input:
(define lock1 (make-lock ’((left 10) (right 14) (left 3))))

;;; Starting a new problem
;;; Amb-Eval value:
ok

;;; Amb-Eval input:
(code-breaker lock1)

;;; Starting a new problem
;;; Amb-Eval value:
((left 10) (right 14) (left 3))

B. Now let’s remove the left-right-left requirement. Combinations are still three-element lists, but the
directions can be in any order. Each of the following are valid combinations:
((left 3) (left 4) (left 5))
((right 17) (left 4) (left 15))
((right 20) (right 20) (right 20))

Modify your program from Part A to crack these locks.
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CS61A – Homework 7.2 Kurt Meinz
University of California, Berkeley Summer 2003

Topic: Nondeterministic evaluator

Lectures: Wednesday August 6, Thursday August 7

Reading: Abelson & Sussman, Section 4.3 (Pages 412–437)

In this homework you will gain experience modifying the nondeterministic evaluator. Most of this assignment
is very much “below the line.” Two versions of the amb evaluator are available:

• ~cs61a/lib/ambeval.scm — This is the nondeterministic interpreter from the book, based on the
analyzing evaluator.

• ~cs61a/lib/vambeval.scm — This is a version of the nondeterministic interpreter based on the
metacircular evaluator. This is also the version described in lecture. Most students find this one
easier to understand. (The “v” is for vanilla.)

Copy whichever version you wish to use to do the homework into a file hw7-2.scm and make all modifications
in this file. Clearly indicate what you changed. When you are done, you will have a nondeterministic
interpreter that supports quit, permanent-set!, or and if-fail. You should include test cases either in
this file (commented out), or a separate file called tests. Please put your answer to Question 1 into a file
question1.scm. Submit all files electronically. The assignment is due at 8 PM on Sunday, August 10.

All problems that ask you to add something to the nondeterministic evaluator have very short solutions.
You should not be writing a lot of code at all! Wrapping your brain around continuations is the tricky part.

Question 1. Read and complete Exercise 4.42 in SICP. This is the only “above the line” problem on the
homework.

Question 2. We’d like to be able to quit the amb evaluator at any point in the execution of a program.
Add a quit feature to the nondeterministic evaluator that immediately returns control to STk. It must be
a clean exit—don’t cause an error! The return value of quit is up to you; ours returns the string “Have
a nice day.” The following are some examples of how quit should behave; quit must exit the amb evaluator
not just from the toplevel, but from any depth in the evaluation (the bars separate different sessions with
the evaluator):

;;; Amb-Eval input:
(quit) ;; exit from toplevel

;;; Starting a new problem
"Have a nice day"

STk>

;;; Amb-Eval input:
(list 1 2 (quit) 3) ;; exit from subexpression evaluation

;;; Starting a new problem
"Have a nice day"

STk>

The question continues on the next page.
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;;; Amb-Eval input:
(define (factorial n)

(if (= n 0)
(begin (newline) (quit)) ;; exit from arbitrarily deep recursion
(begin (display n)

(display " ")
(* n (factorial (- n 1))))))

;;; Amb-Eval input:
(factorial 14)

;;; Starting a new problem 14 13 12 11 10 9 8 7 6 5 4 3 2 1
"Have a nice day"

STk>

Hint: Remember that control flow is done via continuations in the nondeterministic evaluator. To continue
the computation you must invoke the success continuation; to backtrack you invoke the fail continuation.
What if you call neither?

Question 3. One of the really neat things about the nondeterministic evaluator is that variable assignments
are “undone” when backtracking occurs. Backtracking occurs automatically when (amb) is encountered;
it also can be forced when the user types try-again. Therefore, assignments can be undone by saying
try-again. Watch:

;;; Amb-Eval input:
(define neo 2) ;; return value omitted

;;; Amb-Eval input:
(define trinity 4)

;;; Amb-Eval input:
(define cypher 6)

;;; Amb-Eval input:
(begin (set! neo (* neo neo))

(set! trinity (* trinity trinity))
(set! cypher ’bloody-rat)
(list neo trinity cypher))

;;; Starting a new problem
;;; Amb-Eval value:
(4 16 bloody-rat) ;; clearly the assignment takes effect

;;; Amb-Eval input:
try-again ;; but it is not permanent

;;; There are no more values of ...

;;; Amb-Eval input:
(list neo trinity cypher)

;;; Starting a new problem
;;; Amb-Eval value:
(2 4 6) ;; back to their old values

Sometimes, however, we want assignments to be permanent. Add a special form permanent-set! that is
just like set! but does not get rolled back when backtracking occurs.

The question continues on the next page.
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You can use permanent-set! to count the number of times the nondeterministic evaluator backtracks:
;;; Amb-Eval input:
(define count 0) ;; return value omitted

;;; Amb-Eval input:
(let ((x (an-element-of ’(a b c)))

(y (an-element-of ’(a b a))))
(permanent-set! count (+ 1 count))
(require (not (eq? x y)))
(list x y count))

;;; Starting a new problem
;;; Amb-Eval value:
(a b 2)

;;; Amb-Eval input
try-again

;;; Amb-Eval value:
(b a 4)

Hint: This question does not ask you to add new functionality, but to subtract from what’s already there.
Find the line(s) in eval-assignment that implement this undo effect and get rid of them. The failure
continuation is a good place to look.

Question 4. Add the or special form to the nondeterministic evaluator by writing an evaluation procedure
eval-or that handles it. Do not add or as a derived expression. As in regular Scheme, or should take
any number of arguments and return the value of the first one that is true, or #f if none are.

You should model eval-or very heavily on get-args (code from vambeval.scm):
(define (get-args exps env succeed fail)

(if (null? exps)
(succeed ’() fail)
(ambeval (car exps)

env
(lambda (arg fail2) ;; first success continuation

(get-args (cdr exps)
env
(lambda (args fail3) ;; second success continuation

(succeed (cons arg args) fail3))
fail2))

fail)))

Like list-of-values in the MCE, the job of get-args is to evaluate a sequence of Scheme expressions,
exps, and return a list of their values:
STk> (get-args ’((+ 2 3) (first ’neo) (bf ’trinity))

the-global-environment
(lambda (result fail-cont) result)
(lambda () ’failed))

(5 n rinity)

There are two success continuations. The first one is invoked if evaluating the very first expression in the
sequence does not cause a failure; in this case, arg refers to the value of that first expression. The second one
is invoked if the remaining expressions in the sequence were evaluated without failure; in this case, args is
a list of their values. Notice how the list of values is built up in this second success continuation by consing
arg into args.

The question continues on the next page.

77



A good place to start is by adding this clause to ambeval

((or? exp) (eval-or (cdr exp) env succeed fail)) ;; cdr to strip off "or" tag

and defining eval-or to do exactly what get-args does. Of course this means that or will evaluate all of
its arguments and return a list of their results, which is not quite what we want, but it’s a start! Try it out.
Then tinker with this eval-or to make it behave as specified above. Here are some sample calls:

STk> (eval-or ’((= 2 3) (list 1 2) this-should-not-be-evaluated)
the-global-environment
(lambda (result fail-cont) result)
(lambda () ’failed))

(1 2)
STk> (eval-or ’((= 2 3) (amb) this-should-not-be-evaluated)

the-global-environment
(lambda (result fail-cont) result)
(lambda () ’failed))

failed
STk> (eval-or ’()

the-global-environment
(lambda (result fail-cont) result)
(lambda () ’failed))

#f

And here is how or can be used in the interpreter:

;;; Amb-Eval input:
(or (amb 1 2 #f) ’hello)

;;; Starting a new problem
;;; Amb-Eval value:
1

;;; Amb-Eval input:
try-again

;;; Amb-Eval value:
2

;;; Amb-Eval input:
try-again

;;; Amb-Eval value:
hello

;;; Amb-Eval input:
try-again

;;; There are no more values of
(or (amb 1 2 #f) ’hello)

The assignment continues on the next page.
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Question 5. Read and complete Exercise 4.52 in the book. This question is more difficult than the others
since you’ll need to come up with the if-fail special form from scratch. Assuming your function for
handling if-fail is called eval-if-fail and takes the entire expression as argument, here is how you
might test it in isolation:

STk> (eval-if-fail ’(if-fail (amb) ’hello)
the-global-environment
(lambda (result new-fail) result)
(lambda () ’failed))

hello
STk> (eval-if-fail ’(if-fail (amb) (amb))

the-global-environment
(lambda (result new-fail) result)
(lambda () ’failed))

failed

Hint: To make something happen on failure, you must put it into the fail continuation.
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CS61A – Homework 8.1 Kurt Meinz
University of California, Berkeley Summer 2003

Topic: Logic programming

Lectures: Monday August 11, Tuesday August 12

Reading: Abelson & Sussman, Section 4.4.1–3

This assignment gives you practice writing logic programs. It’s very much “above the line” since we don’t
expect you to know how the query system works. This homework is due at midnight on Wednesday,
August 13. Please put your solutions into a file hw8-1.scm and submit electronically. Make sure to include
your test cases, too.

To add an assertion: (assert! <conclusion>)

To add a rule: (assert! (rule <conclusion> <body (optional)>))

Anything else is a query.

The query interpreter is in the file ~cs61a/lib/query.scm. To initialize the interpreter type (query); to
re-enter the main loop without reinitializing, type (query-driver-loop). Nothing—not even the rules for
the same and append-to-form relations—is there when the interpreter is initialized.

Question 1. Do Exercise 4.56 in SICP. To load the database, type the following after loading query.scm:

STk> (initialize-data-base microshaft-data-base)
STk> (query-driver-loop)

The pattern (?a . ?b) matches any pair, so you can use it to print everything that is in the database.

Question 2. This question explores the unary arithmetic system described in lecture where numbers are
represented as lists.

A. Note that summing two of these unary numbers merely involves joining the lists that represent them.
We can define a rule for adding query numbers using append-to-form (Page 451):

;;; Query input:
(assert! (rule (?a + ?b = ?c) (append-to-form ?a ?b ?c)))

Assertion added to data base.

;;; Query input:
((a a a a) + (a a a) = ?what)

;;; Query results:
((a a a a) + (a a a) = (a a a a a a a)) ;; 4 + 3 = 7

Devise rules to allow multiplication of query numbers:

;;; Query input:
((a a a a) * (a a a) = ?what)

;;; Query results:
((a a a a) * (a a a) = (a a a a a a a a a a a a)) ;; 4 * 3 = 12

The question continues on the next page.
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B. Using your multiplication rule from above, implement a factorial relation for query numbers:

;;; Query input:
((a a a a) ! = ?what)

;;; Query output:
((a a a a) ! = (a a a a a a a a a a a a a a a a a a a a a a a a)) ;; 4! = 24

Question 3. We can interpret the query interpreter’s failure to return any results as saying, “Your query
was not consistent with any assertions I know or any rules I can apply on the basis of those assertions.” This
can be used to implement true/false queries where the interpreter echoes the query if it is true and displays
no results otherwise. For example:

;;; Query input:
(deep-member a ((a) b))

;;; Query output:
(deep-member a ((a) b)) ;; true

;;; Query input:
(deep-member c ((b ((a)))))

;;; Query output:
;; false

;;; Query input:
(deep-member c ((b ((a c)))))

;;; Query output:
(deep-member c ((b ((a c)))))
;;; Query input:
(deep-member ?anything ())

;;; Query output:
;; false

Write rules for the deep-member relation that behaves as above.

Question 4. Write query rules for the assoc relation. It should work like this:

;;; Query input:
(assoc carolen ((greg 10) (kurt 12) (carolen 10) (alex 13) (carolen 15)) ?what)

;;; Query results:
(assoc carolen ((greg 10) (kurt 12) (carolen 10) (alex 13) (carolen 15)) (carolen 10))

;;; Query input:
(assoc todd ((greg 10) (kurt 12) (carolen 10) (alex 13) (carolen 15)) ?what)

;;; Query results:
;; no results!

Notice that the first sublist beginning with carolen is brought forth. The query should run backward, too:

;;; Query input:
(assoc ?who ((greg 10) (kurt 12) (carolen 10) (alex 13) (carolen 15)) (?who 10))

;;; Query results:
(assoc greg ((greg 10) (kurt 12) (carolen 10) (alex 13) (carolen 15)) (greg 10))
(assoc carolen ((greg 10) (kurt 12) (carolen 10) (alex 13) (carolen 15)) (carolen 10))
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CS61A - Project 1 Kurt Meinz
Structure and Interpretation of Computer Programs Summer 2003

Programming Project 1: Twenty-One

This project must be done INDIVIDUALLY and is due Tuesday 7/8 at 11:59pm. Please check the course
website for updates and errata.

For our purposes, the rules of twenty-one (“blackjack”) are as follows. There are two players: the “cus-
tomer” and the “dealer”. The object of the game is to be dealt a set of cards that comes as close to 21
as possible without going over 21 (“busting”). A card is represented as a word, such as 10s for the ten
of spades. (Ace, jack, queen, and king are a, j, q, and k.) Picture cards are worth 10 points; an ace is
worth either 1 or 11 at the player’s option. We reshuffle the deck after each round, so strategies based on
remembering which cards were dealt earlier are not possible. Each player is dealt two cards, with one of the
dealer’s cards face up. The dealer always takes another card (“hits”) if he has 16 or less, and always stops
(“stands”) with 17 or more. The customer can play however s/he chooses, but must play before the dealer.
If the customer exceeds 21, s/he immediately loses (and the dealer doesn’t bother to take any cards). In
case of a tie, neither player wins. (These rules are simplified from real life. There is no “doubling down,” no
“splitting,” etc.)

The customer’s strategy of when to take another card is represented as a function. The function has
two arguments: the customer’s hand so far, and the dealer’s card that is face up. The customer’s hand
is represented as a sentence in which each word is a card; the dealer’s face-up card is a single word (not a
sentence). The strategy function should return a true or false output, which tells whether or not the customer
wants another card. (The true value can be represented in a program as #t, while false is represented as #f.)

The file ~cs61a/lib/twenty-one.scm contains a definition of function twenty-one. Invoking

(twenty− one strategy)

plays a game using the given strategy and a randomly shuffled deck, and returns 1, 0, or −1 according to
whether the customer won, tied, or lost.

For each of the steps below, you must provide a transcript indicating enough testing of
your procedure to convince the readers that you are really sure your procedure works. These
transcripts should include trace output where appropriate.

1. The program in the library is incomplete. It lacks a procedure best-total that takes a hand (a
sentence of card words) as argument, and returns the total number of points in the hand. It’s called
best-total because if a hand contains aces, it may have several different totals. The procedure should
return the largest possible total that’s less than or equal to 21, if possible. For example:

> (best-total ’(ad 8s)) ; in this hand the ace counts as 11
19
> (best-total ’(ad 8s 5h)) ; here it must count as 1 to avoid busting
14
> (best-total ’(ad as 9h)) ; here one counts as 11 and the other as 1
21

Write best-total.

2. Define a strategy procedure stop-at-17 that’s identical to the dealer’s, i.e., takes a card if and only if
the total so far is less than 17.
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3. Write a procedure play-n such that

(play-n strategy n)

plays n games with a given strategy and returns the number of games that the customer won minus
the number that s/he lost. Use this to exercise your strategy from problem 2, as well as strategies
from the problems below. To make sure your strategies do what you think they do, trace them when
possible.

Don’t forget: a “strategy” is a procedure! We’re asking you to write a procedure that takes another
procedure as an argument. This comment is also relevant to parts 6 and 7 below.

4. Define a strategy that “hits” (takes a card) if (and only if) the dealer has an ace, 7, 8, 9, 10, or picture
card showing, and the customer has less than 17, or the dealer has a 2, 3, 4, 5, or 6 showing, and
the customer has less than 12. (The idea is that in the second case, the dealer is much more likely to
“bust” (go over 21), since there are more 10-pointers than anything else.)

5. Define the best strategy that you can think of. (No, we won’t grade you on how mathematically
optimal it is. Just try to have fun.)

6. Generalize part 2 above by defining a function stop-at. (stop-at n) should return a strategy that
keeps hitting until a hand’s total is n or more. For example, (stop-at 17) is equivalent to the strategy
in part 2.

7. Define a function majority that takes three strategies as arguments and produces a strategy as a
result, such that the result strategy always decides whether or not to “hit” by consulting the three
argument strategies, and going with the majority. That is, the result strategy should return #t if and
only if at least two of the three argument strategies do. Using the three strategies from parts 2, 4, and
5 as argument strategies, play a few games using the “majority strategy” formed from these three.

8. Some people just can’t resist taking one more card. Write a procedure reckless that takes a strategy
as its argument and returns another strategy. This new strategy should take one more card than the
original would. (In other words, the new strategy should stand if the old strategy would stand on the
butlast of the customer’s hand.)

9. Print out a complete listing of your procedures before you begin this problem. We are
going to change the rules by adding two jokers to the deck. A joker can be worth any number of
points from 1 to 11. Modify whatever has to be modified to make this work. (The main point of this
exercise is precisely for you to figure out which procedures must be modified.) The reason you printed
everything first is that otherwise the readers would have trouble grading the earlier steps, since you
might mess up earlier work in attempting this one.

Submission instructions: In a directory named ’proj1’, create files called ’twenty-one.scm’ (which
should contain your solutions for questions 1 through 8) and ’twenty-one-joker.scm’ (which should contain
your solutions for questions 1 through 9). Please make sure that each file is a fully playable copy of the project
(not just a listing of the procedures that you changed). In addition, you must create a file called ’testing.txt’
which contains an explanation of your testing and your transcripts – please surround your transcripts with
real English words so that the readers can figure out what you are trying to do. Make sure that every file
has your name and login on it and type ’submit proj1’ at the shell prompt from within this directory. Also,
please submit paper copies of both these files to the homework box.

By the way, the online submissions system is built so that you can submit as many times as you like with
no penalty. Beware, however, that only your last submission will be graded, so don’t do anything silly like
re-submitting after the deadline.
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CS61A - Project 2 Kurt Meinz
Structure and Interpretation of Computer Programs Summer 2003

Programming Project 2: Painter Language

This project is due Tuesday 7/22 at 11:59pm and must be individually. Please check the course website
for updates and errata.

This project consists of all the exercises in Abelson & Sussman, Section 2.2.4 (exercises 2.44-2.52) You
can’t actually draw anything until you finish the project! To begin, copy the file ∼cs61a/lib/picture.scm
to your directory. To draw pictures, once you have completed the exercises:

> (cs)
> (ht)
> (===your-painter=== full-frame)

For example:

> (wave full-frame)
> ((square-limit wave 3) full-frame)

Submission Instructions: In a directory named ’proj2’, create files called ’picture.scm’ (which should
contain your code) and ’testing.txt’ (which should include an explanation of your testing and your transcripts
– please surround your transcripts with real English words so that the readers can figure out what you are
trying to do). Type ’submit proj2’ at the shell prompt. Also, please submit paper copies of both these files
to the homework box.
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CS61A - Project 3 Kurt Meinz
Structure and Interpretation of Computer Programs Summer 2003

Programming Project 3: Adventure Game

This project is due at 11:59am on Tuesday, July 29. Please check the course website for updates and
errata.

This project is designed to be done by two people, working in parallel, then combining your results into
one finished product. (Hereafter the two partners are called Person A and Person B.) The project begins
with two exercises that both partners should do; these exercises do not require new programming, but rather
familiarize you with the overall structure of the program as we’ve provided it. After that, each person has
separate exercises. There is one final exercise for everyone that requires the two sets of work to be combined.
(Therefore, you should probably keep notes about all of the procedures that you’ve modified during the
project, so you can notice the ones that both of you modified independently.)

Scoring: Each person works on eight problems. Three of these (numbers 1, 2, and 8) are common to
the partnership; the others are separate. You hand in a single solution to each problem. Both of you get
the points awarded for problems 1, 2, and 8; each person get the points for their own problems 3 through
7. This means that your score for the project is mostly based on your individual work but also relies partly
on your partner. For the first two problems, you could get away with letting your partner do the work,
but you shouldn’t because those problems are necessary to help you understand the structure of the entire
project. Problem 8 requires that both people have already done their separate work, and meet together to
understand each other’s solutions, so probably nobody will get credit for it unless both people have done
their jobs.

This assignment is loosely based on an MIT homework assignment in their version of this course. (But
since this is Berkeley, it was changed it to be politically correct; instead of killing each other, the characters
go around eating gourmet food all the time.)

“In this laboratory assignment, we will be exploring two key ideas: the simulation of a world in which
objects are characterized by a set of state variables, and the use of message passing as a programming
technique for modularizing worlds in which objects interact.”

Object-Oriented Programming (OOP) is becoming an extremely popular methodology for any
application that involves interactions among computational entities. Examples:

• operating systems (processes as objects)

• window systems (windows as objects)

• distributed systems

• e-commerce systems (user processes as objects)

Getting Started: To start, copy the following five files into your directory:

∼cs61a/lib/obj.scm The object-oriented system

∼cs61a/lib/adv.scm The adventure game program

∼cs61a/lib/tables.scm An ADT you’ll need for part B4

∼cs61a/lib/adv-world.scm The specific people, places, and things

∼cs61a/lib/small-world.scm A smaller world you can use for debugging

To work on this project, you must load these files into Scheme in the correct order: obj.scm first,
then adv.scm and tables.scm when you’re using that, and finally the particular world you’re using,
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either adv-world.scm or small-world.scm. The work you are asked to do refers to adv-world.scm;
small-world.scm is provided in case you’d prefer to debug some of your procedures in a smaller world
that may be less complicated to remember and also faster to load.

The reason the adventure game is divided into adv.scm (containing the definitions of the object classes)
and adv-world.scm (containing the specific instances of those objects in Berkeley) is that when you change
something in adv.scm you may need to reload the entire world in order for your changed version to take
effect. Having two files means that you don’t also have to reload the first batch of procedures.

In this program there are three classes:

• THING,

• PLACE, and

• PERSON

Here are some examples selected from adv-world.scm:

;;; construct the places in the world (define Soda (instantiate
place ’Soda)) (define BH-Office (instantiate place ’BH-Office))
(define 61A-Lab (instantiate place ’61A-Lab)) (define art-gallery
(instantiate place ’art-gallery)) (define Evans (instantiate place
’Evans)) (define Sproul-Plaza (instantiate place ’Sproul-Plaza))
(define Telegraph-Ave (instantiate place ’Telegraph-Ave)) (define
Noahs (instantiate place ’Noahs)) (define Intermezzo (instantiate
place ’Intermezzo)) (define s-h (instantiate place ’sproul-hall))

;;; make some things and put them at places (define bagel
(instantiate thing ’bagel)) (ask Noahs ’appear bagel)

(define coffee (instantiate thing ’coffee)) (ask Intermezzo
’appear coffee)

;;; make some people (define Brian (instantiate person ’Brian
BH-Office)) (define hacker (instantiate person ’hacker 61A-Lab))

;;; connect places in the world

(can-go Soda ’up art-gallery) (can-go art-gallery ’west BH-Office)
(can-go Soda ’south Evans)

Having constructed this world, we can now interact with it by sending messages to objects. Here is a
short example.

; We start with the hacker in the 61A lab.

> (ask 61A Lab ’exits)
(UP)
> (ask hacker ’go ’up)
HACKER moved from 61A LAB to SODA

We can put objects in the different places, and the people can then take the objects:

> (define Jolt (instantiate thing ’Jolt))
JOLT
> (ask Soda ’appear Jolt)
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APPEARED
> (ask hacker ’take Jolt)
HACKER took JOLT TAKEN You can take objects away from other people, but the management is not re-
sponsible for the consequences... (Too bad this is a fantasy game, and there aren’t really vending machines
in Soda that stock Jolt.)

PART I:

The first two exercises in this part should be done by both of you. It’s okay to work in separately as long
as you both really know what’s going on by the time you’re finished. (Nevertheless, you should only hand
in one solution, that everyone agrees about.) The remaining exercises have numbers like “A3” which means
exercise 3 for person A.

After you’ve done the individual work, you should meet together to make sure that everyone understands
what the other person did, because Part II depends on all of Part I. You can do the explaining while you’re
merging the two sets of modifications into one adv.scm file to hand in.

1. Create a new person to represent yourself. Put yourself in a new place called Dormitory (or wherever
you live) and connect it to campus so that you can get there from here. Create a place called Shin-Shin,
north of Soda. (It’s actually on Solano Avenue.) Put a thing called Potstickers there. Then give the
necessary commands to move your character to Shin-Shin, take the Potstickers, then move yourself to
where Brian is, put down the Potstickers, and have Brian take them. Then go back to the lab and get
back to work. (There is no truth to the rumor that you’ll get an A in the course for doing this in real
life!) All this is just to ensure that you know how to speak the language of the adventure program.

List all the messages that are sent during this episode. It’s a good idea to see if you can work
this out in your head, at least for some of the actions that take place, but you can also trace the ask
procedure to get a complete list. You don’t have to hand in this listing of messages. (Do hand in a
transcript of the episode without the tracing.) The point is that you should have a good sense of the
ways in which the different objects send messages back and forth as they do their work.

[Tip: we have provided a move-loop procedure that you may find useful as an aid in debugging your
work. You can use it to move a person repeatedly.]

2. It is very important that you think about and understand the kinds of objects involved in the adventure
game. Please answer the following questions:

2A. What kind of thing is the value of variable Brian?

Hint: What is returned by scheme in the following situation: You type:

> Brian

2B. List all the messages that a place understands. (You might want to maintain such a list for your own
use, for every type of object, to help in the debugging effort.)

2C. We have been defining a variable to hold each object in our world. For example, we defined bagel by
saying:

(define bagel (instantiate thing ’bagel))

This is just for convenience. Every object does not have to have a top-level definition. Every object
does have to be constructed and connected to the world. For instance, suppose we did this:

> (can-go Telegraph-Ave ’east (instantiate place ’Peoples-Park))
;;; assume BRIAN is at Telegraph

> (ask Brian ’go ’east)

What is returned by the following expressions and WHY?

> (ask Brian ’place)
> (let ((where (ask Brian ’place)))
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(ask where ’name))
> (ask Peoples-park ’appear bagel)

2D. The implication of all this is that there can be multiple names for objects. One name is the value of
the object’s internal name variable. In addition, we can define a variable at the top-level to refer to an
object. Moreover, one object can have a private name for another object. For example, Brian has a
variable place which is currently bound to the object that represents People’s Park. Some examples
to think about:

> (eq? (ask Telegraph-Ave ’look-in ’east) (ask Brian ’place))

> (eq? (ask Brian ’place) ’Peoples-Park)

> (eq? (ask (ask Brian ’place) ’name) ’Peoples-Park)

OK. Suppose we type the following into scheme:

> (define computer (instantiate thing ’Durer))

Which of the following is correct? Why?

(ask 61a-lab ’appear computer) or

(ask 61a-lab ’appear Durer) or

(ask 61a-lab ’appear ’Durer)

What is returned by (computer ’name) ? Why?

2E. We have provided a definition of the thing class that does not use the object-oriented programming
syntax described in the handout. Translate it into the new notation.

2F. Sometimes it’s inconvenient to debug an object interactively because its methods return objects and
we want to see the names of the objects. You can create auxiliary procedures for interactive use (as
opposed to use inside object methods) that provide the desired information in printable form. For
example:

(define (name obj) (ask obj ’name))
(define (inventory obj)
(if (person? obj)

(map name (ask obj ’possessions))
(map name (ask obj ’things))))

Write a procedure whereis that takes a person as its argument and returns the name of the place
where that person is.

Write a procedure owner that takes a thing as its argument and returns the name of the person who
owns it. (Make sure it works for things that aren’t owned by anyone.)

Procedures like this can be very helpful in debugging the later parts of the project, so feel free to write
more of them for your own use.

Now it’s time for you to make your first modifications to the adventure game. This is where you split
into subgroups.

PART I – Person A:

A3. You will notice that whenever a person goes to a new place, the place gets an ’enter message. In
addition, the place the person previously inhabited gets an ’exit message. When the place gets the
message, it calls each procedure on its list of entry-procedures or exit-procedures as appropriate.
Places have the following methods defined for manipulating these lists of procedures: add-entry-proc,
add-exit-proc, remove-entry-proc, remove-exit-proc, clear-all-proc. You can read their def-
initions in the code.
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Sproul Hall has a particularly obnoxious exit procedure attached to it. Fix sproul-hall-exit so that
it counts how many times it gets called, and stops being obnoxious after the third time.

Remember that the exit-procedures list contains procedures, not names of procedures! It’s not good
enough to redefine sproul-hall-exit , since Sproul Hall’s list of exit procedures still contains the old
procedure. The best thing to do is just to load adv-world.scm again, which will define a new sproul
hall and add the new exit procedure.

A4. We’ve provided people with the ability to say something using the messages ’talk and ’set-talk .
As you may have noticed, some people around this campus start talking whenever anyone walks by.
We want to simulate this behavior. In any such interaction there are two people involved: the one who
was already at the place (hereafter called the talker) and the one who is just entering the place (the
listener). We have already provided a mechanism so that the listener sends an enter message to the
place when entering. Also, each person is ready to accept a notice message, meaning that the person
should notice that someone new has come. The talker should get a notice message, and will then talk,
because we’ve made a person’s notice method send itself a talk message. (Later we’ll see that some
special kinds of people have different notice methods.)

Your job is to modify the enter method for places, so that in addition to what that method already
does, it sends a notice message to each person in that place other than the person who is entering.
In order to make this work, the place has to know who sent the enter message. Modify that method
so that it takes the sender as an argument, just as the appear method does. (Make sure that you find
everywhere in the program where an enter message is sent!)

Test your implementation with the following:

(define singer (instantiate person ’rick sproul-plaza))

(ask singer ’set-talk ‘‘My funny valentine, sweet comic
valentine")

(define preacher (instantiate person ’preacher sproul-plaza))

(ask preacher ’set-talk ‘‘Praise the Lord")

(define street-person (instantiate person ’harry telegraph-ave))

(ask street-person ’set-talk ‘‘Brother, can you spare a buck")

YOU MUST INCLUDE A TRANSCRIPT IN WHICH YOUR CHARACTER WALKS
AROUND AND TRIGGERS THESE MESSAGES.

End of Part I for Person A

PART I, Person B:

B3. Define a method take-all for people. If given that message, a person should take all the things at
the current location that are not already owned by someone.

B4A. It’s unrealistic that anyone can take anything from anyone. We want to give our characters a strength,
and then one person can take something from another only if the first has greater strength than the
second.

However, we aren’t going to clutter up the person class by adding a local strength variable. That’s
because we can anticipate wanting to add lots more attributes as we develop the program further.
People can have charisma or wisdom ; things can be food or not; places can be locked or not.
Therefore, you will create a class called basic-object that keeps a local variable called properties
containing an attribute-value table like the one that we used with get and put in 2.3.3. However, get
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and put refer to a single, fixed table for all operations; in this situation we need a separate table for
every object. The file tables.scm contains an implementation of the table Abstract Data Type:

constructor: (make-table) returns a new, empty table.

mutator: (insert! key value table) adds a new key-value pair to a table.

selector: (lookup key table) returns the corresponding value, or #f if the key is not in the table.

You’ll learn how tables are implemented in 3.3.3 (pp. 214-215). For now, just take them as primitive.

You’ll modify the person, place and thing classes so that they will inherit from basic-object. This
object will accept a message put so that

> (ask Brian ’put ’strength 100)

does the right thing. Also, the basic-object should treat any message not otherwise recognized as a
request for the attribute of that name, so

> (ask Brian ’strength)
100

should work without having to write an explicit strength method in the class definition.

Don’t forget that the property list mechanism in 3.3.3 returns #f if you ask for a property that isn’t
in the list. This means that

> (ask Brian ’charisma)

should never give an error message, even if we haven’t put that property in that object. This is
important for true-or-false properties, which will automatically be false (but not an error) unless we
explicitly put a true value for them.

Give people some reasonable (same for everyone) initial strength. Next week they’ll be able to get
stronger by eating.

B4B. You’ll notice that the type predicate person? checks to see if the type of the argument is a member
of the list ’(person place thief). This means that the person? procedure has to keep a list of all the
classes that inherit from person , which is a pain if we make a new subclass.

We’ll take advantage of the property list to implement a better system for type checking. If we add
a method named person? to the person class, and have it always return #t , then any object that’s
a type of person will automatically inherit this method. Objects that don’t inherit from person won’t
find a person? method and won’t find an entry for person? in their property table, so they’ll return
#f .

Similarly, places should have a place? method, and things a thing? method.

Add these type methods and change the implementation of the type predicate procedures to this new
implementation.

End of Part I, Person B

PART II:

This part of the project includes three exercises for each person, followed by a final exercise that requires
the individual work to be combined. You will have to create a version of adv.scm that includes the
changes made by both of you. This may take some thinking! If you both modify the same method in
the same object class, you’ll have to write a version of the method that incorporates both modifications.

PART II, Person A:

A5. The way we’re having people take food from restaurants is unrealistic in several ways. Our overall goal
this week is to fix that. As a first step, you are going to create a food class. We will give things that
are food two properties, an edible? property and a calories property. edible? will have the value
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#t if the object is a food. If a person eats some food, the food’s calories are added to the person’s
strength .

(Remember that the edible? property will automatically be false for objects other than food, because
of the way properties were implemented in question B4. You don’t have to go around telling all the
other stuff not to be edible explicitly.)

Write a definition of the food class that uses thing as the parent class. It should return #t when you
send it an edible? message, and it should correctly respond to a calories message.

Replace the procedure named edible? in the original adv.scm with a new version that takes advantage
of the mechanism you’ve created, instead of relying on a built-in list of types of food.

Now that you have the food class, invent some child classes for particular kinds of food. For example,
make a bagel class that inherits from food . Give the bagel class a class-variable called name whose
value is the word bagel. (We’ll need this later when we invent restaurant objects.)

Make an eat method for people. Your eat method should look at your possessions and filter for all
the ones that are edible. It should then add the calorie value of the foods to your strength. Then it
should make the foods disappear (no longer be your possessions and no longer be at your location).

A6A. Eventually, we are going to invent restaurant objects. People will interact with the restaurants by
buying food there. First we have to make it possible for people to buy stuff. Give person objects a
money property, which is a number, saying how many dollars they have. Note that money is not an
object. We implement it as a number because, unlike the case of objects such as chairs and potstickers,
a person needs to be able to spend some money without giving up all of it. In principle we could have
objects like quarter and dollar-bill , but this would make the change-making process complicated
for no good reason.

Now, in order to get money, people will need to go to the bank. Create a new place, a bank. (That
is, bank is a subclass of place. The bank contains a procedure make-account which returns a bank-
account object, and contains a method withdraw for withdrawing money.

The method withdraw takes two arguments, the person who wants to withdraw money from their
account, and the amount. The withdraw method should check that a person has that amount in their
account, and if so, it returns a number corresponding the the amount of the withdrawal or reports #f.

Now, change person so that on instantiation, they have a bank account containing $100, (but their
money variable is 0.) (We should really start people with no money, and invent jobs and so on, but we
won’t.)

Create a method for people, pay-money , which takes a number as argument and returns true or false
depending on whether the person had enough money, and updates the person’s money value.

Now, create a method get-money which only works at a bank. It should check that the bank completed
the withdrawal, and if so, it should update the person’s money value appropriately.

A6B. Another problem with the adventure game is that Noah’s only has one bagel. Once someone has taken
that bagel, they’re out of business.

To fix this, we’re going to invent a new kind of place, called a restaurant . (That is, restaurant is a
subclass of place .) Each restaurant serves only one kind of food. (This is a simplification, of course,
and it’s easy to see how we might extend the project to allow lists of kinds of food.) When a restaurant
is instantiated, it should have two extra arguments, besides the ones that all places have: the class of
food objects that this restaurant sells, and the price of one item of this type:

> (define-class (bagel) (parent (food ...)) ...)
> (define Noahs (instantiate restaurant ’Noahs bagel 0.50))

Notice that the argument to the restaurant is a class , not a particular bagel (instance).

Restaurants should have two methods. The menu method returns a list containing the name and price
of the food that the restaurant sells. The sell method takes two arguments, the person who wants
to buy something and the name of the food that the person wants. The sell method must first check
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that the restaurant actually sells the right kind of food. If so, it should ask the buyer to pay-money
in the appropriate amount. If that succeeds, the method should instantiate the food class and return
the new food object. The method should return #f if the person can’t buy the food.

A7. Now we need a buy method for people. It should take as argument the name of the food we want to
buy: (ask Brian ’buy ’bagel) . The method must send a sell message to the restaurant. If this
succeeds (that is, if the value returned from the sell method is an object rather than #f ) the new
food should be added to the person’s possessions.

Person A skip to question 8 below

PART II, Person B:

adv.scm includes a definition of the class thief, a subclass of person. A thief is a character who tries
to steal food from other people. Of course, Berkeley can not tolerate this behavior for long. Your job
is to define a police class; police objects catch thieves and send them directly to jail. To do this you
will need to understand how theives work.

Since a thief is a kind of person, whenever another person enters the place where the thief is, the thief
gets a notice message from the place. When the thief notices a new person, he does one of two things,
depending on the state of his internal behavior variable. If this variable is set to steal , the thief
looks around to see if there is any food at the place. If there is food, the thief takes the food from its
current possessor and sets his behavior to run . When the thief’s behavior is run , he moves to a new
random place whenever he notice s someone entering his current location. The run behavior makes
it hard to catch a thief.

Notice that a thief object delegates many messages to its person object.

B5A. To help the police do their work, you will need to create a place called jail. Jail has no exits. Moreover,
you will need to create a method for persons and thieves called go-directly-to. go-directly-to
does not require that the new-place be adjacent to the current-place. So by calling (ask thief
’go-directly-to jail) the police can send the thief to jail no matter where the thief currently
is located, assuming the variable thief is bound to the thief being apprehended.

B5B. Lucky for us, at least in the adventure world, we can stop thieves from stealing bicycles. To do this,
we first need to invent a class bicycle. Instantiate one, and add it to yourself. Later, we’ll update
some other code so that bicycles can’t be taken.

B6. Your job is to define the police class. A police officer is to have the following behavior:

The police officer stays at one location. When the officer notices a new person entering the location,
the officer checks to see if that person is a thief. If the person is a thief the officer says “Crime Does
Not Pay,” then takes away all the thief’s possessions and sends the thief directly to jail. If the person
is not a thief, but has a bicycle, the officer says “No bike riding on Campus”. (At this point, the
policeman doesn’t DO anything else, since we haven’t implemented riding a bicycle yet, but it’ll have
to do.)

Give thieves and police default strengths. Thieves should start out stronger than persons, but police
should be stronger than thieves. Of course, if you eat lots you should be able to build up enough
strength (mass?) to take food away from a thief. (Only a character with a lot of chutzpah would
take food away from the police.)

Please test your code and turn in a transcript that shows the thief stealing your food, you chasing the
thief and the police catching the thief. In case you haven’t noticed, we’ve put a thief in Sproul Plaza.
Then, turn in a transcript showing that policeman telling you not to ride a bicycle on campus.

B7. Now we want to reorganize take so that it looks to see who previously possesses the desired object. If
its possessor is ’no-one , go ahead and take it as always. Otherwise, invoke

(ask (ask thing ’possessor) ’may-take? receiver thing)
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That is, a person must be able to process a message may-take? by calling a procedure that accepts
two additional arguments: the person who wants to take the thing, and the thing itself. The associated
method should return #F if the person may not take the thing, or the thing itself if the person may
take it.

Note the flurry of message-passing going on here. We send a message to the taker. It sends a message
to the thing, which sends messages to two people to find out their strengths.

Now, ensure that bikes cannot be taken by thieves.

End of Part II, Person B (but both of you do question 8 below)

8. Combine your work. For example, both of you have created new methods for the person class. Both
of you have done work involving strengths of kinds of people; make sure they work together.

Now make it so that when a police officer asks to buy some food the restaurant doesn’t charge him
any money. (This makes the game more realistic...)

******** OPTIONAL **********

As you can imagine, this is a truly open-ended project. If you have the time and inclination, you can populate
your world with new kinds of people (e.g., punk-rockers), places (Gilman-St), and especially things (magic
wands, beer, gold pieces, cars looking for parking places...).

When your instructor took this class, he and his partner added inventories, hit points, weapons, and
a statistical combat simulator. In addition, we used the picture language of project 2 to add a graphical
interface so that locations would draw with all of the people inside of them and people would draw with
graphical depictions of the objects in their possession.

Students who are looking for a challenge are invited to make similar improvements to the adventure
game. Extra credit may be given for particularly novel and interesting additions, commensurate with the
difficulty of the work done.

For your enjoyment we have developed a procedure that creates a labyrinth (a maze) that you can explore.
To do so, load the file ∼cs61a/lib/labyrinth.scm.

Legend has it that there is a vast series of rooms underneath Sproul Plaza. These rooms are littered with
food of bygone days and quite a few theives. You can find the secret passage down in Sproul Plaza.

[Note: labyrinth.scm may need some modification to work with the procedures you developed in part
two of the project.]

You may want to modify fancy-move-loop so that you can look around in nearby rooms before entering
so that you can avoid thieves. You might also want your character to maintain a list of rooms visited on its
property list so you can find your way back to the earth’s surface.
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CS61A - Project 4 Kurt Meinz
Structure and Interpretation of Computer Programs Summer 2003

Programming Project 4: A Logo Interpreter

The Logo project description will be available on the course website and handed out in lecture.

The Logo project will be due Tuesday, August 12.
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CS 61A Lecture Notes First Half of Week 1

Topic: Functional programming

Reading: Abelson & Sussman, Section 1.1 (pages 1–31)

Course overview:

Computer science isn’t about computers (that’s electrical engineering) and it isn’t primarily a science (we
invent things more than we discover them). CS is partly a form of engineering (concerned with building
reliable, efficient mechanisms, but in software instead of metal) and partly an art form (using programming
as a medium for creative expression). Most of all, however, CS is applied logic. At its best, CS is like getting
logic and math to do interesting and useful things for you.

Programming is really easy, as long as you’re solving small problems. Any kid in junior high school can
write programs in BASIC, and not just exercises, either; kids do quite interesting and useful things with
computers. But BASIC doesn’t scale up; once the problem is so complicated that you can’t keep it all in
your head at once, you need help, in the form of more powerful ways of thinking about programming. (But in
this course we mostly use small examples, because we’d never get finished otherwise, so you have to imagine
how you think each technique would work out in a larger case.)

We deal with three big programming styles/approaches/paradigms:
• Functional programming (1 month)

• Object-oriented programming (2 weeks)

• Logic programming (1 week)

The big idea of the course is abstraction: inventing languages that let us talk more nearly in a problem’s own
terms and less in terms of the computer’s mechanisms or capabilities. There is a hierarchy of abstraction:

Application programs High-level language (Scheme) Low-level
language (C) Machine language Architecture (registers, memory,
arithmetic unit, etc) circuit elements (gates) transistors
solid-state physics quantum mechanics

In 61A, we’ll be dealing with only the very top levels of the pyramid; in 61C we look at lower levels. We
want to start at the highest level to get you thinking right and help you avoid getting lost in the details.

Style of work: Cooperative learning. No grading curve, so no need to compete. Homework is to learn
from; only tests are to test you. Don’t cheat; ask for help instead. (This is the first CS course; if you’re
tempted to cheat now, how are you planning to get through the harder ones?)
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Introducing ... Scheme

In 61A we program in Scheme, which is an interactive language. That means that instead of writing a great
big program and then cranking it through all at once, you can type in a single expression and find out its
value. For example:
3 self-evaluating
(+ 2 3) function notation
(sqrt 16) names don’t have to be punctuation
(+ (* 3 4) 5) composition of functions

+ functions are things in themselves
’+ quoting
’hello can quote any word
’(+ 2 3) can quote any expression
’(good morning) even non-expression sentences

(first 274) functions don’t have to be arithmetic
(butfirst 274) (abbreviation bf)
(first ’hello) works for non-numbers
(first hello) reminder about quoting
(first (bf ’hello)) composition of non-numeric functions
(+ (first 23) (last 45)) combining numeric and non-numeric

(define pi 3.14159) special form
pi value of a symbol
’pi contrast with quoted symbol
(+ pi 7) symbols work in larger expressions
(* pi pi)

(define (square x)
(* x x)) defining a function

(square 5) invoking the function
(square (+ 2 3)) composition with defined functions

Terminology: the formal parameter is the name of the argument (x); the actual argument expression is the
expression used in the invocation ((+ 2 3)); the actual argument value is the value of the argument in the
invocation (5). The argument’s name comes from the function’s definition; the argument’s value comes from
the invocation.
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Examples:

(define (plural wd)
(word wd ’s))

This simple plural works for lots of words (book, computer, elephant) but not for words that end in y (fly,
spy). So we improve it:

;;;;; In file cs61a/lectures/1.1/plural.scm
(define (plural wd)

(if (equal? (last wd) ’y)
(word (bl wd) ’ies)
(word wd ’s)))

If is a special form that only evaluates one of the alternatives.

Pig Latin: Move initial consonants to the end of the word and append “ay”; SCHEME becomes EMESCHAY.

;;;;; In file cs61a/lectures/1.1/pigl.scm
(define (pigl wd)

(if (pl-done? wd)
(word wd ’ay)
(pigl (word (bf wd) (first wd)))))

(define (pl-done? wd)
(vowel? (first wd)))

(define (vowel? letter)
(member? letter ’(a e i o u)))

Pigl introduces recursion—a function that invokes itself. More about how this works later in the week.

Another example: Remember how to play Buzz? You go around the circle counting, but if your number is
divisible by 7 or has a digit 7 you have to say “buzz” instead:

;;;;; In file cs61a/lectures/1.1/buzz.scm
(define (buzz n)

(cond ((equal? (remainder n 7) 0) ’buzz)
((member? 7 n) ’buzz)
(else n)))

This introduces the cond special form for multi-way choices.

Cond is the big exception to the rule about the meaning of parentheses; the clauses aren’t invocations.
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Functions.

• A function can have any number of arguments, including zero, but must have exactly one return value.
(Suppose you want two? You combine them into one, e.g., in a sentence.) It’s not a function unless you
always get the same answer for the same arguments.

• Why does that matter? If each little computation is independent of the past history of the overall
computation, then we can reorder the little computations. In particular, this helps cope with parallel
processors.

• The function definition provides a formal parameter (a name), and the function invocation provides an
actual argument (a value). These fit together like pieces of a jigsaw puzzle. Don’t write a “function” that
only works for one particular argument value!

• Instead of a sequence of events, we have composition of functions, like f(g(x)) in high school algebra. We
can represent this visually with function machines and plumbing diagrams.

Recursion:

;;;;; In file cs61a/lectures/1.1/argue.scm
> (argue ’(i like spinach))
(i hate spinach)
> (argue ’(broccoli is awful))
(broccoli is great)

(define (argue s)
(if (empty? s)

’()
(se (opposite (first s))

(argue (bf s)))))

(define (opposite w)
(cond ((equal? w ’like) ’hate)

((equal? w ’hate) ’like)
((equal? w ’wonderful) ’terrible)
((equal? w ’terrible) ’wonderful)
((equal? w ’great) ’awful)
((equal? w ’awful) ’great)
((equal? w ’terrific) ’yucky)
((equal? w ’yucky) ’terrific)
(else w) ))

This computes a function (the opposite function) of each word in a sentence. It works by dividing the
problem for the whole sentence into two subproblems: an easy subproblem for the first word of the sentence,
and another subproblem for the rest of the sentence. This second subproblem is just like the original problem,
but for a smaller sentence.

We can take pigl from last lecture and use it to translate a whole sentence into Pig Latin:
(define (pigl-sent s)

(if (empty? s)
’()
(se (pigl (first s))

(pigl-sent (bf s)))))

The structure of pigl-sent is a lot like that of argue. This common pattern is called mapping a function
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over a sentence.

Not all recursion follows this pattern. Each element of Pascal’s triangle is the sum of the two numbers above
it:

(define (pascal row col)
(cond ((= col 0) 1)

((= col row) 1)
(else (+ (pascal (- row 1) (- col 1))

(pascal (- row 1) col) ))))
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Normal vs. applicative order.

To illustrate this point we use a modified Scheme evaluator that lets us show the process of applicative or
normal order evaluation. We define functions using def instead of define. Then, we can evaluate expressions
using (applic (...)) for applicative order or (normal (...)) for normal order. (Never mind how this
modified evaluator itself works! Just take it on faith and concentrate on the results that it shows you.)

In the printed results, something like

(* 2 3) ==> 6

indicates the ultimate invocation of a primitive function. But

(f 5 9) ---->
(+ (g 5) 9)

indicates the substitution of actual arguments into the body of a function defined with def. (Of course,
whether actual argument values or actual argument expressions are substituted depends on whether you
used applic or normal, respectively.)

> (load "lectures/1.1/order.scm")
> (def (f a b) (+ (g a) b)) ; define a function
f
> (def (g x) (* 3 x)) ; another one
g
> (applic (f (+ 2 3) (- 15 6))) ; show applicative-order evaluation

(f (+ 2 3) (- 15 6))
(+ 2 3) ==> 5
(- 15 6) ==> 9

(f 5 9) ---->
(+ (g 5) 9)

(g 5) ---->
(* 3 5) ==> 15

(+ 15 9) ==> 24
24
> (normal (f (+ 2 3) (- 15 6))) ; show normal-order evaluation

(f (+ 2 3) (- 15 6)) ---->
(+ (g (+ 2 3)) (- 15 6))

(g (+ 2 3)) ---->
(* 3 (+ 2 3))

(+ 2 3) ==> 5
(* 3 5) ==> 15
(- 15 6) ==> 9

(+ 15 9) ==> 24 ; Same result, different process.
24

(continued on next page)
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> (def (zero x) (- x x)) ; This function should always return 0.
zero
> (applic (zero (random 10)))

(zero (random 10))
(random 10) ==> 5

(zero 5) ---->
(- 5 5) ==> 0
0 ; Applicative order does return 0.

> (normal (zero (random 10)))

(zero (random 10)) ---->
(- (random 10) (random 10))

(random 10) ==> 4
(random 10) ==> 8

(- 4 8) ==> -4
-4 ; Normal order doesn’t.

The rule is that if you’re doing functional programming, you get the same answer regardless of order of
evaluation. Why doesn’t this hold for (zero (random 10))? Because it’s not a function! Why not?

Efficiency: Try computing

(square (square (+ 2 3)))

in normal and applicative order. Applicative order is more efficient because it only adds 2 to 3 once, not
four times. (But later in the semester we’ll see that sometimes normal order is more efficient.)

Note that the reading for the second half of the week is section 1.3, skipping 1.2 for the time
being.
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CS 61A Lecture Notes Second Half of Week 1

Topic: Higher-order procedures

Reading: Abelson & Sussman, Section 1.3

Note that we are skipping 1.2; we’ll get to it later. Because of this, never mind for now the stuff about
iterative versus recursive processes in 1.3 and in the exercises from that section.

We’re all done teaching you the syntax of Scheme; from now on it’s all big ideas!

This lecture’s big idea is function as object (that is, being able to manipulate functions as data) as opposed
to the more familiar view of function as process, in which there is a sharp distinction between program and
data.

The usual metaphor for function as process is a recipe. In that metaphor, the recipe tells you what to do,
but you can’t eat the recipe; the food ingredients are the “real things” on which the recipe operates. But
this week we take the position that a function is just as much a “real thing” as a number or text string is.

Compare the derivative in calculus: It’s a function whose domain and range are functions, not numbers.
The derivative function treats ordinary functions as things, not as processes. If an ordinary function is a
meat grinder (put numbers in the top and turn the handle) then the derivative is a “metal grinder” (put
meat-grinders in the top...).

• Using functions as arguments.

Arguments are used to generalize a pattern. For example, here is a pattern:

;;;;; In file cs61a/lectures/1.3/general.scm
(define pi 3.141592654)

(define (square-area r) (* r r))

(define (circle-area r) (* pi r r))

(define (sphere-area r) (* 4 pi r r))

(define (hexagon-area r) (* (sqrt 3) 1.5 r r))

In each of these procedures, we are taking the area of some geometric figure by multiplying some constant
times the square of a linear dimension (radius or side). Each is a function of one argument, the linear
dimension. We can generalize these four functions into a single function by adding an argument for the
shape:

;;;;; In file cs61a/lectures/1.3/general.scm
(define (area shape r) (* shape r r))

(define square 1)
(define circle pi)
(define sphere (* 4 pi))
(define hexagon (* (sqrt 3) 1.5))

We define names for shapes; each name represents a constant number that is multiplied by the square of the
radius.
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In the example about areas, we are generalizing a pattern by using a variable number instead of a constant
number. But we can also generalize a pattern in which it’s a function that we want to be able to vary:
;;;;; In file cs61a/lectures/1.3/general.scm
(define (sumsquare a b)

(if (> a b)
0
(+ (* a a) (sumsquare (+ a 1) b)) ))

(define (sumcube a b)
(if (> a b)

0
(+ (* a a a) (sumcube (+ a 1) b)) ))

Each of these functions computes the sum of a series. For example, (sumsquare 5 8) computes 52 + 62 +
72 + 82. The process of computing each individual term, and of adding the terms together, and of knowing
where to stop, are the same whether we are adding squares of numbers or cubes of numbers. The only
difference is in deciding which function of a to compute for each term. We can generalize this pattern by
making the function be an additional argument, just as the shape number was an additional argument to
the area function:
(define (sum fn a b)

(if (> a b)
0
(+ (fn a) (sum fn (+ a 1) b)) ))

Here is one more example of generalizing a pattern involving functions:
;;;;; In file cs61a/lectures/1.3/filter.scm
(define (evens nums)

(cond ((empty? nums) ’())
((= (remainder (first nums) 2) 0)
(se (first nums) (evens (bf nums))) )

(else (evens (bf nums))) ))

(define (ewords sent)
(cond ((empty? sent) ’())

((member? ’e (first sent))
(se (first sent) (ewords (bf sent))) )

(else (ewords (bf sent))) ))

(define (pronouns sent)
(cond ((empty? sent) ’())

((member? (first sent) ’(I me you he she it him her we us they them))
(se (first sent) (pronouns (bf sent))) )

(else (pronouns (bf sent))) ))

Each of these functions takes a sentence as its argument and filters the sentence to return a smaller sentence
containing only some of the words in the original, according to a certain criterion: even numbers, words that
contain the letter e, or pronouns. We can generalize by writing a filter function that takes a predicate
function as an additional argument.
(define (filter pred sent)

(cond ((empty? sent) ’())
((pred (first sent)) (se (first sent) (filter pred (bf sent))) )
(else (filter pred (bf sent))) ))
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• Unnamed functions.

Suppose we want to compute
sin2 5 + sin2 6 + sin2 7 + sin2 8

We can use the generalized sum function this way:

> (define (sinsq x) (* (sin x) (sin x)))
> (sum sinsq 5 8)
2.408069916229755

But it seems a shame to have to define a named function sinsq that (let’s say) we’re only going to use this
once. We’d like to be able to represent the function itself as the argument to sum, rather than the function’s
name. We can do this using lambda:

> (sum (lambda (x) (* (sin x) (sin x))) 5 8)
2.408069916229755

Lambda is a special form; the formal parameter list obviously isn’t evaluated, but the body isn’t evaluated
when we see the lambda, either—only when we invoke the function can we evaluate its body.

• First-class data types.

A data type is considered first-class in a language if it can be
• the value of a variable (i.e., named)

• an argument to a function

• the return value from a function

• a member of an aggregate

In most languages, numbers are first-class; perhaps text strings (or individual text characters) are first-class;
but usually functions are not first-class. In Scheme they are. So far we’ve seen the first two properties; we’re
about to look at the third. (We haven’t really talked about aggregates yet, except for the special case of
sentences, but we’ll see in chapter 2 that functions can be elements of aggregates.) It’s one of the design
principles of Scheme that everything in the language should be first-class. Later, when we write a Scheme
interpreter in Scheme, we’ll see how convenient it is to be able to treat Scheme programs as data.

• Functions as return values.

(define (compose f g) (lambda (x) (f (g x))))
(define (twice f) (compose f f))
(define (make-adder n) (lambda (x) (+ x n)))

The derivative is a function whose domain and range are functions.

People who’ve programmed in Pascal might note that Pascal allows functions as arguments, but not functions
as return values. That’s because it makes the language harder to implement; you’ll learn more about this in
164.
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• Let.

We write a function that returns a sentence containing the two roots of the quadratic equation ax2+bx+c = 0
using the formula

x =
−b±√b2 − 4ac

2a

(We assume, to simplify this presentation, that the equation has two real roots; a more serious program
would check this.)

;;;;; In file cs61a/lectures/1.3/roots.scm
(define (roots a b c)

(se (/ (+ (- b) (sqrt (- (* b b) (* 4 a c)))) (* 2 a))
(/ (- (- b) (sqrt (- (* b b) (* 4 a c)))) (* 2 a)) ))

This works fine, but it’s inefficient that we have to compute the square root twice. We’d like to avoid that
by computing it once, giving it a name, and using that name twice in figuring out the two solutions. We
know how to give something a name by using it as an argument to a function:

;;;;; In file cs61a/lectures/1.3/roots.scm
(define (roots a b c)

(define (roots1 d)
(se (/ (+ (- b) d) (* 2 a))

(/ (- (- b) d) (* 2 a)) ))
(roots1 (sqrt (- (* b b) (* 4 a c)))) )

Roots1 is an internal helper function that takes the value of the square root in the formula as its argument
d. Roots calls roots1, which constructs the sentence of two numbers.

This does the job, but it’s awkward having to make up a name roots1 for this function that we’ll only use
once. As in the sum example earlier, we can use lambda to make an unnamed function:

;;;;; In file cs61a/lectures/1.3/roots.scm
(define (roots a b c)

((lambda (d)
(se (/ (+ (- b) d) (* 2 a))

(/ (- (- b) d) (* 2 a)) ))
(sqrt (- (* b b) (* 4 a c))) ))

This does exactly what we want. The trouble is, although it works fine for the computer, it’s a little hard for
human beings to read. The connection between the name d and the sqrt expression that provides its value
isn’t obvious from their positions here, and the order in which things are computed isn’t the top-to-bottom
order of the expression. Since this is something we often want to do, Scheme provides a more convenient
notation for it:

;;;;; In file cs61a/lectures/1.3/roots.scm
(define (roots a b c)

(let ((d (sqrt (- (* b b) (* 4 a c)))))
(se (/ (+ (- b) d) (* 2 a))

(/ (- (- b) d) (* 2 a)) )))

Now we have the name next to the value, and we have the value of d being computed above the place
where it’s used. But you should remember that let does not provide any new capabilities; it’s merely an
abbreviation for a lambda and an invocation of the unnamed function.
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The unnamed function implied by the let can have more than one argument:

;;;;; In file cs61a/lectures/1.3/roots.scm
(define (roots a b c)

(let ((d (sqrt (- (* b b) (* 4 a c))))
(-b (- b))
(2a (* 2 a)))

(se (/ (+ -b d) 2a)
(/ (- -b d) 2a) )))

Two cautions: (1) These are not long-term “assignment statements” such as you may remember from other
languages. The association between names and values only holds while we compute the body of the let.
(2) If you have more than one name-value pair, as in this last example, they are not computed in sequence!
Later ones can’t depend on earlier ones. They are all arguments to the same function; if you translate back
to the underlying lambda-and-application form you’ll understand this.

Another point of interest: Please note how, by using a language with first-class functions, we can construct
local variables. We say, in this case, that the expressive power of first-class functions includes the ability
to construct local variables. Indeed, the notion that first-class unnamed procedures give us other types of
functionality ”for free” will be a recurring theme of this course.

106



CS 61A Lecture Notes First Half of Week 2

Topic: Recursion and iteration

Reading: Abelson & Sussman, Section 1.2 through 1.2.4 (pages 31–72)

The next two lectures are about efficiency. Mostly in 61A we don’t care about that; it becomes a focus of
attention in 61B. In 61A we’re happy if you can get a program working at all, except for the next 2 lectures,
when we introduce ideas that will be more important to you later.

We want to know about the efficiency of algorithms, not of computer hardware. So instead of measuring
runtime in microseconds or whatever, we ask about the number of times some primitive (fixed-time) operation
is performed. Example:

;;;;; In file cs61a/lectures/1.2/growth.scm
(define (square x) (* x x))

(define (squares sent)
(if (empty? sent)

’()
(se (square (first sent))

(squares (bf sent)) )))

To estimate the efficiency of this algorithm, we can ask, “if the sentence has N numbers in it, how many
multiplications do we perform?” The answer is that we do one multiplication for each number in the
argument, so we do N altogether. The amount of time needed should roughly double if the number of
numbers doubles.

Another example:

;;;;; In file cs61a/lectures/1.2/growth.scm
(define (sort sent)

(if (empty? sent)
’()
(insert (first sent)

(sort (bf sent)) )))

(define (insert num sent)
(cond ((empty? sent) (se num sent))

((< num (first sent)) (se num sent))
(else (se (first sent) (insert num (bf sent)))) ))

Here we are sorting a bunch of numbers by comparing them against each other. If there are N numbers,
how many comparisons do we do?

Well, if there are K numbers in the argument to insert, how many comparisons does it do? K of them.
How many times do we call insert? N times. But it’s a little tricky because each call to insert has a
different length sentence. The range is from 0 to N − 1. So the total number of comparisons is actually

0 + 1 + 2 + · · ·+ (N − 2) + (N − 1)

which turns out to be 1
2N(N − 1). For large N , this is roughly equal to 1

2N2. If the number of numbers
doubles, the time required should quadruple.

That constant factor of 1
2 isn’t really very important, since we don’t really know what we’re halving—that

is, we don’t know exactly how long it takes to do one comparison. If we want a very precise measure of
how many microseconds something will take, then we have to worry about the constant factors, but for an
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overall sense of the nature of the algorithm, what counts is the N2 part. If we double the size of the input
to a program, how does that affect the running time?

We use “big Theta” notation to express this sort of approximation. We say that the running time of the
sort function is Θ(N2) while the running time of the squares function is Θ(N). The formal definition is

f(x) = Θ(g(x)) ⇔ ∃k,N | ∀x > N, |f(x)| ≤ k · |g(x)|

What does all this mean? Basically that one function is always less than another function (e.g., the time
for your program to run is less than x2) except that we don’t care about constant factors (that’s what the
k means) and we don’t care about small values of x (that’s what the N means).

Why don’t we care about small values of x? Because for small inputs, your program will be fast enough
anyway. Let’s say one program is 1000 times faster than another, but one takes a millisecond and the other
takes a second. Big deal.

Why don’t we care about constant factors? Because for large inputs, the constant factor will be drowned
out by the order of growth—the exponent in the Θ(xi) notation. Here is an example taken from the book
Programming Pearls by Jon Bentley (Addison-Wesley, 1986). He ran two different programs to solve the
same problem. One was a fine-tuned program running on a Cray supercomputer, but using an Θ(N3)
algorithm. The other algorithm was run on a Radio Shack microcomputer, so its constant factor was several
million times bigger, but the algorithm was Θ(N). For small N the Cray was much faster, but for small N
both computers solved the problem in less than a minute. When N was large enough for the problem to
take a few minutes or longer, the Radio Shack computer’s algorithm was faster.

;;;;; In file cs61a/lectures/1.2/bentley

t1(N) = 3.0 N3 t2(N) = 19,500,000 N

N CRAY-1 Fortran TRS-80 Basic

10 3.0 microsec 200 millisec
100 3.0 millisec 2.0 sec

1000 3.0 sec 20 sec
10000 49 min 3.2 min
100000 35 days 32 min

1000000 95 yrs 5.4 hrs

Typically, the algorithms you run across can be grouped into four categories according to their order of
growth in time required. The first category is searching for a particular value out of a collection of values,
e.g., finding someone’s telephone number. The most obvious algorithm (just look through all the values until
you find the one you want) is Θ(N) time, but there are smarter algorithms that can work in Θ(log N) time
or even in Θ(1) (that is, constant) time. The second category is sorting a bunch of values into some standard
order. (Many other problems that are not explicitly about sorting turn out to require similar approaches.)
The obvious sorting algorithms are Θ(N2) and the clever ones are Θ(N log N). A third category includes
relatively obscure problems such as matrix multiplication, requiring Θ(N3) time. Then there is an enormous
jump to the really hard problems that require Θ(2N ) or even Θ(N !) time; these problems are effectively not
solvable for values of N greater than one or two dozen. (Inventing faster computers won’t help; if the speed
of your computer doubles, that just adds 1 to the largest problem size you can handle!) Trying to find faster
algorithms for these intractable problems is a current hot research topic in computer science.
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• Iterative processes
So far we’ve been talking about time efficiency, but there is also memory (space) efficiency. This has gotten
less important as memory has gotten cheaper, but it’s still somewhat relevant because using a lot of memory
increases swapping (not everything fits at once) and so indirectly takes time.
The immediate issue for today is the difference between a linear recursive process and an iterative process.

;;;;; In file cs61a/lectures/1.2/count.scm
(define (count sent)

(if (empty? sent)
0
(+ 1 (count (bf sent))) ))

This function counts the number of words in a sentence. It takes Θ(N) time. It also requires Θ(N) space,
not counting the space for the sentence itself, because Scheme has to keep track of N pending computations
during the processing:

(count ’(i want to hold your hand))
(+ 1 (count ’(want to hold your hand)))
(+ 1 (+ 1 (count ’(to hold your hand))))
(+ 1 (+ 1 (+ 1 (count ’(hold your hand)))))
(+ 1 (+ 1 (+ 1 (+ 1 (count ’(your hand))))))
(+ 1 (+ 1 (+ 1 (+ 1 (+ 1 (count ’(hand)))))))
(+ 1 (+ 1 (+ 1 (+ 1 (+ 1 (+ 1 (count ’())))))))
(+ 1 (+ 1 (+ 1 (+ 1 (+ 1 (+ 1 0))))))
(+ 1 (+ 1 (+ 1 (+ 1 (+ 1 1)))))
(+ 1 (+ 1 (+ 1 (+ 1 2))))
(+ 1 (+ 1 (+ 1 3)))
(+ 1 (+ 1 4))
(+ 1 5)
6

When we get halfway through this chart and compute (count ’()), we aren’t finished with the entire
problem. We have to remember to add 1 to the result six times. Each of those remembered tasks requires
some space in memory until it’s finished.
Here is a more complicated program that does the same thing differently:

;;;;; In file cs61a/lectures/1.2/count.scm
(define (count sent)

(define (iter wds result)
(if (empty? wds)

result
(iter (bf wds) (+ result 1)) ))

(iter sent 0) )

This time, we don’t have to remember uncompleted tasks; when we reach the base case of the recursion, we
have the answer to the entire problem:

(count ’(i want to hold your hand))
(iter ’(i want to hold your hand) 0)
(iter ’(want to hold your hand) 1)
(iter ’(to hold your hand) 2)
(iter ’(hold your hand) 3)
(iter ’(your hand) 4)
(iter ’(hand) 5)
(iter ’() 6)
6
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When a process has this structure, Scheme does not need extra memory to remember all the unfinished tasks
during the computation.

This is really not a big deal. For the purposes of this course, you should generally use the simpler linear-
recursive structure and not try for the more complicated iterative structure; the efficiency savings is not
worth the increased complexity. The reason Abelson and Sussman make a fuss about it is that in other
programming languages any program that is recursive in form (i.e., in which a function invokes itself) will
take (at least) linear space even if it could theoretically be done iteratively. These other languages have
special iterative syntax (for, while, and so on) to avoid recursion. In Scheme you can use the function-
calling mechanism and still achieve an iterative process.

• More is less: non-obvious efficiency improvements.

The nth row of Pascal’s triangle contains the constant coefficients of the terms of (a + b)n. Each number
in Pascal’s triangle is the sum of the two numbers above it. So we can write a function to compute these
numbers:

;;;;; In file cs61a/lectures/1.2/pascal.scm
(define (pascal row col)

(cond ((= col 0) 1)
((= col row) 1)
(else (+ (pascal (- row 1) (- col 1))

(pascal (- row 1) col) ))))

This program is very simple, but it takes Θ(2n) time! [Try some examples. Row 18 is already getting slow.]

Instead we can write a more complicated program that, on the surface, does a lot more work because it
computes an entire row at a time instead of just the number we need:

;;;;; In file cs61a/lectures/1.2/pascal.scm
(define (new-pascal row col)

(nth col (pascal-row row)) )

(define (pascal-row row-num)
(define (iter in out)

(if (empty? (bf in))
out
(iter (bf in) (se (+ (first in) (first (bf in))) out)) ))

(define (next-row old-row num)
(if (= num 0)

old-row
(next-row (se 1 (iter old-row ’(1))) (- num 1)) ))

(next-row ’(1) row-num) )

This was harder to write, and seems to work harder, but it’s incredibly faster because it’s Θ(N2).

The reason is that the original version computed lots of entries repeatedly. The new version computes a few
unnecessary ones, but it only computes each entry once.

Moral: When it really matters, think hard about your algorithm instead of trying to fine-tune a few mi-
croseconds off the obvious algorithm.
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CS 61A Lecture Notes Second Half of Week 2

Topic: Data abstraction

Reading: Abelson & Sussman, Sections 2.1 and 2.2.1 (pages 79–106)

• Big ideas: data abstraction, abstraction barrier.

If we are dealing with some particular type of data, we want to talk about it in terms of its meaning, not in
terms of how it happens to be represented in the computer.

Example: Here is a function that computes the total point score of a hand of playing cards. (This simplified
function ignores the problem of cards whose rank-name isn’t a number.)

;;;;; In file cs61a/lectures/2.1/total.scm
(define (total hand)

(if (empty? hand)
0
(+ (butlast (last hand))

(total (butlast hand)) )))

> (total ’(3h 10c 4d))
17

This function calls butlast in two places. What do those two invocations mean? Compare it with a modified
version:

;;;;; In file cs61a/lectures/2.1/total.scm
(define (total hand)

(if (empty? hand)
0
(+ (rank (one-card hand))

(total (remaining-cards hand)) )))

(define rank butlast)
(define suit last)

(define one-card last)
(define remaining-cards butlast)

This is more work to type in, but the result is much more readable. If for some reason we wanted to modify
the program to add up the cards left to right instead of right to left, we’d have trouble editing the original
version because we wouldn’t know which butlast to change. In the new version it’s easy to keep track of
which function does what.

The auxiliary functions like rank are called selectors because they select one component of a multi-part
datum.

111



Actually we’re violating the data abstraction when we type in a hand of cards as ’(3h 10c 4d) because
that assumes we know how the cards are represented—namely, as words combining the rank number with
a one-letter suit. If we want to be thorough about hiding the representation, we need constructor functions
as well as the selectors:

;;;;; In file cs61a/lectures/2.1/total.scm
(define (make-card rank suit)

(word rank (first suit)) )

(define make-hand se)

> (total (make-hand (make-card 3 ’heart)
(make-card 10 ’club)
(make-card 4 ’diamond) ))

17

Once we’re using data abstraction we can change the implementation of the data type without affecting the
programs that use that data type. This means we can change how we represent a card, for example, without
rewriting total:

;;;;; In file cs61a/lectures/2.1/total.scm
(define (make-card rank suit)

(cond ((equal? suit ’heart) rank)
((equal? suit ’spade) (+ rank 13))
((equal? suit ’diamond) (+ rank 26))
((equal? suit ’club) (+ rank 39))
(else (error "say what?")) ))

(define (rank card)
(remainder card 13))

(define (suit card)
(nth (quotient card 13) ’(heart spade diamond club)))

We have changed the internal representation so that a card is now just a number between 1 and 52 (why?
maybe we’re programming in FORTRAN) but we haven’t changed the behavior of the program at all. We
still call total the same way.

Data abstraction is a really good idea because it helps keep you from getting confused when you’re dealing
with lots of data types, but don’t get religious about it. For example, we have invented the sentence data type
for this course. We have provided symmetric selectors first and last, and symmetric selectors butfirst
and butlast. You can write programs using sentences without knowing how they’re implemented. But it
turns out that because of the way they are implemented, first and butfirst take Θ(1) time, while last
and butlast take Θ(N) time. If you know that, your programs will be faster.

• Pairs.

To represent data types that have component parts (like the rank and suit of a card), you have to have
some way to aggregate information. Many languages have the idea of an array that groups some number of
elements. In Lisp the most basic aggregation unit is the pair—two things combined to form a bigger thing.
If you want more than two parts you can hook a bunch of pairs together; we’ll discuss this more next week.

The constructor for pairs is CONS; the selectors are CAR and CDR.
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The book uses pairs to represent many different abstract data types: rational numbers (numerator and
denominator), complex numbers (real and imaginary parts), points (x and y coordinates), intervals (low and
high bounds), and line segments (two endpoints). Notice that in the case of line segments we think of the
representation as one pair containing two points, not as three pairs containing four numbers. (That’s what
it means to respect a data abstraction.)

Note: What’s the difference between these two:

(define (make-rat num den) (cons num den))
(define make-rat cons)

They are both equally good ways to implement a constructor for an abstract data type. The second way
has a slight speed advantage (one fewer function call) but the first way has a debugging advantage because
you can trace make-rat without tracing all invocations of cons.

• Data aggregation doesn’t have to be primitive.

In most languages the data aggregation mechanism (the array or whatever) seems to be a necessary part of
the core language, not something you could implement as a user of the language. But if we have first-class
functions we can use a function to represent a pair:

;;;;; In file cs61a/lectures/2.1/cons.scm
(define (cons x y)

(lambda (which)
(cond ((equal? which ’car) x)

((equal? which ’cdr) y)
(else (error "Bad message to CONS" message)) )))

(define (car pair)
(pair ’car))

(define (cdr pair)
(pair ’cdr))

This is like the version in the book except that they use 0 and 1 as the messages because they haven’t
introduced quoted words yet. This version makes it a little clearer what the argument named which means.

The point is that we can satisfy ourselves that this version of cons, car, and cdr works in the sense that if
we construct a pair with this cons we can extract its two components with this car and cdr. If that’s true,
we don’t need to have pairs built into the language! All we need is lambda and we can implement the rest
ourselves. (It isn’t really done this way, in real life, for efficiency reasons, but it’s neat that it could be.)
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• Big idea: abstract data type sequence (or list).

We want to represent an ordered sequence of things. (They can be any kind of things.) We implement
sequences using pairs, with each car pointing to an element and each cdr pointing to the next pair.

What should the constructors and selectors be? The most obvious thing is to have a constructor list that
takes any number of arguments and returns a list of those arguments, and a selector nth that takes a number
and a list as arguments, returning the nth element of the list.

Scheme does provide those, but it often turns out to be more useful to select from a list differently, with a
selector for the first element and a selector for all the rest of the elements (i.e., a smaller list). This helps us
write recursive functions such as the mapping and filtering ones we saw for sentences earlier.

Since we are implementing lists using pairs, we ought to have specially-named constructors and selectors for
lists, just like for rational numbers:

(define adjoin cons)
(define first car)
(define rest cdr)

Many Lisp systems do in fact provide first and rest as synonyms for car and cdr, but the fact is that this
particular data abstraction is commonly violated; we just use the names car, cdr, and cons to talk about
lists.

This abstract data type has a special status in the Scheme interpreter itself, because lists are read and printed
using a special notation. If Scheme knew only about pairs, and not about lists, then when we construct the
list (1 2 3) it would print as (1 . (2 .(3 . ()))) instead.

• Lists vs. sentences.

We started out the semester using an abstract data type called sentence that looks a lot like a list. What’s
the difference, and why did we do it that way?

Our goal was to allow you to create aggregates of words without having to think about the structure of their
internal representation (i.e., about pairs). We do this by deciding that the elements of a sentence must be
words (not sublists), and enforcing that by giving you the constructor sentence that creates only sentences.

Example: One of the homework problems for this problem set asks you to reverse a list. You’ll see that this
is a little tricky using cons, car, and cdr as the problem asks, but it’s easy for sentences:

(define (reverse sent)
(if (empty? sent)

’()
(se (reverse (bf sent)) (first sent)) ))
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To give you a better idea about what a sentence is, here’s a version of the constructor function:

;;;;; In file cs61a/lectures/2.2/sentence.scm
(define (se a b)

(cond ((word? a) (se (list a) b))
((word? b) (se a (list b)))
(else (append a b)) ))

(define (word? x)
(or (symbol? x) (number? x)) )

Se is a lot like append, except that the latter behaves oddly if given words as arguments. Se can accept
words or sentences as arguments.

• Box and pointer diagrams.

Here are a few details that people sometimes get wrong about them:

1. An arrow can’t point to half of a pair. If an arrowhead touches a pair, it’s pointing to the entire pair,
and it doesn’t matter exactly where the arrowhead touches the rectangle. If you see something like

(define x (car y))

where y is a pair, the arrow for x should point to the thing that the car of y points to, not to the left half
of the y rectangle.

2. The direction of arrows (up, down, left, right) is irrelevant. You can draw them however you want to
make the arrangement of pairs neat. That’s why it’s crucial not to forget the arrowheads!

3. There must be a top-level arrow to show where the structure you’re representing begins.

How do you draw a diagram for a complicated list? Take this example:

((a b) c (d (e f)))

You begin by asking yourself how many elements the list has. In this case it has three elements: first (a b),
then c, then the rest. Therefore you should draw a three-pair backbone: three pairs with the cdr of one
pointing to the next one. (The final cdr is null.)

Only after you’ve drawn the backbone should you worry about making the cars of your three pairs point to
the three elements of the top-level list.
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CS 61A Lecture Notes First Half of Week 3

Topic: Hierarchical data

Reading: Abelson & Sussman, Section 2.2.2–2.2.3, 2.3.1, 2.3.3

• Trees.

Big idea: representing a hierarchy of information.

Definitions: node, root, branch, leaf.

A node is a particular point in the tree, but it’s also a subtree, just as a pair is a list at the same time that
it’s a pair.

What are trees good for?
• Hierarchy: world, countries, states, cities.

• Ordering: binary search trees.

• Composition: arithmetic operations at branches, numbers at leaves.

Many problems involve tree search: visiting each node of a tree to look for some information there. Maybe
we’re looking for a particular node, maybe we’re adding up all the values at all the nodes, etc. There is one
obvious order in which to search a sequence (left to right), but many ways in which we can search a tree.

Depth-first search: Look at a given node’s children before its siblings.

Breadth-first search: Look at the siblings before the children.

Within the DFS category there are more kinds of orderings:

Preorder: Look at a node before its children.

Postorder: Look at the children before the node.

Inorder (binary trees only): Look at the left child, then the node, then the right child.

For a tree of arithmetic operations, preorder is Lisp, inorder is conventional arithmetic notation, postorder
is HP calculator.

(Note: In 61B we come back to trees in more depth, including the study of balanced trees, i.e., using special
techniques to make sure a search tree has about as much stuff on the left as on the right.)

• Below-the-line representation of trees.

Lisp has one built-in way to represent sequences, but there is no official way to represent trees. Why not?
• Branch nodes may or may not have data.

• Binary vs. n-way trees.

• Order of siblings may or may not matter.

• Can tree be empty?

We can think about a tree ADT in terms of a selector and constructors:

(make-tree datum children)
(datum node)
(children node)
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The selector children should return a list (sequence) of the children of the node. These children are
themselves trees. A leaf node is one with no children:

(define (leaf? node)
(null? (children node)) )

This definition of leaf? should work no matter how we represent the ADT.

If every node in your tree has a datum, then the straightforward implementation is

;;;;; Compare file cs61a/lectures/2.2/tree1.scm
(define make-tree cons)
(define datum car)
(define children cdr)

On the other hand, it’s also common to think of any list structure as a tree in which the leaves are words
and the branch nodes don’t have data. For example, a list like

(a (b c d) (e (f g) h))

can be thought of as a tree whose root node has three children: the leaf a and two branch nodes. For this
sort of tree it’s common not to use formal ADT selectors and constructors at all, but rather just to write
procedures that handle the car and the cdr as subtrees. To make this concrete, let’s look at mapping a
function over all the data in a tree.

First we review mapping over a sequence:

;;;;; In file cs61a/lectures/2.2/squares.scm
(define (SQUARES seq)

(if (null? seq)
’()
(cons (SQUARE (car seq))

(SQUARES (cdr seq)) )))

The pattern here is that we apply some operation (square in this example) to the data, the elements of the
sequence, which are in the cars of the pairs, and we recur on the sublists, the cdrs.

Now let’s look at mapping over the kind of tree that has data at every node:

;;;;; In file cs61a/lectures/2.2/squares.scm
(define (SQUARES tree)

(make-tree (SQUARE (datum tree))
(map SQUARES (children tree)) ))

Again we apply the operation to every datum, but instead of a simple recursion for the rest of the list, we
have to recur for each child of the current node. We use map (mapping over a sequence) to provide several
recursive calls instead of just one.

If the data are only at the leaves, we just treat each pair in the structure as containing two subtrees:

;;;;; In file cs61a/lectures/2.2/squares.scm
(define (SQUARES tree)

(cond ((null? tree) ’())
((atom? tree) (SQUARE tree))
(else (cons (SQUARES (car tree))

(SQUARES (cdr tree)) )) ))

The hallmark of tree recursion is to recur for both the car and the cdr.
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CS 61A Lecture Notes Second Half of Week 3

Topic: Representing abstract data

Reading: Abelson & Sussman, Sections 2.4 through 2.5.2 (pages 169–200)

The overall problem we’re addressing in the next two lectures is to control the complexity of large systems
with many small procedures that handle several types of data. We are building toward the idea of object-
oriented programming, which many people see as the ultimate solution to this problem, and which we discuss
for two weeks starting next week.

Big ideas:
• tagged data
• data-directed programming
• message passing

The first problem is keeping track of types of data. If we see a pair whose car is 3 and whose cdr is 4, does
that represent 3

4 or does it represent 3 + 4i?

The solution is tagged data: Each datum carries around its own type information. In effect we do (cons
’rational (cons 3 4)) for the rational number 3

4 , although of course we use an ADT.

Just to get away from the arithmetic examples in the text, we’ll use another example about geometric shapes.
Our data types will be squares and circles; our operations will be area and perimeter.

We want to be able to say, e.g., (area circle3) to get area of a particular (previously defined) circle. To
make this work, the function area has to be able to tell which type of shape it’s seeing. We accomplish this
by attaching a type tag to each shape:

;;;;; In file cs61a/lectures/2.4/geom.scm
(define pi 3.141592654)

(define (make-square side)
(attach-tag ’square side))

(define (make-circle radius)
(attach-tag ’circle radius))

(define (area shape)
(cond ((eq? (type-tag shape) ’square)

(* (contents shape) (contents shape)))
((eq? (type-tag shape) ’circle)
(* pi (contents shape) (contents shape)))

(else (error "Unknown shape -- AREA"))))

(define (perimeter shape)
(cond ((eq? (type-tag shape) ’square)

(* 4 (contents shape)))
((eq? (type-tag shape) ’circle)
(* 2 pi (contents shape)))

(else (error "Unknown shape -- PERIMETER"))))

;; some sample data

(define square5 (make-square 5))
(define circle3 (make-circle 3))
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• Orthogonality of types and operators.

The next problem to deal with is the proliferation of functions because you want to be able to apply every
operation to every type. In our example, with two types and two operations we need four algorithms.

What happens when we invent a new type? If we write our program in the conventional (i.e., old-fashioned)
style as above, it’s not enough to add new functions; we have to modify all the operator functions like area
to know about the new type. We’ll look at two different approaches to organizing things better: data-directed
programming and message passing.

The idea in DDP is that instead of keeping the information about types versus operators inside functions,
as cond clauses, we record this information in a data structure. A&S provide tools put to set up the data
structure and get to examine it:

> (get ’foo ’baz)
#f
> (put ’foo ’baz ’hello)
> (get ’foo ’baz)
hello

Once you put something in the table, it stays there. (This is our first departure from functional programming.
But our intent is to set up the table at the beginning of the computation and then to treat it as constant
information, not as something that might be different the next time you call get, despite the example above.)
For now we take put and get as primitives; we’ll see how to build them in section 3.3 in two weeks

The code is mostly unchanged from the conventional version; the tagged data ADT and the two shape ADTs
are unchanged. What’s different is how we represent the four algorithms for applying some operator to some
type:

;;;;; In file cs61a/lectures/2.4/geom.scm

(put ’square ’area (lambda (s) (* s s)))
(put ’circle ’area (lambda (r) (* pi r r)))
(put ’square ’perimeter (lambda (s) (* 4 s)))
(put ’circle ’perimeter (lambda (r) (* 2 pi r)))

Notice that the entry in each cell of the table is a function, not a symbol. We can now redefine the six
generic operators (“generic” because they work for any of the types):

;;;;; In file cs61a/lectures/2.4/geom.scm

(define (area shape)
(operate ’area shape))

(define (perimeter shape)
(operate ’perimeter shape))

(define (operate op obj) ;; like APPLY-GENERIC but for one operand
(let ((proc (get (type-tag obj) op)))

(if proc
(proc (contents obj))
(error "Unknown operator for type"))))

Now if we want to invent a new type, all we have to do is a few put instructions and the generic operators
just automatically work with the new type.

Don’t get the idea that DDP just means a two-dimensional table of operator and type names! DDP is a
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very general, great idea. It means putting the details of a system into data, rather than into programs, so
you can write general programs instead of very specific ones.

In the old days, every time a company got a computer they had to hire a bunch of programmers to write
things like payroll programs for them. They couldn’t just use someone else’s program because the details
would be different, e.g., how many digits in the employee number. These days you have general business
packages and each company can “tune” the program to their specific purpose with a data file.

Another example showing the generality of DDP is the compiler compiler. It used to be that if you wanted
to invent a new programming language you had to start from scratch in writing a compiler for it. But now
we have formal notations for expressing the syntax of the language. (See section 7.1, page 38, of the Scheme
Report at the back of the course reader.) A single program can read these formal descriptions and compile
any language. [The Scheme BNF is in cs61a/lectures/2.4/bnf.]

• Message-passing.

In conventional style, the operators are represented as functions that know about the different types; the
types themselves are just data. In DDP, the operators and types are all data, and there is one universal
operate function that does the work. We can also stand conventional style on its head, representing the
types as functions and the operations as mere data.

In fact, not only are the types functions, but so are the individual data themselves. That is, there is a
function (make-circle below) that represents the circle type, and when you invoke that function, it returns
a function that represents the particular circle you give it as its argument. Each circle is an object and
the function that represents it is a dispatch procedure that takes as its argument a message saying which
operation to perform.

;;;;; In file cs61a/lectures/2.4/geom.scm

(define (make-square side)
(lambda (message)

(cond ((eq? message ’area)
(* side side))

((eq? message ’perimeter)
(* 4 side))

(else (error "Unknown message")))))

(define (make-circle radius)
(lambda (message)

(cond ((eq? message ’area)
(* pi radius radius))

((eq? message ’perimeter)
(* 2 pi radius))

(else (error "Unknown message")))))

(define square5 (make-square 5))
(define circle3 (make-circle 3))
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The defines that produce the individual shapes look no different from before, but the results are different:
Each shape is a function, not a list structure. So to get the area of the shape circle3 we invoke that
shape with the proper message: (circle3 ’area). That notation is a little awkward so we provide a little
“syntactic sugar” that allows us to say (area circle3) as in the past:

;;;;; In file cs61a/lectures/2.4/msg.scm
(define (operate op obj)

(obj op))

(define (area shape)
(operate ’area shape))

(define (perimeter shape)
(operate ’perimeter shape))

Message passing may seem like an overly complicated way to handle this problem of shapes, but we’ll see
next week that it’s one of the key ideas in creating object-oriented programming. Message passing becomes
much more powerful when combined with the idea of local state that we’ll learn next week.

We seem to have abandoned tagged data; every shape type is just some function, and it’s hard to tell which
type of shape a given function represents. We could combine message passing with tagged data, if desired,
by adding a type message that each object understands.

(define (make-square side)
(lambda (message)

(cond ((eq? message ’area)
(* side side))

((eq? message ’perimeter)
(* 4 side))

((EQ? MESSAGE ’TYPE) ’SQUARE)
(else (error "Unknown message")))))

• Dyadic operations.

Our shape example is easier than the arithmetic example in the book because our operations only require
one operand, not two. For arithmetic operations like +, it’s not good enough to connect the operation with
a type; the two operands might have two different types. What should you do if you have to add a rational
number to a complex number?

There is no perfect solution to this problem. For the particular case of arithmetic, we’re lucky in that the
different types form a sequence of larger and larger sets. Every integer is a rational number; every rational is
a real; every real is a complex. So we can deal with type mismatch by raising the less-complicated operand
to the type of the other one. To add a rational number to a complex number, raise the rational number to
complex and then you’re left with the problem of adding two complex numbers. So we only need N addition
algorithms, not N2 algorithms, where N is the number of types.

Do we need N2 raising algorithms? No, because we don’t have to know directly how to raise a rational
number to complex. We can raise the rational number to the next higher type (real), and then raise that
real number to complex. So if we want to add 1

3 and 2 + 5i the answer comes out 2.3333 + 5i.

As this example shows, nonchalant raising can lose information. It would be better, perhaps, if we could
get the answer 7

3 + 5i instead of the decimal approximation. Numbers are a rat’s nest full of traps for the
unwary. You will live longer if you only write programs about integers.
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CS 61A Lecture Notes First Half of Week 4

Topic: Object-oriented programming

Reading: OOP Above-the-line notes in course reader

OOP is an abstraction. Above the line we have the metaphor of multiple independent intelligent agents;
instead of one computer carrying out one program we have hordes of objects each of which can carry out
computations. To make this work there are three key ideas within this metaphor:

• Message passing: An object can ask other objects to do things for it.

• Local state: An object can remember stuff about its own past history.

• Inheritance: One object type can be just like another except for a few
We have invented an OOP language as an extension to Scheme. Basically you are still writing Scheme
programs, but with the vocabulary extended to use some of the usual OOP buzzwords. For example, a class
is a type of object; an instance is a particular object. “Complex number” is a class; 3 + 4i is an instance.
Here’s how the message-passing complex numbers from last week would look in OOP notation:

;;;;; In file cs61a/lectures/3.0/demo.scm
(define-class (complex real-part imag-part)

(method (magnitude)
(sqrt (+ (* real-part real-part)

(* imag-part imag-part))))
(method (angle)

(atan (/ imag-part real-part))) )

> (define c (instantiate complex 3 4))
> (ask c ’magnitude)
5
> (ask c ’real-part)
3

This shows how we define the class complex; then we create the instance c whose value is 3 + 4i; then we
send c a message (we ask it to do something) in order to find out that its magnitude is 5. We can also ask
c about its instantiation variables, which are the arguments used when the class is instantiated.

When we send a message to an object, it responds by carrying out a method, i.e., a procedure that the object
associates with the message.

So far, although the notation is new, we haven’t done anything different from what we did last week in
chapter 2. Now we take the big step of letting an object remember its past history, so that we are no
longer doing functional programming. The result of sending a message to an object depends not only on the
arguments used right now, but also on what messages we’ve sent the object before:

;;;;; In file cs61a/lectures/3.0/demo.scm
(define-class (counter)

(instance-vars (count 0))
(method (next)

(set! count (+ count 1))
count) )

> (define c1 (instantiate counter))
> (ask c1 ’next)
1
> (ask c1 ’next)
2
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> (define c2 (instantiate counter))
> (ask c2 ’next)
1
> (ask c1 ’next)
3

Each counter has its own instance variable to remember how many times it’s been sent the next message.

Don’t get confused about the terms instance variable versus instantiation variable. They are similar in that
each instance has its own version; the difference is that instantiation variables are given values when an
instance is created, using extra arguments to instantiate, whereas the initial values of instance variables
are specified in the class definition and are generally the same for every instance (although the values may
change as the computation goes on.)

Methods can have arguments. You supply the argument when you ask the corresponding message:

;;;;; In file cs61a/lectures/3.0/demo.scm
(define-class (doubler)

(method (say stuff) (se stuff stuff)))

> (define dd (instantiate doubler))
> (ask dd ’say ’hello)
(hello hello)
> (ask dd ’say ’(she said))
(she said she said)

Besides having a variable for each instance, it’s also possible to have variables that are shared by every
instance of the same class:

;;;;; In file cs61a/lectures/3.0/demo2.scm
(define-class (counter)

(instance-vars (count 0))
(class-vars (total 0))
(method (next)

(set! total (+ total 1))
(set! count (+ count 1))
(list count total)))

> (define c1 (instantiate counter))
> (ask c1 ’next)
(1 1)
> (ask c1 ’next)
(2 2)
> (define c2 (instantiate counter))
> (ask c2 ’next)
(1 3)
> (ask c1 ’next)
(3 4)

Now each next message tells us both the count for this particular counter and the overall count for all
counters combined.

To understand the idea of inheritance, we’ll first define a person class that knows about talking in various
ways, and then define a pigger class that’s just like a person except for talking in Pig Latin:
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;;;;; In file cs61a/lectures/3.0/demo2.scm
(define-class (person name)

(method (say stuff) stuff)
(method (ask stuff) (ask self ’say (se ’(would you please) stuff)))
(method (greet) (ask self ’say (se ’(hello my name is) name))) )

> (define marc (instantiate person ’marc))
> (ask marc ’say ’(good morning))
(good morning)
> (ask marc ’ask ’(open the door))
(would you please open the door)
> (ask marc ’greet)
(hello my name is marc)

Notice that an object can refer to itself by the name self; this is an automatically-created instance variable
in every object whose value is the object itself. (We’ll see when we look below the line that there are some
complications about making this work.)

;;;;; In file cs61a/lectures/3.0/demo2.scm
(define-class (pigger name)

(parent (person name))
(method (pigl wd)

(if (member? (first wd) ’(a e i o u))
(word wd ’ay)
(ask self ’pigl (word (bf wd) (first wd))) ))

(method (say stuff)
(if (atom? stuff)

(ask self ’pigl stuff)
(map (lambda (w) (ask self ’pigl w)) stuff))) )

> (define porky (instantiate pigger ’porky))
> (ask porky ’say ’(good morning))
(oodgay orningmay)
> (ask porky ’ask ’(open the door))
(ouldway ouyay easeplay openay ethay oorday)

The crucial point here is that the pigger class doesn’t have an ask method in its definition. When we ask
porky to ask something, it uses the ask method in its parent (person) class.

Also, when the parent’s ask method says (ask self ’say ...) it uses the say method from the pigger
class, not the one from the person class. So Porky speaks Pig Latin even when asking something.

What happens when you send an object a message for which there is no method defined in its class? If the
class has no parent, this is an error. If the class does have a parent, and the parent class understands the
message, it works as we’ve seen here. But you might want to create a class that follows some rule of your
own devising for unknown messages:

;;;;; In file cs61a/lectures/3.0/demo2.scm
(define-class (squarer)

(default-method (* message message))
(method (7) ’buzz) )

> (define s (instantiate squarer))
> (ask s 6) > (ask s 7) > (ask s 8)
36 buzz 64
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Within the default method, the name message refers to whatever message was sent. (The name args refers
to a list containing any additional arguments that were used.)

Let’s say we want to maintain a list of all the instances that have been created in a certain class. It’s
easy enough to establish the list as a class variable, but we also have to make sure that each new instance
automatically adds itself to the list. We do this with an initialize clause:

;;;;; In file cs61a/lectures/3.0/demo2.scm
(define-class (counter)

(instance-vars (count 0))
(class-vars (total 0) (counters ’()))
(initialize (set! counters (cons self counters)))
(method (next)

(set! total (+ total 1))
(set! count (+ count 1))
(list count total)))

> (define c1 (instantiate counter))
> (define c2 (instantiate counter))
> (ask counter ’counters)
(#<procedure> #<procedure>)

There was a bug in our pigger class definition; Scheme gets into an infinite loop if we ask Porky to greet,
because it tries to translate the word my into Pig Latin but there are no vowels aeiou in that word. To get
around this problem, we can redefine the pigger class so that its say method says every word in Pig Latin
except for the word my, which it’ll say using the usual method that persons who aren’t piggers use:

;;;;; In file cs61a/lectures/3.0/demo2.scm
(define-class (pigger name)

(parent (person name))
(method (pigl wd)

(if (member? (first wd) ’(a e i o u))
(word wd ’ay)
(ask self ’pigl (word (bf wd) (first wd))) ))

(method (say stuff)
(if (atom? stuff)

(if (equal? stuff ’my) (usual ’say stuff) (ask self ’pigl stuff))
(map (lambda (w) (ask self ’say w)) stuff))) )

> (define porky (instantiate pigger ’porky))
> (ask porky ’greet)
(ellohay my amenay isay orkypay)

(Notice that we had to create a new instance of the new class. Just doing a new define-class doesn’t change
any instances that have already been created in the old class. Watch out for this while you’re debugging the
OOP programming project.)

We invoke usual in the say method to mean “say this stuff in the usual way, the way that my parent class
would use.”

The OOP above-the-line section in the course reader talks about even more capabilities of the system, e.g.,
multiple inheritance with more than one parent class for a single child class.
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CS 61A Lecture Notes Second Half of Week 4

Topic: Local state variables, environments

Reading: Abelson & Sussman, Section 3.1, 3.2; OOP below the line

We said the three big ideas in the OOP interface are message passing, local state, and inheritance. You
know from section 2.4 how message passing is implemented below the line in Scheme, i.e., with a dispatch
function that takes a message as argument and returns a method. For about a week, we’re talking about
how local state works.

A local variable is one that’s only available within a particular part of the program; in Scheme this generally
means within a particular procedure. We’ve used local variables before; let makes them. A state variable
is one that remembers its value from one invocation to the next; that’s the new part.

First of all let’s look at global state—that is, let’s try to remember some information about a computation
but not worry about having separate versions for each object.

;;;;; In file cs61a/lectures/3.1/count1.scm
(define counter 0)

(define (count)
(set! counter (+ counter 1))
counter)

> (count)
1
> (count)
2

What’s new here is the special form set! that allows us to change the value of a variable. This is not like
let, which creates a temporary, local binding; this makes a permanent change in some variable that must
have already existed. The syntax is just like define (but not the abbreviation for defining a function): it
takes an unevaluated name and an expression whose value provides the new value.

A crucial thing to note about set! is that the substitution model no longer works. We can’t substitute the
value of counter wherever we see the name counter, or we’ll end up with

(set! 0 (+ 0 1))
0

which doesn’t make any sense. From now on we use a model of variables that’s more like what you learned
in 7th grade, in which a variable is a shoebox in which you can store some value. The difference from the
7th grade version is that we can have several shoeboxes with the same name (the instance variables in the
different objects, for example) and we have to worry about how to keep track of that. Section 3.2 of A&S
explains the environment model that keeps track for us.

Another new thing is that a procedure body can include more than one expression. In functional program-
ming, the expressions don’t do anything except compute a value, and a function can only return one value,
so it doesn’t make sense to have more than one expression in it. But when we invoke set! there is an effect
that lasts beyond the computation of that expression, so now it makes sense to have that expression and then
another expression that does something else. When a body has more than one expression, the expressions
are evaluated from left to right (or top to bottom) and the value returned by the procedure is the value
computed by the last expression. All but the last are just for effect.
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We’ve seen how to have a global state variable. We’d like to try for local state variables. Here’s an attempt
that doesn’t work:

;;;;; In file cs61a/lectures/3.1/count.lose
(define (count)

(let ((counter 0)) > (count)
(set! counter (+ counter 1)) 1
counter)) > (count)

1
> (count)
1

It was a good idea to use let, because that’s a way we know to create local variables. But let creates a new
local variable each time we invoke it. Each call to count creates a new counter variable whose value is 0.

The secret is to find a way to call let only once, when we create the count function, instead of calling let
every time we invoke count. Here’s how:

;;;;; In file cs61a/lectures/3.1/count2.scm
(define count

(let ((result 0))
(lambda ()
(set! result (+ result 1))
result)))

Notice that there are no parentheses around the word count on the first line! Instead of

(define count (lambda () (let ...)))

(which is what the earlier version means) we have essentially interchanged the lambda and the let so that
the former is inside the latter:

(define count (let ... (lambda () ...)))

We’ll have to examine the environment model in detail before you can really understand why this works. A
handwavy explanation is that the let creates a variable that’s available to things in the body of the let; the
lambda is in the body of the let; and so the variable is available to the function that the lambda creates.

The reason we wanted local state variables was so that we could have more than one of them. Let’s take
that step now. Instead of having a single procedure called count that has a single local state variable, we’ll
write a procedure make-count that, each time you call it, makes a new counter.

;;;;; In file cs61a/lectures/3.1/count3.scm

(define (make-count) > (define dracula (make-count))
(let ((result 0)) > (dracula)

(lambda () 1
(set! result (+ result 1)) > (dracula)
result))) 2

> (define monte-cristo (make-count))
> (monte-cristo)
1
> (dracula)
3

Each of dracula and monte-cristo is the result of evaluating the expression (lambda () ...) to produce
a procedure. Each of those procedures has access to its own local state variable called result. Result is
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temporary with respect to make-count but permanent with respect to dracula or monte-cristo, because
the let is inside the lambda for the former but outside the lambda for the latter.

• Environment model of evaluation.

For now we’re just going to introduce the central issues about environments, leaving out a lot of details.
You’ll get those next time.

The question is, what happens when you invoke a procedure? For example, suppose we’ve said

(define (square x) (* x x))

and now we say (square 7); what happens? The substitution model says

1. Substitute the actual argument value(s) for the formal parameter(s) in the body of the function;

2. Evaluate the resulting expression.

In this example, the substitution of 7 for x in (* x x) gives (* 7 7). In step 2 we evaluate that expression
to get the result 49.

We now forget about the substitution model and replace it with the environment model:

1. Create a frame with the formal parameter(s) bound to the actual argument values;

2. Use this frame to extend the lexical environment;

3. Evaluate the body (without substitution!) in the resulting environment.

A frame is a collection of name-value associations or bindings. In our example, the frame has one binding,
from x to 7.

Skip step 2 for a moment and think about step 3. The idea is that we are going to evaluate the expression
(* x x) but we are refining our notion of what it means to evaluate an expression. Expressions are no longer
evaluated in a vacuum, but instead, every evaluation must be done with respect to some environment—that
is, some collection of bindings between names and values. When we are evaluating (* x x) and we see the
symbol x, we want to be able to look up x in our collection of bindings and find the value 7.

Looking up the value bound to a symbol is something we’ve done before with global variables. What’s
new is that instead of one central collection of bindings we now have the possibility of local environments.
The symbol x isn’t always 7, only during this one invocation of square. So, step 3 means to evaluate the
expression in the way that we’ve always understood, but looking up names in a particular place.

What’s step 2 about? The point is that we can’t evaluate (* x x) in an environment with nothing but the
x/7 binding, because we also have to look up a value for the symbol * (namely, the multiplication function).
So, we create a new frame in step 1, but that frame isn’t an environment by itself. Instead we use the new
frame to extend an environment that already existed. That’s what step 2 says.

Which old environment do we extend? In the square example there is only one candidate, the global
environment. But in more complicated situations there may be several environments available. For example:

(define (f x)
(define (g y)

(+ x y))
(g 3))

> (f 5)
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When we invoke f, we create a frame (call it F1) in which x is bound to 5. We use that frame to extend
the global environment (call it G), creating a new environment E1. Now we evaluate the body of f, which
contains the internal definition for g and the expression (g 3). To invoke g, we create a frame in which y is
bound to 3. (Call this frame F2.) We are going to use F2 to extend some old environment, but which? G or
E1? The body of g is the expression (+ x y). To evaluate that, we need an envoironment in which we can
look up all of + (in G), x (in F1), and y (in F2). So we’d better make our new environment by extending
E1, not by extending G.

The example with f and g shows, in a very simple way, why the question of multiple environments comes
up. But it still doesn’t show us the full range of possible rules for choosing an environment. In the f and g
example, the environment where g is defined is the same as the environment from which it’s invoked. But
that doesn’t always have to be true:

(define (make-adder n)
(lambda (x) (+ x n)))

(define 3+ (make-adder 3))

(define n 7)

> (3+ n)

When we invoke make-adder, we create the environment E1 in which n is bound to 3. In the global
environment G, we bind n to 7. When we evaluate the expression (3+ n), what environment are we in?
What value does n have in this expression? Surely it should have the value 7, the global value. So we
evaluate expressions that you type in G. When we invoke 3+ we create the frame F2 in which x is bound to
7. (Remember, 3+ is the function that was created by the lambda inside make-adder.

We are going to use F2 to extend some environment, and in the resulting environment we’ll evaluate the body
of 3+, namely (+ x n). What value should n have in this expression? It had better have the value 3 or we’ve
defeated the purpose of make-adder. Therefore, the rule is that we do not extend the current environment
at the time the function is invoked, which would be G in this case. Rather, we extend the environment
in which the function was created, i.e., the environment in which we evaluated the lambda expression that
created it. In this case that’s E1, the environment that was created for the invocation of make-adder.

Scheme’s rule, in which the procedure’s defining environment is extended, is called lexical scope. The other
rule, in which the current environment is extended, is called dynamic scope. We’ll see in project 4 that a
language with dynamic scope is possible, but it would have different features from Scheme.

Remember why we needed the environment model: We want to understand local state variables. The
mechanism we used to create those variables was

(define some-procedure
(let ((state-var initial-value))

(lambda (...) ...)))

Roughly speaking, the let creates a frame with a binding for state-var. Within that environment, we
evaluate the lambda. This creates a procedure within the scope of that binding. Every time that procedure
is invoked, the environment where it was created—that is, the environment with state-var bound—is
extended to form the new environment in which the body is evaluated. These new environments come and
go, but the state variable isn’t part of the new frames; it’s part of the frame in which the procedure was
defined. That’s why it sticks around.
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• Here are the complete rules for the environment model:

Every expression is either an atom or a list.

At any time there is a current frame, initially the global frame.

I. Atomic expressions.

A. Numbers, strings, #T, and #F are self-evaluating.

B. If the expression is a symbol, find the first available binding. (That is, look in the current frame;
if not found there, look in the frame ”behind” the current frame; and so on until the global frame
is reached.)

II. Compound expressions (lists).

If the car of the expression is a symbol that names a special form, then follow its rules (II.B below). Otherwise
the expression is a procedure invocation.

A. Procedure invocation.

Step 1: Evaluate all the subexpressions (using these same rules).

Step 2: Apply the procedure (the value of the first subexpression) to the arguments (the values of the
other subexpressions).

(a) If the procedure is compound (user-defined):

a1: Create a frame with the formal parameters of the procedure bound to the actual argument
values.

a2: Extend the procedure’s defining environment with this new frame.
a3: Evaluate the procedure body, using the new frame as the current frame.

*** ONLY COMPOUND PROCEDURE INVOCATION CREATES A FRAME ***

(b) If the procedure is primitive:

Apply it by magic.

B. Special forms.

1. Lambda creates a procedure. The left circle points to the text of the lambda expression; the right
circle points to the defining environment, i.e., to the current environment at the time the lambda
is seen.
*** ONLY LAMBDA CREATES A PROCEDURE ***

2. Define adds a new binding to the current frame.

3. Set! changes the first available binding (see I.B for the definition of ”first available”).

4. Let = lambda (II.B.1) + invocation (II.A)

5. (define (...) ...) = lambda (II.B.1) + define (II.B.2)

6. Other special forms follow their own rules (cond, if).
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• Environments and OOP.

Class and instance variables are both local state variables, but in different environments:

;;;;; In file cs61a/lectures/3.2/count4.scm
(define make-count

(let ((glob 0))
(lambda ()
(let ((loc 0))

(lambda ()
(set! loc (+ loc 1))
(set! glob (+ glob 1))
(list loc glob))))))

The class variable glob is created in an environment that surrounds the creation of the outer lambda, which
represents the entire class. The instance variable loc is created in an environment that’s inside the class
lambda, but outside the second lambda that represents an instance of the class.

The example above shows how environments support state variables in OOP, but it’s simplified in that the
instance is not a message-passing dispatch procedure. Here’s a slightly more realistic version:

;;;;; In file cs61a/lectures/3.2/count5.scm
(define make-count

(let ((glob 0))
(lambda ()
(let ((loc 0))

(lambda (msg)
(cond ((eq? msg ’local)

(lambda ()
(set! loc (+ loc 1))
loc))

((eq? msg ’global)
(lambda ()

(set! glob (+ glob 1))
glob))

(else (error "No such method" msg)) ))))))

The structure of alternating lets and lambdas is the same, but the inner lambda now generates a dispatch
procedure. Here’s how we say the same thing in OOP notation:

;;;;; In file cs61a/lectures/3.2/count6.scm
(define-class (count)

(class-vars (glob 0))
(instance-vars (loc 0))
(method (local)

(set! loc (+ loc 1))
loc)

(method (global)
(set! glob (+ glob 1))
glob))
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CS 61A Lecture Notes First Half of Week 5

Topic: Mutable data, queues, tables

Reading: Abelson & Sussman, Section 3.3.1–3

Play the animal game:

> (load "lectures/3.3/animal.scm")(load "lectures/3.3/animal.scm")(load "lectures/3.3/animal.scm")
#f
> (animal-game)(animal-game)(animal-game)
Does it have wings? nonono
Is it a rabbit? nonono

I give up, what is it? gorillagorillagorilla

Please tell me a question whose answer is YES for a gorilla
and NO for a rabbit.
Enclose the question in quotation marks.
"Does it have long arms?""Does it have long arms?""Does it have long arms?"
"Thanks. Now I know better."
> (animal-game)(animal-game)(animal-game)
Does it have wings? nonono
Does it have long arms? nonono
Is it a rabbit? yesyesyes
"I win!"

The crucial point about this program is that its behavior changes each time it learns about a new animal.
Such learning programs have to modify a data base as they run. We represent the animal game data base
as a tree; we want to be able to splice a new branch into the tree (replacing what used to be a leaf node).

Changing what’s in a data structure is called mutation. Scheme provides primitives set-car! and set-cdr!
for this purpose.

They aren’t special forms! The pair that’s being mutated must be located by computing some expression.
For example, to modify the second element of a list:

(set-car! (cdr lst) ’new-value)

They’re different from set!, which changes the binding of a variable. We use them for different purposes, and
the syntax is different. Still, they are connected in two ways: (1) Both make your program non-functional,
by making a permanent change that can affect later procedure calls. (2) Each can be implemented in terms
of the other; the book shows how to use local state variables to simulate mutable pairs, and later we’ll see
how the Scheme interpreter uses mutable pairs to implement environments, including the use of set! to
change variable values.

The only purpose of mutation is efficiency. In principle we could write the animal game functionally by
recopying the entire data base tree each time, and using the new one as an argument to the next round of
the game. But the saving can be quite substantial.

Identity. Once we have mutation we need a subtler view of the idea of equality. Up to now, we could just
say that two things are equal if they look the same. Now we need two kinds of equality, that old kind plus
a new one: Two things are identical if they are the very same thing, so that mutating one also changes the
other. Example:

> (define a (list ’x ’y ’z))
> (define b (list ’x ’y ’z))
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> (define c a)
> (equal? b a)
#T
> (eq? b a)
#F
> (equal? c a)
#T
> (eq? c a)
#T

The two lists a and b are equal, because they print the same, but they’re not identical. The lists a and c
are identical; mutating one will change the other:

> (set-car! (cdr a) ’foo)
> a
(X FOO Z)
> b
(X Y Z)
> c
(X FOO Z)

If we use mutation we have to know what shares storage with what. For example, (cdr a) shares storage
with a. (Append a b) shares storage with b but not with a. (Why not? Read the append procedure.)

The Scheme standard says you’re not allowed to mutate quoted constants. That’s why I said (list ’x ’y ’z)
above and not ’(x y z). The text sometimes cheats about this. The reason is that Scheme implementations
are allowed to share storage when the same quoted constant is used twice in your program.

Here’s the animal game:

;;;;; In file cs61a/lectures/3.3/animal.scm
(define (animal node)

(define (type l) (car l))
(define (question l) (cadr l))
(define (yespart l) (caddr l))
(define (nopart l) (cadddr l))
(define (answer l) (cadr l))
(define (leaf? l) (eq? (type l) ’leaf))
(define (branch? l) (eq? (type l) ’branch))
(define (set-yes! node x)

(set-car! (cddr node) x))
(define (set-no! node x)

(set-car! (cdddr node) x))

(define (yorn)
(let ((yn (read)))
(cond ((eq? yn ’yes) #t)

((eq? yn ’no) #f)
(else (display "Please type YES or NO")

(yorn)))))
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(display (question node))
(display " ")
(let ((yn (yorn)) (correct #f) (newquest #f))

(let ((next (if yn (yespart node) (nopart node))))
(cond ((branch? next) (animal next))

(else (display "Is it a ")
(display (answer next))
(display "? ")
(cond ((yorn) "I win!")

(else (newline)
(display "I give up, what is it? ")
(set! correct (read))
(newline)
(display "Please tell me a question whose answer ")

(display "is YES for a ")
(display correct)
(newline)
(display "and NO for a ")
(display (answer next))
(display ".")
(newline)
(display "Enclose the question in quotation marks.")
(newline)
(set! newquest (read))
(if yn

(set-yes! node (make-branch newquest
(make-leaf correct)
next))

(set-no! node (make-branch newquest
(make-leaf correct)
next)))

"Thanks. Now I know better.")))))))

(define (make-branch q y n)
(list ’branch q y n))

(define (make-leaf a)
(list ’leaf a))

(define animal-list
(make-branch "Does it have wings?"

(make-leaf ’parrot)
(make-leaf ’rabbit)))

(define (animal-game) (animal animal-list))

Things to note: Even though the main structure of the program is sequential and BASIC-like, we haven’t
abandoned data abstraction. We have constructors, selectors, and mutators—a new idea—for the nodes of
the game tree.
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• Tables. We’re now ready to understand how to implement the put and get procedures that A&S used
at the end of chapter 2. A table is a list of key-value pairs, with an extra element at the front just so that
adding the first entry to the table will be no diffferent from adding later entries. (That is, even in an “empty”
table we have a pair to set-cdr!)

;;;;; In file cs61a/lectures/3.3/table.scm
(define (get key)

(let ((record (assoc key (cdr the-table))))
(if (not record)

#f
(cdr record))))

(define (put key value)
(let ((record (assoc key (cdr the-table))))

(if (not record)
(set-cdr! the-table

(cons (cons key value)
(cdr the-table)))

(set-cdr! record value)))
’ok)

(define the-table (list ’*table*))

Assoc is in the book:

(define (assoc key records)
(cond ((null? records) #f)

((equal? key (caar records)) (car records))
(else (assoc key (cdr records))) ))

In chapter 2, A&S provided a single, global table, but we can generalize this in the usual way by taking an
extra argument for which table to use. That’s how lookup and insert! work.

One little detail that always confuses people is why, in creating two-dimensional tables, we don’t need a
*table* header on each of the subtables. The point is that lookup and insert! don’t pay any attention
to the car of that header pair; all they need is to represent a table by some pair whose cdr points to the
actual list of key-value pairs. In a subtable, the key-value pair from the top-level table plays that role. That
is, the entire subtable is a value of some key-value pair in the main table. What it means to be “the value
of a key-value pair” is to be the cdr of that pair. So we can think of that pair as the header pair for the
subtable.
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• Memoization. Exercise 3.27 is a pain in the neck because it asks for a very complicated environment
diagram, but it presents an extremely important idea. If we take the simple Fibonacci number program:

;;;;; In file cs61a/lectures/3.3/fib.scm
(define (fib n)

(if (< n 2)
1
(+ (fib (- n 1))

(fib (- n 2)) )))

we recall that it takes Θ(2n) time because it ends up doing a lot of subproblems redundantly. For example,
if we ask for (fib 5) we end up computing (fib 3) twice. We can fix this by remembering the values that
we’ve already computed. The book’s version does it by entering those values into a local table. It may be
simpler to understand this version, using the global get/put:

;;;;; In file cs61a/lectures/3.3/fib.scm
(define (fast-fib n)

(if (< n 2)
n ; base case unchanged
(let ((old (get ’fib n)))

(if (number? old) ; do we already know the answer?
old
(begin ; if not, compute and learn it
(put ’fib n (+ (fast-fib (- n 1))

(fast-fib (- n 2))))
(get ’fib n))))))

Is this functional programming? That’s a more subtle question than it seems. Calling memo-fib makes a
permanent change in the environment, so that a second call to memo-fib with the same argument will carry
out a very different (and much faster) process. But the new process will get the same answer! If we look
inside the box, memo-fib works non-functionally. But if we look only at its input-output behavior, memo-fib
is a function because it always gives the same answer when called with the same argument.

What if we tried to memoize random? It would be a disaster; instead of getting a random number each time,
we’d get the same number repeatedly! Memoization only makes sense if the underlying function really is
functional.

This idea of using a non-functional implementation for something that has functional behavior will be very
useful later in the course when we look at streams.
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CS 61A Lecture Notes Second Half of Week 5

Topic: Streams

Reading: Abelson & Sussman, Section 3.5.1-3, 3.5.5

Streams are an abstract data type, not so different from rational numbers, in that we have constructors and
selectors for them. But we use a clever trick to achieve tremendously magical results. As we talk about the
mechanics of streams, there are three big ideas to keep in mind:

• Efficiency: Decouple order of evaluation from the form of the program.

• Infinite data sets.

• Functional representation of time-varying information (versus OOP).

You’ll understand what these all mean after we look at some examples.

How do we tell if a number n is prime? Never mind computers, how would you express this idea as a
mathematician? Something like this: “N is prime if it has no factors in the range 2 ≤ f < n.”

So, to implement this on a computer, we should

• Get all the numbers in the range [2, n− 1].

• See which of those are factors of n.

• See if the result is empty.

;;;;; In file cs61a/lectures/3.5/prime1.scm
(define (prime? n)

(null? (filter (lambda (x) (= (remainder n x) 0))
(enumerate-interval 2 (- n 1)))))

But we don’t usually program it that way. Instead, we write a loop:

;;;;; In file cs61a/lectures/3.5/prime0.scm
(define (prime? n)

(define (iter factor)
(cond ((= factor n) #t)

((= (remainder n factor) 0) #f)
(else (iter (+ factor 1)))))

(iter 2))

(Never mind that we can make small optimizations like only checking for factors up to
√

n. Let’s keep it
simple.)

Why don’t we write it the way we expressed the problem in words? The problem is one of efficiency. Let’s
say we want to know if 1000 is prime. We end up constructing a list of 998 numbers and testing all of them
as possible factors of 1000, when testing the first possible factor would have given us a false result quickly.
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The idea of streams is to let us have our cake and eat it too. We’ll write a program that looks like the first
version, but runs like the second one. All we do is change the second version to use the stream ADT instead
of the list ADT:

;;;;; In file cs61a/lectures/3.5/prime2.scm
(define (prime? n)

(stream-null? (stream-filter (lambda (x) (= (remainder n x) 0))
(stream-enumerate-interval 2 (- n 1)))))

The only changes are stream-enumerate-interval instead of enumerate-interval, stream-null? instead
of null?, and stream-filter instead of filter.

How does it work? A list is implemented as a pair whose car is the first element and whose cdr is the rest
of the elements. A stream is almost the same: It’s a pair whose car is the first element and whose cdr is a
promise to compute the rest of the elements later.

For example, when we ask for the range of numbers [2, 999] what we get is a single pair whose car is 2 and
whose cdr is a promise to compute the range [3, 999]. The function stream-enumerate-interval returns
that single pair. What does stream-filter do with it? Since the first number, 2, does satisfy the predicate,
stream-filter returns a single pair whose car is 2 and whose cdr is a promise to filter the range [3, 999].
Stream-filter returns that pair. So far no promises have been “cashed in.” What does stream-null?
do? It sees that its argument stream contains the number 2, and maybe contains some more stuff, although
maybe not. But at least it contains the number 2, so it’s not empty. Stream-null? returns #f right away,
without computing or testing any more numbers.

Sometimes (for example, if the number we’re checking is prime) you do have to cash in the promises. If so,
the stream program still follows the same order of events as the original loop program; it tries one number
at a time until either a factor is found or there are no more numbers to try.

Summary: What we’ve accomplished is to decouple the form of a program—the order in which computations
are presented—from the actual order of evaluation. This is one more step on the long march that this whole
course is about, i.e., letting us write programs in language that reflects the problems we’re trying to solve
instead of reflecting the way computers work.
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• Implementation. How does it work? The crucial point is that when we say something like

(cons-stream from (stream-enumerate-interval (+ from 1) to))

(inside stream-enumerate-interval) we can’t actually evaluate the second argument to cons-stream.
That would defeat the object, which is to defer that evaluation until later (or maybe never). Therefore,
cons-stream has to be a special form. It has to cons its first argument onto a promise to compute the
second argument. The expression

(cons-stream a b)

is equivalent to

(cons a (delay b))

Delay is itself a special form, the one that constructs a promise. Promises could be a primitive data type,
but since this is Scheme, we can represent a promise as a function. So the expression

(delay b)

really just means

(lambda () b)

We use the promised expression as the body of a function with no arguments. (A function with no arguments
is called a thunk.)

Once we have this mechanism, we can use ordinary functions to redeem our promises:

(define (force promise) (promise))

and now we can write the selectors for streams:

(define (stream-car stream) (car stream))
(define (stream-cdr stream) (force (cdr stream)))

Notice that forcing a promise doesn’t compute the entire rest of the job at once, necessarily. For example,
if we take our range [2, 999] and ask for its tail, we don’t get a list of 997 values. All we get is a pair whose
car is 3 and whose cdr is a new promise to compute [4, 999] later.

The name for this whole technique is lazy evaluation or call by need.

• Reordering and functional programming. Suppose your program is written to include the following sequence
of steps:

...
(set! x 2)
...
(set! y (+ x 3))
...
(set! x 7)
...

Now suppose that, because we’re using some form of lazy evaluation, the actual sequence of events is
reordered so that the third set! happens before the second one. We’ll end up with the wrong value for
y. This example shows that we can only get away with below-the-line reordering if the above-the-line
computation is functional.

(Why isn’t it a problem with let? Because let doesn’t mutate the value of one variable in one environment.
It sets up a local environment, and any expression within the body of the let has to be computed within
that environment, even if things are reordered.)
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• Infinite streams. Think about the plain old list function

(define (enumerate-interval from to)
(if (> from to)

’()
(cons from (enumerate-interval (+ from 1) to)) ))

When we change this to a stream function, we change very little in the appearance of the program:

(define (stream-enumerate-interval from to)
(if (> from to)

THE-EMPTY-STREAM
(cons-STREAM from (stream-enumerate-interval (+ from 1) to)) ))

but this tiny above-the-line change makes an enormous difference in the actual behavior of the program.

Now let’s cross out the second argument and the end test:

(define (stream-enumerate-interval from)
(cons-stream from (stream-enumerate-interval (+ from 1))) )

This is an enormous above-the-line change! We now have what looks like a recursive function with no base
case—an infinite loop. And yet there is hardly any difference at all in the actual behavior of the program.
The old version computed a range such as [2, 999] by constructing a single pair whose car is 2 and whose
cdr is a promise to compute [3, 999] later. The new version computes a range such as [2,∞] by constructing
a single pair whose car is 2 and whose cdr is a promise to compute [3,∞] later!

This amazing idea lets us construct even some pretty complicated infinite sets, such as the set of all the
prime numbers. (Explain the sieve of Eratosthenes. The program is in the book so it’s not reproduced here.)

• Time-varying information. Functional programming works great for situations in which we are looking for
a timeless answer to some question. That is, the same question always has the same answer regardless of
events in the world. We invented OOP because functional programming didn’t let us model changing state.
But with streams we can model state functionally. We can say

(define (user-stream)
(cons-stream (read) (user-stream)) )

and this gives us the stream of everything the user is going to type from now on. Instead of using local state
variables to remember the effect of each thing the user types, one at a time, we can write a program that
computes the result of the (possibly infinite) collection of user requests all at once! This feels really bizarre,
but it does mean that purely functional programming languages can handle user interaction. We don’t need
OOP.
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CS 61A Lecture Notes First Half of Week 6

Topic: Metacircular evaluator

Reading: Abelson & Sussman, Section 4.1.1–6

We’re going to investigate a Scheme interpreter written in Scheme. This interpreter implements the envi-
ronment model of evaluation.

Why bother? What good is an interpreter for Scheme that we can’t use unless we already have another
interpreter for Scheme?

• It helps you understand the environment model.

• It lets us experiment with modifications to Scheme (new features).

• Even real Scheme interpreters are largely written in Scheme.

• It illustrates a big idea: universality.

Universality means we can write one program that’s equivalent to all other programs. At the hardware level,
this is the idea that made general-purpose computers possible. It used to be that they built a separate
machine, from scratch, for every new problem. An intermediate stage was a machine that had a patchboard
so you could rewire it, effectively changing it into a different machine for each problem, without having to
re-manufacture it. The final step was a single machine that accepted a program as data so that it can do
any problem without rewiring.

Instead of a function machine that computes a particular function, taking (say) a number in the input hopper
and returning another number out the bottom, we have a universal function machine that takes a function
machine in one input hopper, and a number in a second hopper, and returns whatever number the input
machine would have returned. This is the ultimate in data-directed programming.

Our Scheme interpreter leaves out some of the important components of a real one. It gets away with this
by taking advantage of the capabilities of the underlying Scheme. Specifically, we don’t deal with storage
allocation, tail recursion elimination, or implementing any of the Scheme primitives. All we do deal with is
the evaluation of expressions. That turns out to be quite a lot in itself, and pretty interesting.
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Here is a one-screenful version of the metacircular evaluator with most of the details left out:

;;;;; In file cs61a/lectures/4.1/micro.scm
(define (scheme)

(display "> ")
(print (eval (read) the-global-environment))
(scheme) )

(define (eval exp env)
(cond ((self-evaluating? exp) exp)

((symbol? exp) (lookup-in-env exp env))
((special-form? exp) (do-special-form exp env))
(else (apply (eval (car exp) env)

(map (lambda (e) (eval e env)) (cdr exp)) ))))

(define (apply proc args)
(if (primitive? proc)

(do-magic proc args)
(eval (body proc)

(extend-environment (formals proc)
args
(proc-env proc) ))))

Although the version in the book is a lot bigger, this really does capture the essential structure, namely,
a mutual recursion between eval (evaluate an expression relative to an environment) and apply (apply a
function to arguments). To evaluate a compound expression means to evaluate the subexpressions recursively,
then apply the car (a function) to the cdr (the arguments). To apply a function to arguments means to
evaluate the body of the function in a new environment.

What’s left out? Primitives, special forms, and a lot of details.

In that other college down the peninsula, they wouldn’t consider you ready for an interpreter until junior or
senior year. At this point in the introductory course, they’d still be teaching you where the semicolons go.
How do we get away with this? We have two big advantages:

• The source language (the language that we’re interpreting) is simple and uniform. Its entire formal
syntax can be described in one page, as we did in week 5. There’s hardly anything to implement!

• The implementation language (the one in which the interpreter itself is written) is powerful enough
to handle a program as data, and to let us construct data structures that are both hierarchical and
circular.

The amazing thing is that the simple source language and the powerful implementation language are both
Scheme! You might think that a powerful language has to be complicated, but it’s not so.
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• Introduction to Logo. For the programming project you’re turning the metacircular evaluator into an
interpreter for a different language, Logo. To do that you should know a little about Logo itself.

Logo is a dialect of Lisp, just as Scheme is, but its design has different priorities. The goal was to make it
as natural-seeming as possible for kids. That means things like getting rid of all those parentheses, and that
has other syntactic implications.

(To demonstrate Logo, run ~cs61a/logo which is Berkeley Logo.)

Commands and operations: In Scheme, every procedure returns a value, even the ones for which the value is
unspecified and/or useless, like define and print. In Logo, procedures are divided into operations, which
return values, and commands, which don’t return values but are called for their effect. You have to start
each instruction with a command:

print sum 2 3

Syntax: If parentheses aren’t used to delimit function calls, how do you know the difference between a
function and an argument? When a symbol is used without punctuation, that means a function call. When
you want the value of a variable to use as an argument, you put colon in front of it.

make "x 14
print :x
print sum :x :x

Words are quoted just as in Scheme, except that the double-quote character is used instead of single-quote.
But since expressions aren’t represented as lists, the same punctuation that delimits a list also quotes it:

print [a b c]

(Parentheses can be used, as in Scheme, if you want to give extra arguments to something, or indicate infix
precedence.)

print (sum 2 3 4 5)
print 3*(4+5)

No special forms: Except to, the thing that defines a new procedure, all Logo primitives evaluate their
arguments. How is this possible? We “proved” back in chapter 1 that if has to be a special form. But
instead we just quote the arguments to ifelse:

ifelse 2=3 [print "hi] [print "bye]

You don’t notice the quoting since you get it for free with the list grouping.

Functions not first class: In Logo every function has a name; there’s no lambda. Also, the namespace
for functions is separate from the one for variables; a variable can’t have a function as its value. (This
is convenient because we can use things like list or sentence as formal parameters without losing the
functions by those names.) That’s another reason why you need colons for variables.

So how do you write higher-order functions like map? Two answers. First, you can use the name of a function
as an argument, and you can use that name to construct an expression and eval it with run. Second, Logo
has first-class expressions; you can run a list that you get as an argument. (This raises issues about the
scope of variables that we’ll explore next week.)

print map "first [the rain in spain]
print map [? * ?] [3 4 5 6]
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• Data abstraction in the evaluator. Here is a quote from the Instructor’s Manual, regarding section 4.1.2:

“Point out that this section is boring (as is much of section 4.1.3), and explain why: Writing the selectors,
constructors, and predicates that implement a representation is often uninteresting. It is important to say
explicitly what you expect to be boring and what you expect to be interesting so that students don’t ascribe
their boredom to the wrong aspect of the material and reject the interesting ideas. For example, data
abstraction isn’t boring, although writing selectors is. The details of representing expressions (as given in
section 4.1.2) and environments (as given in section 4.1.3) are mostly boring, but the evaluator certainly
isn’t.”

I actually think they go overboard by having a separate ADT for every kind of homogeneous sequence. For
example, instead of first-operand and rest-operands I’d just use first and rest for all sequences. But
things like operator and operands make sense.

• Dynamic scope. Logo uses dynamic scope, which we discussed in Section 3.2, instead of Scheme’s lexical
scope. There are advantages and disadvantages to both approaches.

Summary of arguments for lexical scope:
• Allows local state variables (OOP).

• Prevents name “capture” bugs.

• Faster compiled code.

Summary of arguments for dynamic scope:
• Allows first-class expressions (WHILE).

• Easier debugging.

• Allows “semi-global” variables.

Lexical scope is required in order to make possible Scheme’s approach to local state variables. That is, a
procedure that has a local state variable must be defined within the scope where that variable is created,
and must carry that scope around with it. That’s exactly what lexical scope accomplishes.

On the other hand, (1) most lexically scoped languages (e.g., Pascal) don’t have lambda, and so they can’t
give you local state variables despite their lexical scope. And (2) lexical scope is needed for local state
variables only if you want to implement the latter in the particular way that we’ve used. Object Logo, for
example, provides OOP without relying on lambda because it includes local state variables as a primitive
feature.

Almost all computer scientists these days hate dynamic scope, and the reason they give is the one about
name captures. That is, suppose we write procedure P that refers to a global variable V. Example:

(define (area rad)
(* pi rad rad))

This is intended as a reference to a global variable pi whose value, presumably, is 3.141592654. But suppose
we invoke it from within another procedure like this:

(define (mess-up pi)
(area (+ pi 5)))

If we say (mess-up 4) we intend to find the area of a circle with radius 9. But we won’t get the right area
if we’re using dynamic scope, because the name pi in procedure area suddenly refers to the local variable
in mess-up, rather than to the intended global value.

This argument about naming bugs is particularly compelling to people who envision a programming project
in which 5000 programmers work on tiny slivers of the project, so that nobody knows what anyone else is
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doing. In such a situation it’s entirely likely that two programmers will happen to use the same name for
different purposes. But note that we had to do something pretty foolish—using the name pi for something
that isn’t π at all—in order to get in trouble.

Lexical scope lets you write compilers that produce faster executable programs, because with lexical scope
you can figure out during compilation exactly where in memory any particular variable reference will be.
With dynamic scope you have to defer the name-location correspondence until the program actually runs.
This is the real reason why people prefer lexical scope, despite whatever they say about high principles.

As an argument for dynamic scope, consider this Logo implementation of the while control structure:

to while :condition :action
if not run :condition [stop]
run :action
while :condition :action
end

to example :x
while [:x > 0] [print :x make "x :x-1]
end

? example 3
3
2
1

This wouldn’t work with lexical scope, because within the procedure while we couldn’t evaluate the argument
expressions, because the variable x is not bound in any environment lexically surrounding while. Dynamic
scope makes the local variables of example available to while. That in turn allows first-class expressions.
(That’s what Logo uses in place of first-class functions.)

There are ways to get around this limitation of lexical scope. If you wanted to write while in Scheme,
basically, you’d have to make it a special form that turns into something using thunks. That is, you’d have
to make

(while cond act)

turn into

(while-helper (lambda () cond) (lambda () act))

sort of like what we did for cons-stream. But the Logo point of view is that it’s easier for a beginning
programmer to understand first-class expressions than to understand special forms and thunks.

Most Scheme implementations include a debugger that allows you to examine the values of variables after
an error. But, because of the complexity of the scope rules, the debugging language isn’t Scheme itself.
Instead you have to use a special language with commands like “switch to the environment of the procedure
that called this one.” In Logo, when an error happens you can pause your program and type ordinary Logo
expressions in an environment in which all the relevant variables are available. For example, here is a Logo
program:
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;;;;; In file cs61a/lectures/4.1/bug.logo
to assq :thing :list
if equalp :thing first first :list [op last first :list]
op assq :thing bf :list
end

to spell :card
pr (se assq bl :card :ranks "of assq last :card :suits)
end

to hand :cards
if emptyp :cards [stop]
spell first :cards
hand bf :cards
end

make "ranks [[a ace] [2 two] [3 three] [4 four] [5 five] [6 six] [7 seven]
[8 eight] [9 nine] [10 ten] [j jack] [q queen] [k king]]

make "suits [[h hearts] [s spades] [d diamonds] [c clubs]]

? hand [10h 2d 3s]
TEN OF HEARTS
TWO OF DIAMONDS
THREE OF SPADES

Suppose we introduce an error into hand by changing the recursive call to

hand first bf :cards

The result will be an error message in assq—two procedure calls down—complaining about an empty
argument to first. Although the error is caught in assq, the real problem is in hand. In Logo we can say
pons, which stands for “print out names,” which means to show the values of all variables accessible at the
moment of the error. This will include the variable cards, so we’ll see that the value of that variable is a
single card instead of a list of cards.

Finally, dynamic scope is useful for allowing “semi-global” variables. Take the metacircular evaluator as
an example. Lots of procedures in it require env as an argument, but there’s nothing special about the
value of env in any one of those procedures. It’s almost always just the current environment, whatever
that happens to be. If Scheme had dynamic scope, env could be a parameter of eval, and it would then
automatically be available to any subprocedure called, directly or indirectly, by eval. (This is the flip side
of the name-capturing problem; in this case we want eval to capture the name env.)

• Environments as circular lists. When we first saw circular lists in chapter 2, they probably seemed to be
an utterly useless curiosity, especially since you can’t print one. But in the MC evaluator, every environment
is a circular list, because the environment contains procedures and each procedure contains a pointer to
the environment in which it’s defined. So, moral number 1 is that circular lists are useful; moral number 2
is not to try to trace a procedure in the evaluator that has an environment as an argument! The tracing
mechanism will take forever to try to print the circular argument list.
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CS 61A Lecture Notes Second Half of Week 6

Topic: Lazy evaluator

Reading: Abelson & Sussman, Sections 4.2

To load the lazy metacircular evaluator, say

(load "~cs61a/lib/lazy.scm")

Streams require careful attention

To make streams of pairs, the text uses this procedure:

;;;;; In file cs61a/lectures/4.2/pairs.scm
(define (pairs s t)

(cons-stream
(list (stream-car s) (stream-car t))
(interleave
(stream-map (lambda (x) (list (stream-car s) x))

(stream-cdr t))
(pairs (stream-cdr s) (stream-cdr t)))))

In exercise 3.68, Louis Reasoner suggests this simpler version:

(define (pairs s t)
(interleave
(stream-map (lambda (x) (list (stream-car s) x))

t)
(pairs (stream-cdr s) (stream-cdr t))))

Of course you know because it’s Louis that this doesn’t work. But why not? The answer is that interleave
is an ordinary procedure, so its arguments are evaluated right away, including the recursive call. So there is
an infinite recursion before any pairs are generated. The book’s version uses cons-stream, which is a special
form, and so what looks like a recursive call actually isn’t—at least not right away.

But in principle Louis is right! His procedure does correctly specify what the desired result should contain.
It fails because of a detail in the implementation of streams. In a perfect world, a mathematically correct
program such as Louis’s version ought to work on the computer.

In section 3.5.4 they solve a similar problem by making the stream programmer use explicit delay invocations.
(You skipped over that section because it was about calculus.) Here’s how Louis could use that technique:

(define (interleave-delayed s1 delayed-s2)
(if (stream-null? s1)

(force delayed-s2)
(cons-stream
(stream-car s1)
(interleave-delayed (force delayed-s2)

(delay (stream-cdr s1))))))

(define (pairs s t)
(interleave-delayed
(stream-map (lambda (x) (list (stream-car s) x))

t)
(delay (pairs (stream-cdr s) (stream-cdr t)))))

This works, but it’s far too horrible to contemplate; with this technique, the stream programmer has to

147



check carefully every procedure to see what might need to be delayed explicitly. This defeats the object of
an abstraction. The user should be able to write a stream program just as if it were a list program, without
any idea of how streams are implemented!

Lazy evaluation: delay everything automatically

Back in chapter 1 we learned about normal order evaluation, in which argument subexpressions are not
evaluated before calling a procedure. In effect, when you type

(foo a b c)

in a normal order evaluator, it’s equivalent to typing

(foo (delay a) (delay b) (delay c))

in ordinary (applicative order) Scheme. If every argument is automatically delayed, then Louis’s pairs
procedure will work without adding explicit delays.

Louis’s program had explicit calls to force as well as explicit calls to delay. If we’re going to make this
process automatic, when should we automatically force a promise? The answer is that some primitives need
to know the real values of their arguments, e.g., the arithmetic primitives. And of course when Scheme is
about to print the value of a top-level expression, we need the real value.

How do we modify the evaluator?

What changes must we make to the metacircular evaluator in order to get normal order?

We’ve just said that the point at which we want to automatically delay a computation is when an expression
is used as an argument to a procedure. Where does the ordinary metacircular evaluator evaluate argument
subexpressions? In this excerpt from eval:

(define (eval exp env)
(cond ...

((application? exp)
(apply (eval (operator exp) env)

(list-of-values (operands exp) env)))
...))

It’s list-of-values that recursively calls eval for each argument subexpression. Instead we could make
thunks:

(define (eval exp env)
(cond ...

((application? exp)
(apply (ACTUAL-VALUE (operator exp) env)

(LIST-OF-DELAYED-VALUES (operands exp) env)))
...))

Two things have changed:

1. To find out what procedure to invoke, we use actual-value rather than eval. In the normal order
evaluator, what eval returns may be a promise rather than a final value; actual-value forces the promise
if necessary.

2. Instead of list-of-values we call list-of-delayed-values. The ordinary version uses eval to get the
value of each argument expression; the new version will use delay to make a list of thunks. (This isn’t quite
true, and I’ll fix it in a few paragraphs.)
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When do we want to force the promises? We do it when calling a primitive procedure. That happens in
apply:

(define (apply procedure arguments)
(cond ((primitive-procedure? procedure)

(apply-primitive-procedure procedure arguments))
...))

We change it to force the arguments first:

(define (apply procedure arguments)
(cond ((primitive-procedure? procedure)

(apply-primitive-procedure procedure (MAP FORCE ARGUMENTS)))
...))

Those are the crucial changes. The book gives a few more details: Some special forms must force their
arguments, and the read-eval-print loop must force the value it’s about to print.

Reinventing delay and force

I said earlier that I was lying about using delay to make thunks. The metacircular evaluator can’t use
Scheme’s built-in delay because that would make a thunk in the underlying Scheme environment, and we
want a thunk in the metacircular environment. (This is one more example of the idea of level confusion.)
Instead, the book uses procedures delay-it and force-it to implement metacircular thunks.

What’s a thunk? It’s an expression and an environment in which we should later evaluate it. So we make
one by combining an expression with an environment:

(define (delay-it exp env)
(list ’thunk exp env))

The rest of the implementation is straightforward.

Notice that the delay-it procedure takes an environment as argument; this is because it’s part of the
implementation of the language, not a user-visible feature. If, instead of a lazy evaluator, we wanted to add
a delay special form to the ordinary metacircular evaluator, we’d do it by adding this clause to eval:

((delay? exp) (delay-it (cadr exp) env))

Here exp represents an expression like (delay foo) and so its cadr is the thing we really want to delay.

The book’s version of eval and apply in the lazy evaluator is a little different from what I’ve shown here.
My version makes thunks in eval and passes them to apply. The book’s version has eval pass the argument
expressions to apply, without either evaluating or thunking them, and also passes the current environment
as a third argument. Then apply either evaluates the arguments (for primitives) or thunks them (for non-
primitives). Their way is more efficient, but I think this way makes the issues clearer because it’s more
nearly parallel to the division of labor between eval and apply in the vanilla metacircular evaluator.

Memoization

Why didn’t we choose normal order evaluation for Scheme in the first place? One reason is that it easily
leads to redundant computations. When we talked about it in chapter 1, I gave this example:

(define (square x) (* x x))

(square (square (+ 2 3)))

In a normal order evaluator, this adds 2 to 3 four times!

(square (square (+ 2 3))) ==>
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(* (square (+ 2 3)) (square (+ 2 3))) ==>
(* (* (+ 2 3) (+ 2 3)) (* (+ 2 3) (+ 2 3)))

The solution is memoization. If we force the same thunk more than once, the thunk should remember its
value from the first time and not have to repeat the computation. (The four instances of (+ 2 3) in the
last line above are all the same thunk forced four times, not four separate thunks.)

The details are straightforward; you can read them in the text.
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CS 61A Lecture Notes First Half of Week 7

Topic: Analyzing evaluator

Reading: Abelson & Sussman, Sections 4.1.7

To work with the ideas in this section you should first

(load "~cs61a/lib/analyze.scm") in order to get the analyzing metacircular evaluator.

Inefficiency in the Metacircular Evaluator

Suppose we’ve defined the factorial function as follows:

(define (fact num)
(if (= num 0)

1
(* num (fact (- num 1)))))

What happens when we compute (fact 3)?

eval (fact 3)
self-evaluating? ==> #f if-alternative ==> (* num (fact (- num 1)))
variable? ==> #f eval (* num (fact (- num 1)))
quoted? ==> #f self-evaluating? ==> #f
assignment? ==> #f ...
definition? ==> #f list-of-values (num (fact (- num 1)))
if? ==> #f ...
lambda? ==> #f eval (fact (- num 1))
begin? ==> #f ...
cond? ==> #f apply <procedure fact> (2)
application? ==> #t eval (if (= num 0) ...)
eval fact

self-evaluating? ==> #f
variable? ==> #t
lookup-variable-value ==> <procedure fact>
list-of-values (3)
eval 3 ==> 3

apply <procedure fact> (3)
eval (if (= num 0) ...)

self-evaluating? ==> #f
variable? ==> #f
quoted? ==> #f
assignment? ==> #f
definition? ==> #f
if? ==> #t

eval-if (if (= num 0) ...)
if-predicate ==> (= num 0)
eval (= num 0)

self-evaluating? ==> #f
...

Four separate times, the evaluator has to examine the procedure body, decide that it’s an if expression, pull
out its component parts, and evaluate those parts (which in turn involves deciding what type of expression
each part is).

This is one reason why interpreted languages are so much slower than compiled languages: The interpreter
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does the syntactic analysis of the program over and over again. The compiler does the analysis once, and the
compiled program can just do the part of the computation that depends on the actual values of variables.

Separating Analysis from Execution

Eval takes two arguments, an expression and an environment. Of those, the expression argument is (obvi-
ously!) the same every time we revisit the same expression, whereas the environment will be different each
time. For example, when we compute (fact 3) we evaluate the body of fact in an environment in which
num has the value 3. That body includes a recursive call to compute (fact 2), in which we evaluate the
same body, but now in an environment with num bound to 2.

Our plan is to look at the evaluation process, find those parts which depend only on exp and not on env,
and do those only once. The procedure that does this work is called analyze.

What is the result of analyze? It has to be something that can be combined somehow with an environment
in order to return a value. The solution is that analyze returns a procedure that takes only env as an
argument, and does the rest of the evaluation.

Instead of

(eval exp env) ==> value

we now have

1. (analyze exp) ==> exp-procedure 2. (exp-procedure env) ==>
value

When we evaluate the same expression again, we only have to repeat step 2. What we’re doing is akin to
memoization, in that we remember the result of a computation to avoid having to repeat it. The difference
is that now we’re remembering something that’s only part of the solution to the overall problem, instead of
a complete solution.

We can duplicate the effect of the original eval this way:

(define (eval exp env)
((analyze exp) env))

The Implementation Details

Analyze has a structure similar to that of the original eval:

(define (eval exp env) (define (analyze exp)
(cond ((self-evaluating? exp) (cond ((self-evaluating? exp)

exp) (analyze-self-eval exp))
((variable? exp) ((variable? exp)
(lookup-var-val exp env)) (analyze-var exp))

... ...
((foo? exp) (eval-foo exp env)) ((foo? exp) (analyze-foo exp))
...)) ...))

The difference is that the procedures such as eval-if that take an expression and an environment as
arguments have been replaced by procedures such as analyze-if that take only the expression as argument.
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How do these analysis procedures work? As an intermediate step in our understanding, here is a version of
analyze-if that exactly follows the structure of eval-if and doesn’t save any time:

(define (eval-if exp env)
(if (true? (eval (if-predicate exp) env))

(eval (if-consequent exp) env)
(eval (if-alternative exp) env)))

(define (analyze-if exp)
(lambda (env)

(if (true? (eval (if-predicate exp) env))
(eval (if-consequent exp) env)
(eval (if-alternative exp) env))))

This version of analyze-if returns a procedure with env as its argument, whose body is exactly the same
as the body of the original eval-if. Therefore, if we do

((analyze-if some-if-expression) some-environment)

the result will be the same as if we’d said

(eval-if some-if-expression some-environment)

in the original metacircular evaluator.

But we’d like to improve on this first version of analyze-if because it doesn’t really avoid any work. Each
time we call the procedure that analyze-if returns, it will do all of the work that the original eval-if did.

The first version of analyze-if contains three calls to eval. Each of those calls does an analysis of an
expression and then a computation of the value in the given environment. What we’d like to do is split each
of those eval calls into its two separate parts, and do the first part only once, not every time:

(define (analyze-if exp)
(let ((pproc (analyze (if-predicate exp)))

(cproc (analyze (if-consequent exp)))
(aproc (analyze (if-alternative exp))))

(lambda (env)
(if (true? (pproc env))

(cproc env)
(aproc env)))))

In this final version, the procedure returned by analyze-if doesn’t contain any analysis steps. All of the
components were already analyzed before we call that procedure, so no further analysis is needed.

The biggest gain in efficiency comes from the way in which lambda expressions are handled. In the original
metacircular evaluator, leaving out some of the data abstraction for clarity here, we have

(define (eval-lambda exp env)
(list ’procedure exp env))

The evaluator does essentially nothing for a lambda expression except to remember the procedure’s text
and the environment in which it was created. But in the analyzing evaluator we analyze the body of the
procedure; what is stored as the representation of the procedure does not include its text! Instead, the
evaluator represents a procedure in the metacircular Scheme as a procedure in the underlying Scheme, along
with the formal parameters and the defining environment.

153



Level Confusion

The analyzing evaluator turns an expression such as

(if A B C)

into a procedure

(lambda (env)
(if (A-execution-procedure env)

(B-execution-procedure env)
(C-execution-procedure env)))

This may seem like a step backward; we’re trying to implement if and we end up with a procedure that
does an if. Isn’t this an infinite regress?

No, it isn’t. The if in the execution procedure is handled by the underlying Scheme, not by the metacircular
Scheme. Therefore, there’s no regress; we don’t call analyze-if for that one. Also, the if in the underlying
Scheme is much faster than having to do the syntactic analysis for the if in the meta-Scheme.

So What?

The syntactic analysis of expressions is a large part of what a compiler does. In a sense, this analyzing
evaluator is a compiler! It compiles Scheme into Scheme, so it’s not a very useful compiler, but it’s really not
that much harder to compile into something else, such as the machine language of a particular computer.

A compiler whose structure is similar to this one is called a recursive descent compiler. Today, in practice,
most compilers use a different technique (called a stack machine) because it’s possible to automate the
writing of a parser that way. (I mentioned this earlier as an example of data-directed programming.) But if
you’re writing a parser by hand, it’s easiest to use recursive descent.
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CS 61A Lecture Notes Second Half of Week 7

Topic: Nondeterministic evaluator

Reading: Abelson & Sussman, Section 4.3

To load the nondeterministic metacircular evaluator, say

(load "~cs61a/lib/ambeval.scm")

Solution spaces, streams, and backtracking

Many problems are of the form “Find all A such that B” or “find an A such that B.” For example: Find an
even integer that is not the sum of two primes; find a set of integers a, b, c, and n such that an + bn = cn

and n > 2. (These problems might not be about numbers: Find all the states in the United States whose
first and last letters are the same.)

In each case, the set A (even integers, sets of four integers, or states) is called the solution space. The
condition B is a predicate function of a potential solution that’s true for actual solutions.

One approach to solving problems of this sort is to represent the solution space as a stream, and use filter
to select the elements that satisfy the predicate:

(filter sum-of-two-primes? even-integers)

(filter Fermat? (pairs (pairs integers integers)
(pairs integers integers)))

(filter (lambda (x) (equal? (first x) (last x))) states)

The stream technique is particularly elegant for infinite problem spaces, because the program seems to be
generating the entire solution space A before checking the predicate B. (Of course we know that really the
steps of the computation are reordered so that the elements are tested as they are generated.)

In the next couple of lectures, we consider a different way to express the same sort of computation, a way
that makes the sequence of events in time more visible. In effect we’ll say:

• Pick a possible solution.

• See if it’s really a solution.

• If so, return it; if not, try another.

Here’s an example of the notation:

> (let ((a (amb 2 3 4))
(b (amb 6 7 8)))

(require (= (remainder b a) 0))
(list a b))

(2 6)
> try-again
(2 8)
> try-again
(3 6)
> try-again
(4 8)
> try-again
There are no more solutions.
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The main new thing here is the special form amb. This is not part of ordinary Scheme! We are adding it as
a new feature in the metacircular evaluator. Amb takes any number of argument expressions and returns the
value of one of them. You can think about this using either of two metaphors:

• The computer clones itself into as many copies as there are arguments; each clone gets a different value.

• The computer magically knows which argument will give rise to a solution to your problem and chooses
that one.

What really happens is that the evaluator chooses the first argument and returns its value, but if the
computation later fails then it tries again with the second argument, and so on until there are no more to
try. This introduces another new idea: the possibility of the failure of a computation. That’s not the same
thing as an error! Errors (such as taking the car of an empty list) are handled the same in this evaluator
as in ordinary Scheme; they result in an error message and the computation stops. A failure is different; it’s
what happens when you call amb with no arguments, or when all the arguments you gave have been tried
and there are no more left.

In the example above I used require to cause a failure of the computation if the condition is not met.
Require is a simple procedure in the metacircular Scheme-with-amb:

(define (require condition)
(if (not condition) (amb)))

So here’s the sequence of events in the computation above:

a=2
b=6; 6 is a multiple of 2, so return (2 6)

[try-again]
b=7; 7 isn’t a multiple of 2, so fail.
b=8; 8 is a multiple of 2, so return (2 8)

[try-again]
No more values for b, so fail.

a=3
b=6; 6 is a multiple of 3, so return (3 6)

[try-again]
b=7; 7 isn’t a multiple of 3, so fail.
b=8; 8 isn’t a multiple of 3, so fail.
No more values for b, so fail.

a=4
b=6; 6 isn’t a multiple of 4, so fail.
b=7; 7 isn’t a multiple of 4, so fail.
b=8; 8 is a multiple of 4, so return (4 8)

[try-again]
No more values for b, so fail.

No more values for a, so fail.
(No more pending AMBs, so report failure to user.)
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Recursive AmbAmbAmb

Since amb accepts any argument expressions, not just literal values as in the example above, it can be used
recursively:

(define (an-integer-between from to)
(if (> from to)

(amb)
(amb from (an-integer-between (+ from 1) to))))

or if you prefer:

(define (an-integer-between from to)
(require (>= to from))
(amb from (an-integer-between (+ from 1) to)))

Further, since amb is a special form and only evaluates one argument at a time, it has the same delaying
effect as cons-stream and can be used to make infinite solution spaces:

(define (integers-from from)
(amb from (integers-from (+ from 1))))

This integers-from computation never fails—there is always another integer—and so it won’t work to say

(let ((a (integers-from 1))
(b (integers-from 1)))

...)

because a will never have any value other than 1, because the second amb never fails. This is analogous to
the problem of trying to append infinite streams; in that case we could solve the problem with interleave
but it’s harder here.

Footnote on order of evaluation

In describing the sequence of events in these examples, I’m assuming that Scheme will evaluate the arguments
of the unnamed procedure created by a let from left to right. If I wanted to be sure of that, I should use
let* instead of let. But it matters only in my description of the sequence of events; considered abstractly,
the program will behave correctly regardless of the order of evaluation, because all possible solutions will
eventually be tried—although maybe not in the order shown here.

Success or failure

In the implementation of amb, the most difficult change to the evaluator is that any computation may either
succeed or fail. The most obvious way to try to represent this situation is to have eval return some special
value, let’s say the symbol =failed=, if a computation fails. (This is analogous to the use of =no-value= in
the Logo interpreter project.) The trouble is that if an amb fails, we don’t want to continue the computation;
we want to “back up” to an earlier stage in the computation. Suppose we are trying to evaluate an expression
such as

(a (b (c (d 4))))

and suppose that procedures b and c use amb. Procedure d is actually invoked first; then c is invoked with
the value d returned as argument. The amb inside procedure c returns its first argument, and c uses that to
compute a return value that becomes the argument to b. Now suppose that the amb inside b fails. We don’t
want to invoke a with the value =failed= as its argument! In fact we don’t want to invoke a at all; we want
to re-evaluate the body of c but using the second argument to its amb.

A&S take a different approach. If an amb fails, they want to be able to jump right back to the previous amb,
without having to propagate the failure explicitly through several intervening calls to eval. To make this
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work, intuitively, we have to give eval two different places to return to when it’s finished, one for a success
and the other for a failure.

Continuations

Ordinarily a procedure doesn’t think explicitly about where to return; it returns to its caller, but Scheme
takes care of that automatically. For example, when we compute

(* 3 (square 5))

the procedure square computes the value 25 and Scheme automatically returns that value to the eval
invocation that’s waiting to use it as an argument to the multiplication. But we could tell square explicitly,
“when you’ve figured out the answer, pass it on to be multiplied by 3” this way:

(define (square x continuation)
(continuation (* x x)))

> (square 5 (lambda (y) (* y 3)))
75

A continuation is a procedure that takes your result as argument and says what’s left to be done in the
computation.

Continuations for success and failure

In the case of the nondeterministic evaluator, we give eval two continuations, one for success and one for
failure. Note that these continuations are part of the implementation of the evaluator; the user of amb doesn’t
deal explicitly with continuations.

Here’s a handwavy example. In the case of

(a (b (c (d 4))))

procedure b’s success continuation is something like

(lambda (value) (a value))

but its failure continuation is

(lambda () (a (b (redo-amb-in-c))))

This example is handwavy because these “continuations” are from the point of view of the user of the
metacircular Scheme, who doesn’t know anything about continuations, really. The true continuations are
written in underlying Scheme, as part of the evaluator itself.

If a computation fails, the most recent amb wants to try another value. So a continuation failure will redo
the amb with one fewer argument. There’s no information that the failing computation needs to send back
to that amb except for the fact of failure itself, so the failure continuation procedure needs no arguments.

On the other hand, if the computation succeeds, we have to carry out the success continuation, and that
continuation needs to know the value that we computed. It also needs to know what to do if the continuation
itself fails; most of the time, this will be the same as the failure continuation we were given, but it might
not be. So a success continuation must be a procedure that takes two arguments: a value and a failure
continuation.

The book bases the nondeterministic evaluator on the analyzing one, but I’ll use a simplified version based
on plain old eval (it’s in cs61a/lib/vambeval.scm).

Most kinds of evaluation always succeed, so they invoke their success continuation and pass on the failure
one. I’ll start with a too-simplified version of eval-if in this form:

158



(define (eval-if exp env succeed fail) ; WRONG!
(if (eval (if-predicate exp) env succeed fail)

(eval (if-consequent exp) env succeed fail)
(eval (if-alternative exp) env succeed fail)))

The trouble is, what if the evaluation of the predicate fails? We don’t then want to evaluate the consequent
or the alternative. So instead, we just evaluate the predicate, giving it a success continuation that will
evaluate the consequent or the alternative, supposing that evaluating the predicate succeeds.

In general, wherever the ordinary metacircular evaluator would say

(define (eval-foo exp env)
(eval step-1 env)
(eval step-2 env))

using eval twice for part of its work, this version has to eval the first part with a continuation that evals
the second part:

(define (eval-foo exp env succeed fail)
(eval step-1

env
(lambda (value-1 fail-1)

(eval step-2 env succeed fail-1))
fail))

(In either case, step-2 presumably uses the result of evaluating step-1 somehow.)

Here’s how that works out for if:

(define (eval-if exp env succeed fail)
(eval (if-predicate exp) ; test the predicate

env
(lambda (pred-value fail2) ; with this success continuation

(if (true? pred-value)
(eval (if-consequent exp) env succeed fail2)
(eval (if-alternative exp) env succeed fail2)))

fail)) ; and the same failure continuation

What’s fail2? It’s the failure continuation that the evaluation of the predicate will supply. Most of the time,
that’ll be the same as our own failure continuation, just as eval-if uses fail as the failure continuation to
pass on to the evaluation of the predicate. But if the predicate involves an amb expression, it will generate
a new failure continuation. Think about an example like this one:

> (if (amb #t #f)
(amb 1)
(amb 2))

1

> try-again
2

(A more realistic example would have the predicate expression be some more complicated procedure call that
had an amb in its body.) The first thing that happens is that the first amb returns #t, and so if evaluates its
second argument, and that second amb returns 1. When the user says to try again, there are no more values
for that amb to return, so it fails. What we must do is re-evaluate the first amb, but this time returning its
second argument, #f. By now you’ve forgotten that we’re trying to work out what fail2 is for in eval-if,
but this example shows why the failure continuation when we evaluate if-consequent (namely the (amb 1)
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expression) has to be different from the failure continuation for the entire if expression. If the entire if
fails (which will happen if we say try-again again) then its failure continuation will tell us that there are no
more values. That continuation is bound to the name fail in eval-if. What ends up bound to the name
fail2 is the continuation that re-evaluates the predicate amb.

How does fail2 get that binding? When eval-if evaluates the predicate, which turns out to be an amb
expression, eval-amb will evaluate whatever argument it’s up to, but with a new failure continuation:

(define (eval-amb exp env succeed fail)
(if (null? (cdr exp)) ; (car exp) is the word AMB

(fail) ; no more args, call failure cont.
(eval (cadr exp) ; Otherwise evaluate the first arg

env
succeed ; with my same success continuation
(lambda () ; but with a new failure continuation:
(eval-amb (cons ’amb (cddr exp)) ; try the next argument

env
succeed
fail)))))

Notice that eval-if, like most other cases, provides a new success continuation but passes on the same
failure continuation that it was given as an argument. But eval-amb does the opposite: It passes on the
same success continuation it was given, but provides a new failure continuation.

Of course there are a gazillion more details, but the book explains them, once you understand what a con-
tinuation is. The most important of these complications is that anything involving mutation is problematic.
If we say

(define x 5)
(set! x (+ x (amb 2 3)))

it’s clear that the first time around x should end up with the value 7 (5+2). But if we try again, we’d like x
to get the value 8 (5 + 3), not 10 (7 + 3). So set! must set up a failure continuation that undoes the change
in the binding of x, restoring its original value of 5, before letting the amb provide its second argument.
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CS 61A Lecture Notes First Half of Week 8

Topic: Logic programming

Reading: Abelson & Sussman, Section 4.4.1–3

This week’s big idea is logic programming or declarative programming.

It’s the biggest step we’ve taken away from expressing a computation in hardware terms. When we discovered
streams, we saw how to express an algorithm in a way that’s independent of the order of evaluation. Now
we are going to describe a computation in a way that has no (visible) algorithm at all!

We are using a logic programming language that A&S implemented in Scheme. Because of that, the notation
is Scheme-like, i.e., full of lists. Standard logic languages like Prolog have somewhat different notations, but
the idea is the same.

All we do is assert facts:

> (load "~cs61a/lib/query.scm")
> (query)

;;; Query input:
(assert! (Brian likes potstickers))

and ask questions about the facts:

;;; Query input:
(?who likes potstickers)

;;; Query results:
(BRIAN LIKES POTSTICKERS)

Although the assertions and the queries take the form of lists, and so they look a little like Scheme programs,
they’re not! There is no application of function to argument here; an assertion is just data.

This is true even though, for various reasons, it’s traditional to put the verb (the relation) first:

(assert! (likes Brian potstickers))

We’ll use that convention hereafter, but that makes it even easier to fall into the trap of thinking there is a
function called likes.

• Rules. As long as we just tell the system isolated facts, we can’t get extraordinarily interesting replies.
But we can also tell it rules that allow it to infer one fact from another. For example, if we have a lot of
facts like

(mother Eve Cain)

then we can establish a rule about grandmotherhood:

(assert! (rule (grandmother ?elder ?younger)
(and (mother ?elder ?mom)

(mother ?mom ?younger) )))

The rule says that the first part (the conclusion) is true if we can find values for the variables such that the
second part (the condition) is true.

Again, resist the temptation to try to do composition of functions!

(assert! (rule (grandmother ?elder ?younger) ;; WRONG!!!!
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(mother ?elder (mother ?younger)) ))

Mother isn’t a function, and you can’t ask for the mother of someone as this incorrect example tries to do.
Instead, as in the correct version above, you have to establish a variable (?mom) that has a value that satisfies
the two motherhood relationships we need.

In this language the words assert!, rule, and, or, and not have special meanings. Everything else is just
a word that can be part of assertions or rules.

Once we have the idea of rules, we can do real magic:

;;;;; In file cs61a/lectures/4.4/logic-utility.scm
(assert! (rule (append (?u . ?v) ?y (?u . ?z))

(append ?v ?y ?z)))

(assert! (rule (append () ?y ?y)))

(The actual online file uses a Scheme procedure aa to add the assertion. It’s just like saying assert! to the
query system, but you say it to Scheme instead. This lets you load the file. Don’t get confused about this
small detail—just ignore it.)

;;; Query input:
(append (a b) (c d e) ?what)

;;; Query results:
(APPEND (A B) (C D E) (A B C D E))

So far this is just like what we could do in Scheme.

;;; Query input:
(append ?what (d e) (a b c d e))

;;; Query results:
(APPEND (A B C) (D E) (A B C D E))

;;; Query input:
(append (a) ?what (a b c d e))

;;; Query results:
(APPEND (A) (B C D E) (A B C D E))

The new thing in logic programming is that we can run a “function” backwards! We can tell it the answer
and get back the question. But the real magic is...

;;; Query input:
(append ?this ?that (a b c d e))

;;; Query results:
(APPEND () (A B C D E) (A B C D E))
(APPEND (A) (B C D E) (A B C D E))
(APPEND (A B) (C D E) (A B C D E))
(APPEND (A B C) (D E) (A B C D E))
(APPEND (A B C D) (E) (A B C D E))
(APPEND (A B C D E) () (A B C D E))

We can use logic programming to compute multiple answers to the same question! Somehow it found all the
possible combinations of values that would make our query true.
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How does the append program work? Compare it to the Scheme append:

(define (append a b)
(if (null? a)

b
(cons (car a) (append (cdr a) b)) ))

Like the Scheme program, the logic program has two cases: There is a base case in which the first argument
is empty. In that case the combined list is the same as the second appended list. And there is a recursive
case in which we divide the first appended list into its car and its cdr. We reduce the given problem into a
problem about appending (cdr a) to b. The logic program is different in form, but it says the same thing.
(Just as, in the grandmother example, we had to give the mother a name instead of using a function call,
here we have to give (car a) a name—we call it ?u.)

Unfortunately, this “working backwards” magic doesn’t always work.

;;;;; In file cs61a/lectures/4.4/reverse.scm
(assert! (rule (reverse (?a . ?x) ?y)

(and (reverse ?x ?z)
(append ?z (?a) ?y) )))

(assert! (reverse () ()))

This works for (reverse (a b c) ?what) but not the other way around; it gets into an infinite loop. We
can also write a version that works only backwards:

;;;;; In file cs61a/lectures/4.4/reverse.scm
(assert! (rule (backward (?a . ?x) ?y)

(and (append ?z (?a) ?y)
(backward ?x ?z) )))

(assert! (backward () ()))

But it’s much harder to write one that works both ways. Even as we speak, logic programming fans are trying
to push the limits of the idea, but right now, you still have to understand something about the below-the-line
algorithm to be confident that your logic program won’t loop.

• Below-the-line implementation.

Think about eval in the MC evaluator. It takes two arguments, an expression and an environment, and it
returns the value of the expression.

In logic programming, there’s no such thing as “the value of the expression.” What we’re given is a query, and
there may or may not be some number of variable bindings that make the query true. The query evaluator
qeval is analogous to eval in that it takes two arguments, something to evaluate and a context in which to
work. But the thing to evaluate is a query, not an expression; the context isn’t just one environment but a
whole collection of environments—one for each set of variable values that satisfy some previous query. And
the result returned by qeval isn’t a value. It’s a new collection of environments! It’s as if eval returned an
environment instead of a value.
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The “collection” of environments we’re talking about here is represented as a stream. That’s because there
might be infinitely many of them! We use the stream idea to reorder the computation; what really happens
is that we take one potential set of satisfying values and work it all the way through; then we try another
potential set of values. But the program looks as if we compute all the satisfying values at once for each
stage of a query.

Just as every top-level Scheme expression is evaluated in the global environment, every top-level query is
evaluated in an empty stream of environments. (No variables have been assigned values yet.)

If we have a query like (and p q), what happens is that we recursively use qeval to evaluate p in the empty
stream. The result is a stream of variable bindings that satisfy p. Then we use qeval to evaluate q in that
result stream! The final result is a stream of bindings that satisfy p and q simultaneously.

If the query is (or p q) then we use qeval to evaluate each of the pieces independently, starting in both
cases with the empty frame. Then we merge the two result streams to get a stream of bindings that satisfy
either p or q.

If the query is (not q), we can’t make sense of that unless we already have a stream of environments to
work with. That’s why we can only use not in a context such as (and p (not q)). We take the stream of
environments that we already have, and we filter that stream, using as the test predicate the function

(lambda (env) (empty-stream? (qeval q env)))

That is, we keep only those environments for which we can’t satisfy q.

That explains how qeval reduces compound queries to simple ones. How do we evaluate a simple query?
The first step is to pattern match the query against every assertion in the data base. Pattern matching is
just like the recursive equal? function, except that a variable in the pattern (the query) matches anything
in the assertion. (But if the same variable appears more than once, it must match the same thing each time.
That’s why we need to keep an environment of matches so far.)

The next step is to match the query against the conclusions of rules. This is tricky because now there can
be variables in both things being matched. Instead of the simple pattern matching we have to use a more
complicated version called unification. (See the details in the text.) If we find a match, then we take the
condition part of the rule (the body) and use that as a new query, to be satisfied within the environment(s)
that qeval gave us when we matched the conclusion. In other words, first we look at the conclusion to see
whether this rule can possibly be relevant to our query; if so, we see if the conditions of the rule are true.
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Here’s an example, partly traced:

;;; Query input:
(append ?a ?b (aa bb))

(unify-match (append ?a ?b (aa bb)) ; MATCH ORIGINAL QUERY
(append () ?1y ?1y) ; AGAINST BASE CASE RULE
()) ; WITH NO CONSTRAINTS

RETURNS: ((?1y . (aa bb)) (?b . ?1y) (?a . ()))
PRINTS: (append () (aa bb) (aa bb))

Since the base-case rule has no body, once we’ve matched it, we can print a successful result. (Before printing,
we have to look up variables in the environment so what we print is variable-free.) Now we unify the original
query against the conclusion of the other rule:

(unify-match (append ?a ?b (aa bb)) ; MATCH ORIGINAL QUERY
(append (?2u . ?2v) ?2y (?2u . ?2z)) ; AGAINST RECURSIVE RULE
()) ; WITH NO CONSTRAINTS

RETURNS: ((?2z . (bb)) (?2u . aa) (?b . ?2y) (?a . (?2u . ?2v)))
[call it F1]

This was successful, but we’re not ready to print anything yet, because we now have to take the body of
that rule as a new query. Note the indenting to indicate that this call to unify-match is within the pending
rule.

(unify-match (append ?2v ?2y ?2z) ; MATCH BODY OF RECURSIVE RULE
(append () ?3y ?3y) ; AGAINST BASE CASE RULE
F1) ; WITH CONSTRAINTS FROM F1

RETURNS: ((?3y . (bb)) (?2y . ?3y) (?2v . ()) [plus F1])
PRINTS: (append (aa) (bb) (aa bb))

(unify-match (append ?2v ?2y ?2z) ; MATCH SAME BODY
(append (?4u . ?4v) ?4y (?4u . ?4z)) ; AGAINST RECURSIVE RULE
F1) ; WITH F1 CONSTRAINTS

RETURNS: ((?4z . ()) (?4u . bb) (?2y . ?4y) (?2v . (?4u . ?4v))
[plus F1]) [call it F2]

(unify-match (append ?4v ?4y ?4z) ; MATCH BODY FROM NEWFOUND MATCH
(append () ?5y ?5y) ; AGAINST BASE CASE RULE
F2) ; WITH NEWFOUND CONSTRAINTS

RETURNS: ((?5y . ()) (?4y . ?5y) (?4v . ()) [plus F2])
PRINTS: (append (aa bb) () (aa bb))

(unify-match (append ?4v ?4y ?4z) ; MATCH SAME BODY
(append (?6u . ?6v) ?6y (?6u . ?6z)) ; AGAINST RECUR RULE
F2) ; SAME CONSTRAINTS

RETURNS: () ; BUT THIS FAILS

done
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CS 61A Lecture Notes Second Half of Week 8

Topic: Review

Reading: No new reading; study for the final.

• Go over first-day handout about abstraction; show how each topic involves an abstraction barrier and say
what’s above and what’s below the line.

• Go over the big ideas within each programming paradigm:

Functional Programming:
composition of functions
first-class functions (function as object)
higher-order functions
recursion
delayed (lazy) evaluation
(vocabulary: parameter, argument, scope, iterative process)

Object-Oriented Programming:
actors
message passing
local state
inheritance
identity vs. equal value
(vocabulary: dispatch procedure, delegation, mutation)

Logic Programming:
focus on ends, not means
multiple solutions
running a program backwards
(vocabulary: pattern matching, unification)

• Review where 61A fits into the curriculum. (See the CS abstraction hierarchy in week 1.)

Please, please, don’t forget the ideas of 61A just because you’re not programming in Scheme!
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CS 61A A&S Section 3.0

Object-Oriented Programming — Above the line view

This document should be read before Section 3.1 of the text. A second document, “Object-Oriented
Programming — Below the line view,” should be read after Section 3.1 and perhaps after Section
3.2; the idea is that you first learn how to use the object-oriented programming facility, then you
learn how it’s implemented.

Object-oriented programming is a metaphor. It expresses the idea of several independent agents
inside the computer, instead of a single process manipulating various data. For example, the next
programming project is an adventure game, in which several people, places, and things interact.
We want to be able to say things like “Ask Fred to pick up the potstickers.” (Fred is a person
object, and the potstickers are a thing object.)

Programmers who use the object metaphor have a special vocabulary to describe the components
of an object-oriented programming (OOP) system. In the example just above, “Fred” is called an
instance and the general category “person” is called a class. Programming languages that support
OOP let the programmer talk directly in this vocabulary; for example, every OOP language has a
“define class” command in some form. For this course, we have provided an extension to Scheme
that supports OOP in the style of other OOP languages. Later we shall see how these new features
are implemented using Scheme capabilities that you already understand. OOP is not magic; it’s a
way of thinking and speaking about the structure of a program.

When we talk about a “metaphor,” in technical terms we mean that we are providing an abstraction.
The above-the-line view is the one about independent agents. Below the line there are three crucial
technical ideas: message-passing (section 2.3), local state (section 3.1), and inheritance (explained
below). This document will explain how these ideas look to the OOP programmer; later we shall
see how they are implemented.

A simpler version of this system and of these notes came from MIT; this version was developed at
Berkeley by Matt Wright.

In order to use the OOP system, you must load the file ~cs61a/lib/obj.scm into Scheme.

Message Passing

The way to get things to happen in an object oriented system is to send messages to objects asking
them to do something. You already know about message passing; we used this technique in Section
2.3 to implement generic operators using “smart” data. For example, in Section 3.1 much of the
discussion will be about bank account objects. Each account has a balance (how much money is in
it); you can send messages to a particular account to deposit or withdraw money. The book’s version
shows how these objects can be created using ordinary Scheme notation, but now we’ll use OOP
vocabulary to do the same thing. Let’s say we have two objects Matt-Account and Brian-Account
of the bank account class. (You can’t actually type this into Scheme yet; the example assumes that
we’ve already created these objects.)

> (ask Matt-Account ’balance)
1000
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> (ask Brian-Account ’balance)
10000
> (ask Matt-Account ’deposit 100)
1100
> (ask Brian-Account ’withdraw 200)
9800
> (ask Matt-Account ’balance)
1100
> (ask Brian-Account ’withdraw 200)
9600

We use the procedure ask to send a message to an object. In the above example we assumed that
bank account objects knew about three messages: balance, deposit, and withdraw. Notice that
some messages require additional information; when we asked for the balance, that was enough,
but when we ask an account to withdraw or deposit we needed to specify the amount also.

The metaphor is that an object “knows how” to do certain things. These things are called methods.
Whenever you send a message to an object, the object carries out the method it associates with
that message.

Local State

Notice that in the above example, we repeatedly said

(ask Brian-Account ’withdraw 200)

and got a different answer each time. It seemed perfectly natural, because that’s how bank accounts
work in real life. However, until now we’ve been using the functional programming paradigm, in
which, by definition, calling the same function twice with the same arguments must give the same
result.

In the OOP paradigm, the objects have state. That is, they have some knowledge about what has
happened to them in the past. In this example, a bank account has a balance, which changes when
you deposit or withdraw some money. Furthermore, each account has its own balance. In OOP
jargon we say that balance is a local state variable.

You already know what a local variable is: a procedure’s formal parameter is one. When you say

(define (square x) (* x x))

the variable x is local to the square procedure. If you had another procedure (cube x), its variable
x would be entirely separate from that of square. Likewise, the balance of Matt-Account is kept
separate from that of Brian-Account.

On the other hand, every time you invoke square, you supply a new value for x; there is no
memory of the value x had last time around. A state variable is one whose value survives between
invocations. After you deposit some money to Matt-Account, the balance variable’s new value is
remembered the next time you access the account.

To create objects in this system you instantiate a class. For example, Matt-Account and
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Brian-Account are instances of the account class:

> (define Matt-Account (instantiate account 1000))
Matt-Account
> (define Brian-Account (instantiate account 10000))
Brian-Account

The instantiate function takes a class as its first argument and returns a new object of that class.
Instantiate may require additional arguments depending on the particular class: in this example
you specify an account’s initial balance when you create it.

Most of the code in an object-oriented program consists of definitions of various classes. Here is
the account class:

(define-class (account balance)
(method (deposit amount)

(set! balance (+ amount balance))
balance)

(method (withdraw amount)
(if (< balance amount)

"Insufficient funds"
(begin
(set! balance (- balance amount))
balance))) )

There’s a lot to say about this code. First of all, there’s a new special form, define-class. The
syntax of define-class is analogous to that of define. Where you would expect to see the name of
the procedure you’re defining comes the name of the class you’re defining. In place of the parameters
to a procedure come the initialization variables of the class: these are local state variables whose
initial values must be given as the extra arguments to instantiate. The body of a class consists
of any number of clauses; in this example there is only one kind of clause, the method clause, but
we’ll learn about others later. The order in which clauses appear within a define-class doesn’t
matter.

The syntax for defining methods was also chosen to resemble that for defining procedures. The
“name” of the method is actually the message used to access the method. The parameters to the
method correspond to extra arguments to the ask procedure. For example, when we said

(ask Matt-Account ’deposit 100)

we associated the argument 100 with the parameter amount.

You’re probably wondering where we defined the balance method. For each local state variable in
a class, a corresponding method of the same name is defined automatically. These methods have
no arguments, and they just return the current value of the variable with that name.

This example also introduced two new special forms that are not unique to the object system. The
first is set!, whose job it is to change the value of a state variable. Its first argument is unevaluated;
it is the name of the variable whose value you wish to change. The second argument is evaluated;
the value of this expression becomes the new value of the variable. The return value of set! is
undefined.
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This looks a lot like the kind of define without parentheses around the first argument, but the
meaning is different. Define creates a new variable, while set! changes the value of an existing
variable.

The name set! has an exclamation point in its name because of a Scheme convention for procedures
that modify something. (This is just a convention, like the convention about question marks in the
names of predicate functions, not a firm rule.) The reason we haven’t come across this convention
before is that functional programming rules out the whole idea of modifying things; there is no
memory of past history in a functional program.

The other Scheme primitive special form in this example is begin, which evaluates all of its ar-
gument expressions in order and returns the value of the last one. Until now, in every procedure
we’ve evaluated only one expression, to provide the return value of that procedure. It’s still the
case that a procedure can only return one value. Now, though, we sometimes want to evaluate an
expression for what it does instead of what it returns, e.g. changing the value of a variable. The
call to begin indicates that the (set! amount (- amount balance)) and the balance together
form a single argument to if. You’ll learn more about set! and begin in Chapter 3.

Inheritance

Imagine using OOP in a complicated program with many different kinds of objects. Very often,
there will be a few classes that are almost the same. For example, think about a window system.
There might be different kinds of windows (text windows, graphics windows, and so on) but all
of them will have certain methods in common, e.g., the method to move a window to a different
position on the screen. We don’t want to have to reprogram the same method in several classes.
Instead, we create a more general class (such as “window”) that knows about these general methods;
the specific classes (like “text window”) inherit from the general class. In effect, the definition of
the general class is included in that of the more specific class.

Let’s say we want to create a checking account class. Checking accounts are just like regular bank
accounts, except that you can write checks as well as withdrawing money in person. But you’re
charged ten cents every time you write a check.

> (define Hal-Account (instantiate checking-account 1000))
Hal-Account
> (ask Hal-Account ’balance)
1000
> (ask Hal-Account ’deposit 100)
1100
> (ask Hal-Account ’withdraw 50)
1050
> (ask Hal-Account ’write-check 30)
1019.9

One way to do this would be to duplicate all of the code for regular accounts in the definition of the
checking-account. This isn’t so great, though; if we want to add a new feature to the account
class we would need to remember to add it to the checking-account class as well.
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It is very common in object-oriented programming that one class will be a specialization of another:
the new class will have all the methods of the old, plus some extras, just as in this bank account
example. To describe this situation we use the metaphor of a family of object classes. The original
class is the parent and the specialized version is the child class. We say that the child inherits the
methods of the parent. (The names subclass for child and superclass for parent are also sometimes
used.)

Here’s how we create a subclass of the account class:

(define-class (checking-account init-balance)
(parent (account init-balance))
(method (write-check amount)

(ask self ’withdraw (+ amount 0.10)) ))

This example introduces the parent clause in define-class. In this case, the parent is the account
class. Whenever we send a message to a checking-account object, where does the corresponding
method come from? If a method of that name is defined in the checking-account class, it is used;
otherwise, the OOP system looks for a method in the parent account class. (If that class also had
a parent, we might end up inheriting a method from that twice-removed class, and so on.)

Notice also that the write-check method refers to a variable called self. Each object has a local
state variable self whose value is the object itself. (Notice that you might write a method within
the definition of a class C thinking that self will always be an instance of C, but in fact self might
turn out to be an instance of another class that has C as its parent.)

Methods defined in a certain class only have access to the local state variables defined in the
same class. For example, a method defined in the checking-account class can’t refer to the
balance variable defined in the account class; likewise, a method in the account class can’t refer
to the init-balance variable. This rule corresponds to the usual Scheme rule about scope of
variables: each variable is only available within the block in which it’s defined. (Not every OOP
implementation works like this, by the way.)

If a method in the checking-account class needs to refer to the balance variable defined in its
parent class, the method could say

(ask self ’balance)

This invocation of ask sends a message to the checking-account object, but because there is no
balance method defined within the checking-account class itself, the method that’s inherited
from the account class is used.

We used the name init-balance for the new class’s initialization variable, rather than just
balance, because we want that name to mean the variable belonging to the parent class. Since
the OOP system automatically creates a method named after every local variable in the class, if
we called this variable balance then we couldn’t use a balance message to get at the parent’s
balance state variable. (It is the parent, after all, in which the account’s balance is changed for
each transaction.)

We have now described the three most important parts of the OOP system: message passing, local
state, and inheritance. In the rest of this document we introduce some “bells and whistles”—
additional features that make the notation more flexible, but don’t really involve major new ideas.
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Three Kinds of Local State Variables

So far the only local state variables we’ve seen have been instantiation variables, whose values are
given as arguments when an object is created. Sometimes we’d like each instance to have a local
state variable, but the initial value is the same for every object in the class, so we don’t want to have
to mention it at each instantiation. To achieve this purpose, we’ll use a new kind of define-class
clause, called instance-vars:

(define-class (checking-account init-balance)
(parent (account init-balance))
(instance-vars (check-fee 0.10))
(method (write-check amount)

(ask self ’withdraw (+ amount check-fee)))
(method (set-fee! fee)

(set! check-fee fee)) )

We’ve set things up so that every new checking account will have a ten-cent fee for each check. It’s
possible to change the fee for any given account, but we don’t have to say anything if we want to
stick with the ten cent value.

Instantiation variables are also instance variables; that is, every instance has its own private value
for them. The only difference is in the notation—for instantiation variables you give a value when
you call instantiate, but for other instance variables you give the value in the class definition.

The third kind of local state variable is a class variable. Unlike the case of instance variables, there
is only one value for a class variable for the entire class. Every instance of the class shares this
value. For example, let’s say we want to have a class of workers that are all working on the same
project. That is to say, whenever any of them works, the total amount of work done is increased.
On the other hand, each worker gets hungry separately as he or she works. Therefore, there is a
common work-done variable for the class, and a separate hunger variable for each instance.

(define-class (worker)
(instance-vars (hunger 0))
(class-vars (work-done 0))
(method (work)

(set! hunger (1+ hunger))
(set! work-done (1+ work-done))
’whistle-while-you-work ))

> (define brian (instantiate worker))
BRIAN
> (define matt (instantiate worker))
MATT
> (ask matt ’work)
WHISTLE-WHILE-YOU-WORK
> (ask matt ’work)
WHISTLE-WHILE-YOU-WORK
> (ask matt ’hunger)
2
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> (ask matt ’work-done)
2
> (ask brian ’work)
WHISTLE-WHILE-YOU-WORK
> (ask brian ’hunger)
1
> (ask brian ’work-done)
3
> (ask worker ’work-done)
3

As you can see, asking any worker object to work increments the work-done variable. In contrast,
each worker has its own hunger instance variable, so that when Brian works, Matt doesn’t get
hungry.

You can ask any instance the value of a class variable, or you can ask the class itself. This is an
exception to the usual rule that messages must be sent to instances, not to classes.

Initialization

Sometimes we want every new instance of some class to carry out some initial activity as soon as
it’s created. For example, let’s say we want to maintain a list of all the worker objects. We’ll create
a class variable called all-workers to hold the list, but we also have to make sure that each newly
created instance adds itself to the list. We do this with an initialize clause:

(define-class (worker)
(instance-vars (hunger 0))
(class-vars (all-workers ’())

(work-done 0))
(initialize (set! all-workers (cons self all-workers)))
(method (work)

(set! hunger (1+ hunger))
(set! work-done (1+ work-done))
’whistle-while-you-work ))

The body of the initialize clause is evaluated when the object is instantiated. (By the way, don’t
get confused about those two long words that both start with “I.” Instantiation is the process of
creating an instance (that is, a particular object) of a class. Initialization is some optional, class-
specific activity that the newly instantiated object might perform.)

If a class and its parent class both have initialize clauses, the parent’s clause is evaluated first.
This might be important if the child’s initialization refers to local state that is maintained by
methods in the parent class.

Classes That Recognize Any Message

Suppose we want to create a class of objects that return the value of the previous message they
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received whenever you send them a new message. Obviously, each such object needs an instance
variable in which it will remember the previous message. The hard part is that we want objects of
this class to accept any message, not just a few specific messages. Here’s how:

(define-class (echo-previous)
(instance-vars (previous-message ’first-time))
(default-method

(let ((result previous-message))
(set! previous-message message)
result)))

We used a default-method clause; the body of a default-method clause gets evaluated if an
object receives a message for which it has no method. (In this case, the echo-previous object
doesn’t have any regular methods, so the default-method code is executed for any message.)

Inside the body of the default-method clause, the variable message is bound to the message that
was received and the variable args is bound to a list of any additional arguments to ask.

Using a Parent’s Method Explicitly

In the example about checking accounts earlier, we said

(define-class (checking-account init-balance)
(parent (account init-balance))
(method (write-check amount)

(ask self ’withdraw (+ amount 0.10)) ))

Don’t forget how this works: Because the checking-account class has a parent, whatever messages
it doesn’t understand are processed in the same way that the parent (account) class would handle
them. In particular, account objects have deposit and withdraw methods.

Although a checking-account object asks itself to withdraw some money, we really intend that
this message be handled by a method defined within the parent account class. There is no problem
here because the checking-account class itself does not have a withdraw method.

Imagine that we want to define a class with a method of the same name as a method in its parent
class. Also, we want the child’s method to invoke the parent’s method of the same name. For
example, we’ll define a TA class that is a specialization of the worker class. The only difference is
that when you ask a TA to work, he or she returns the sentence “Let me help you with that box
and pointer diagram” after invoking the work method defined in the worker class.

We can’t just say (ask self ’work), because that will refer to the method defined in the child
class. That is, suppose we say:

(define-class (TA)
(parent (worker))
(method (work)

(ask self ’work) ;; WRONG!
’(Let me help you with that box and pointer diagram))

(method (grade-exam) ’A+) )
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When we ask a TA to work, we are hoping to get the result of asking a worker to work (increasing
hunger, increasing work done) but return a different sentence. But what actually happens is an
infinite recursion. Since self refers to the TA, and the TA does have its own work method, that’s
what gets used. (In the earlier example with checking accounts, ask self works because the
checking account does not have its own withdraw method.)

Instead we need a way to access the method defined in the parent (worker) class. We can accomplish
this with usual:

(define-class (TA)
(parent (worker))
(method (work)

(usual ’work)
’(Let me help you with that box and pointer diagram))

(method (grade-exam) ’A+) )

Usual takes one or more arguments. The first argument is a message, and the others are whatever
extra arguments are needed. Calling usual is just like saying (ask self ...) with the same
arguments, except that only methods defined within an ancestor class (parent, grandparent, etc.)
are eligible to be used. It is an error to invoke usual from a class that doesn’t have a parent class.

You may be thinking that usual is a funny name for this function. Here’s the idea behind the name:
We are thinking of subclasses as specializations. That is, the parent class represents some broad
category of things, and the child is a specialized version. (Think of the relationship of checking
accounts to accounts in general.) The child object does almost everything the same way its parent
does. The child has some special way to handle a few messages, different from the usual way (as
the parent does it). But the child can explicitly decide to do something in the usual (parent-like)
way, rather than in its own specialized way.

Multiple Superclasses

We can have object types that inherit methods from more than one type. We’ll invent a singer
class and then create singer-TAs and TA-singers.

(define-class (singer)
(parent (worker))
(method (sing) ’(tra-la-la)) )

(define-class (singer-TA)
(parent (singer) (TA)) )

(define-class (TA-singer)
(parent (TA) (singer)) )

> (define Matt (instantiate singer-TA))
> (define Chris (instantiate TA-singer))
> (ask Matt ’grade-exam)
A+
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> (ask Matt ’sing)
(TRA-LA-LA)
> (ask Matt ’work)
WHISTLE-WHILE-YOU-WORK
> (ask Chris ’work)
(LET ME HELP YOU WITH THAT BOX AND POINTER DIAGRAM)

Both Matt and Chris can do anything a TA can do, such as grading exams, and anything a singer
can do, such as singing. The only difference between them is how they handle messages that TAs
and singers process differently. Matt is primarily a singer, so he responds to the work message
as a singer would. Chris, however, is primarily a TA, and uses the work method from the TA class.

In the example above, Matt used the work method from the worker class, inherited through two
levels of parent relationships. (The worker class is the parent of singer, which is a parent of
singer-TA.) In some situations it might be better to choose a method inherited directly from a
second-choice parent (the TA class) over one inherited from a first-choice grandparent. Much of
the complexity of contemporary object-oriented programming languages has to do with specifying
ways to control the order of inheritance in situations like this.
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Reference Manual for the OOP Language

There are only three procedures that you need to use: define-class, which defines a class;
instantiate, which takes a class as its argument and returns an instance of the class; and ask,
which asks an object to do something. Here are the explanations of the procedures:

ASK: (ask object message . args)
Ask gets a method from object corresponding to message. If the object has such a method, invoke
it with the given args; otherwise it’s an error.

INSTANTIATE: (instantiate class . arguments)
Instantiate creates a new instance of the given class, initializes it, and returns it. To initialize
a class, instantiate runs the initialize clauses of all the parent classes of the object and then
runs the initialize clause of this class.

The extra arguments to instantiate give the values of the new object’s instantiation variables.
So if you say

(define-class (account balance) ...)

then saying

(define my-acct (instantiate account 100))

will cause my-acct’s balance variable to be bound to 100.

DEFINE-CLASS:

(define-class (class-name args...) clauses...)
This defines a new class named class-name. The instantiation arguments for this class are args.
(See the explanation of instantiate above.)

The rest of the arguments to define-class are various clauses of the following types. All clauses
are optional. You can have any number of method clauses, in any order.

(METHOD (message arguments...) body)(METHOD (message arguments...) body)(METHOD (message arguments...) body)

A method clause gives the class a method corresponding to the message, with the given
arguments and body. A class definition may contain any number of method clauses. You
invoke methods with ask. For example, say there’s an object with a

(method (add x y) (+ x y))

clause. Then (ask object ’add 2 5) returns 7.

Inside a method, the variable self is bound to the object whose method this is. (Note
that self might be an instance of a child class of the class in which the method is
defined.) A method defined within a particular class has access to the instantiation
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variables, instance variables, and class variables that are defined within the same class,
but does not have access to variables defined in parent or child classes. (This is similar
to the scope rules for variables within procedures outside of the OOP system.)

Any method that is usable within a given object can invoke any other such method by
invoking (ask self message). However, if a method wants to invoke the method of
the same name within a parent class, it must instead ask for that explicitly by saying

(usual message args...)

where message is the name of the method you want and args... are the arguments to
the method.

(INSTANCE-VARS (var1 value1) (var2 value2) ...)(INSTANCE-VARS (var1 value1) (var2 value2) ...)(INSTANCE-VARS (var1 value1) (var2 value2) ...)

Instance-vars sets up local state variables var1, var2, etc. Each instance of the class
will have its own private set of variables with these names. These are visible inside the
bodies of the methods and the initialization code within the same class definition. The
initial values of the variables are calculated when an instance is created by evaluating
the expressions value1, value2, etc. There can be any number of variables. Also, a
method is automatically created for each variable that returns its value. If there is no
instance-vars clause then the instances of this class won’t have any instance variables.
It is an error for a class definition to contain more than one instance-vars clause.

(CLASS-VARS (var1 value1) (var2 value2) ...)(CLASS-VARS (var1 value1) (var2 value2) ...)(CLASS-VARS (var1 value1) (var2 value2) ...)

Class-vars sets up local state variables var1, var2, etc. The class has only one set
of variables with these names, shared by every instance of the class. (Compare the
instance-vars clause described above.) These variables are visible inside the bodies
of the methods and the initialization code within the same class definition. The initial
values of the variables are calculated when the class is defined by evaluating the expres-
sions value1, value2, etc. There can be any number of variables. Also, a method is
automatically created for each variable that returns its value. If there is no class-vars
clause then the class won’t have any class variables. It is an error for a class definition
to contain more than one class-vars clause.

(PARENT (parent1 args...) (parent2 args...))(PARENT (parent1 args...) (parent2 args...))(PARENT (parent1 args...) (parent2 args...))

Parent defines the parents of a class. The args are the arguments used to instantiate
the parent objects. For example, let’s say that the rectangle class has two arguments:
height and width:

(define-class (rectangle height width) ...)

A square is a kind of rectangle; the height and width of the square’s rectangle are
both the side-length of the square:

(define-class (square side-length)
(parent (rectangle side-length side-length))
...)
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When an object class doesn’t have an explicit method for a message it receives, it looks
for methods of that name (or default methods, as explained below) in the definitions of
the parent classes, in the order they appear in the parent clause. The method that gets
invoked is from the first parent class that recognizes the message.

A method can invoke a parent’s method of the same name with usual; see the notes on
the method clause above.

(DEFAULT-METHOD body)(DEFAULT-METHOD body)(DEFAULT-METHOD body)

A default-method clause specifies the code that an object should execute if it receives
an unrecognized message (i.e., a message that does not name a method in this class or
any of its superclasses). When the body is executed, the variable message is bound to
the message, and the variable args is bound to a list of the additional arguments to
ask.

(INITIALIZE body)(INITIALIZE body)(INITIALIZE body)

The body of the initialize clause contains code that is executed whenever an instance
of this class is created.

If the class has parents, their initialize code gets executed before the initialize
clause in the class itself. If the class has two or more parents, their initialize code is
executed in the order that they appear in the parent clause.
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CS 61A A&S Section 3.2 1
2

Object-Oriented Programming — Below the line view

This document documents the Object Oriented Programming system for CS 61A in terms of its
implementation in Scheme. It assumes that you already know what the system does, i.e. that you’ve
read “Object-Oriented Programming — Above the line view.” Also, this handout will assume a
knowledge of how to implement message passing and local state variables in Scheme, from chapters
2.3 and 3.1 of A&S. (Chapter 3.2 from A&S will also be helpful.)

Almost all of the work of the object system is handled by the special form define-class. When
you type a list that begins with the symbol define-class, Scheme translates your class definition
into Scheme code to implement that class. This translated version of your class definition is written
entirely in terms of define, let, lambda, set!, and other Scheme functions that you already know
about.

We will focus on the implementation of the three main technical ideas in OOP: message passing,
local state, and inheritance.

Message Passing

The text introduces message-passing with this example from Section 2.3.3 (page 141):

(define (make-rectangular x y)
(define (dispatch m)

(cond ((eq? m ’real-part) x)
((eq? m ’imag-part) y)
((eq? m ’magnitude)
(sqrt (+ (square x) (square y))))

((eq? m ’angle) (atan y x))
(else
(error "Unknown op -- MAKE-RECTANGULAR" m))))

dispatch)

In this example, a complex number object is represented by a dispatch procedure. The procedure
takes a message as its argument, and returns a number as its result. Later, in Section 3.1.1 (page
173), the text uses a refinement of this representation in which the dispatch procedure returns a
procedure instead of a number. The reason they make this change is to allow for extra arguments
to what we are calling the method that responds to a message. The user says

((acc ’withdraw) 100)

Evaluating this expression requires a two-step process: First, the dispatch procedure (named acc) is
invoked with the message withdraw as its argument. The dispatch procedure returns the withdraw
method procedure, and that second procedure is invoked with 100 as its argument to do the actual
work. All of an object’s activity comes from invoking its method procedures; the only job of the
object itself is to return the right procedure when it gets sent a message.

Any OOP system that uses the message-passing model must have some below-the-line mechanism
for associating methods with messages. In Scheme, with its first-class procedures, it is very natural
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to use a dispatch procedure as the association mechanism. In some other language the object might
instead be represented as an array of message-method pairs.

If we are treating objects as an abstract data type, programs that use objects shouldn’t have to
know that we happen to be representing objects as procedures. The two-step notation for invoking
a method violates this abstraction barrier. To fix this we invent the ask procedure:

(define (ask object message . args)
(let ((method (object message))) ; Step 1: invoke dispatch procedure

(if (method? method)
(apply method args) ; Step 2: invoke the method
(error "No method" message (cadr method)))))

Ask carries out essentially the same steps as the explicit notation used in the text. First it invokes
the dispatch procedure (that is, the object itself) with the message as its argument. This should
return a method (another procedure). The second step is to invoke that method procedure with
whatever extra arguments have been provided to ask.

The body of ask looks more complicated than the earlier version, but most of that has to do with
error-checking: What if the object doesn’t recognize the message we send it? These details aren’t
very important. Ask does use two features of Scheme that we haven’t discussed before:

The dot notation used in the formal parameter list of ask means that it accepts any number of
arguments. The first two are associated with the formal parameters object and message; all
the remaining arguments (zero or more of them) are put in a list and associated with the formal
parameter args.

The procedure apply takes a procedure and a list of arguments and applies the procedure to the
arguments. The reason we need it here is that we don’t know in advance how many arguments the
method will be given; if we said (method args) we would be giving the method one argument,
namely, a list.

In our OOP system, you generally send messages to instances, but you can also send some messages
to classes, namely the ones to examine class variables. When you send a message to a class, just as
when you send one to an instance, you get back a method. That’s why we can use ask with both
instances and classes. (The OOP system itself also sends the class an instantiate message when
you ask it to create a new instance.) Therefore, both the class and each instance is represented by
a dispatch procedure. The overall structure of a class definition looks something like this:

(define (class-dispatch-procedure class-message)
(cond ((eq? class-message ’some-var-name) (lambda () (get-the-value)))

(...)
((eq? class-message ’instantiate)
(lambda (instantiation-var ...)

(define (instance-dispatch-procedure instance-message)
(cond ((eq? instance-message ’foo) (lambda ...))

(...)
(else (error "No method in instance")) ))

instance-dispatch-procedure))
(else (error "No method in class")) ))
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(Please note that this is not exactly what a class really looks like. In this simplified version we
have left out many details. The only crucial point here is that there are two dispatch procedures,
one inside the other.) In each dispatch procedure, there is a cond with a clause for each allow-
able message. The consequent expression of each clause is a lambda expression that defines the
corresponding method. (In the text, the examples often use named method procedures, and the
consequent expressions are names rather than lambdas. We found it more convenient this way, but
it doesn’t really matter.)

Local State

You learned in section 3.1 that the way to give a procedure a local state variable is to define that
procedure inside another procedure that establishes the variable. That outer procedure might be
the implicit procedure in the let special form, as in this example from page 171:

(define new-withdraw
(let ((balance 100))

(lambda (amount)
(if (>= balance amount)

(begin (set! balance (- balance amount))
balance)
"Insufficient funds"))))

In the OOP system, there are three kinds of local state variables: class variables, instance variables,
and instantiation variables. Although instantiation variables are just a special kind of instance
variable above the line, they are implemented differently. Here is another simplified view of a class
definition, this time leaving out all the message passing stuff and focusing on the variables:

(define class-dispatch-procedure
(LET ((CLASS-VAR1 VAL1)

(CLASS-VAR2 VAL2) ...)
(lambda (class-message)
(cond ((eq? class-message ’class-var1) (lambda () class-var1))

...
((eq? class-message ’instantiate)
(lambda (INSTANTIATION-VARIABLE1 ...)
(LET ((INSTANCE-VAR1 VAL1)

(INSTANCE-VAR2 VAL2) ...)
(define (instance-dispatch-procedure instance-message)

...)
instance-dispatch-procedure)))))))

The scope of a class variable includes the class dispatch procedure, the instance dispatch procedure,
and all of the methods within those. The scope of an instance variable does not include the class
dispatch procedure in its methods. Each invocation of the class instantiate method gives rise to
a new set of instance variables, just as each new bank account in the book has its own local state
variables.
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Why are class variables and instance variables implemented using let, but not instantiation vari-
ables? The reason is that class and instance variables are given their (initial) values by the class
definition itself. That’s what let does: It establishes the connection between a name and a value.
Instantiation variables, however, don’t get values until each particular instance of the class is cre-
ated, so we implement these variables as the formal parameters of a lambda that will be invoked
to create an instance.

Inheritance and Delegation

Inheritance is the mechanism through which objects of a child class can use methods from a parent
class. Ideally, all such methods would just be part of the repertoire of the child class; the parent’s
procedure definitions would be “copied into” the Scheme implementation of the child class.

The actual implementation in our OOP system, although it has the same purpose, uses a somewhat
different technique called delegation. Each object’s dispatch procedure contains entries only for the
methods of its own class, not its parent classes. But each object has, in an instance variable, an
object of its parent class. To make it easier to talk about all these objects and classes, let’s take
an example that we looked at before:

(define-class (checking-account init-balance)
(parent (account init-balance))
(method (write-check amount)

(ask self ’withdraw (+ amount 0.10)) ))

Let’s create an instance of that class:

(define Gerry-account (instantiate checking-account 20000))

Then the object named Gerry-account will have an instance variable named my-account whose
value is an instance of the account class. (The variables my-whatever are created automatically
by define-class.)

What good is this parent instance? If the dispatch procedure for Gerry-account doesn’t recognize
some message, then it reaches the else clause of the cond. In an object without a parent, that
clause will generate an error message. But if the object does have a parent, the else clause passes
the message on to the parent’s dispatch procedure:

(define (make-checking-account-instance init-balance)
(LET ((MY-ACCOUNT (INSTANTIATE ACCOUNT INIT-BALANCE)))

(lambda (message)
(cond ((eq? message ’write-check) (lambda (amount) ...))

((eq? message ’init-balance) (lambda () init-balance))
(ELSE (MY-ACCOUNT MESSAGE)) ))))

(Naturally, this is a vastly simplified picture. We’ve left out the class dispatch procedure, among
other details. There isn’t really a procedure named make-checking-account-instance in the
implementation; this procedure is really the instantiate method for the class, as we explained
earlier.)
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When we send Gerry-account a write-check message, it’s handled in the straightforward way
we’ve been talking about before this section. But when we send Gerry-account a deposit message,
we reach the else clause of the cond and the message is delegated to the parent account object.
That object (that is, its dispatch procedure) returns a method, and Gerry-account returns the
method too.

The crucial thing to understand is why the else clause does not say

(else (ask my-parent message))

The Gerry-account dispatch procedure takes a message as its argument, and returns a method as
its result. Ask, you’ll recall, carries out a two-step process in which it first gets the method and then
invokes that method. Within the dispatch procedure we only want to get the method, not invoke
it. (Somewhere there is an invocation of ask waiting for Gerry-account’s dispatch procedure to
return a method, which ask will then invoke.)

There is one drawback to the delegation technique. As we mentioned in the above-the-line handout,
when we ask Gerry-account to deposit some money, the deposit method only has access to the
local state variables of the account class, not those of the checking-account class. Similarly, the
write-check method doesn’t have access to the account local state variables like balance. You
can see why this limitation occurs: Each method is a procedure defined within the scope of one or
the other class procedure, and Scheme’s lexical scoping rules restrict each method to the variables
whose scope contains it. The technical distinction between inheritance and delegation is that an
inheritance-based OOP system does not have this restriction.

We can get around the limitation by using messages that ask the other class (the child asks the
parent, or vice versa) to return (or modify) one of its variables. The (ask self ’withdraw ...)
in the write-check method is an example.

Bells and Whistles

The simplified Scheme implementation shown above hides several complications in the actual OOP
system. What we have explained so far is really the most important part of the implementation,
and you shouldn’t let the details that follow confuse you about the core ideas. We’re giving pretty
brief explanations of these things, leaving out the gory details.

One complication is multiple inheritance. Instead of delegating an unknown message to just one
parent, we have to try more than one. The real else clauses invoke a procedure called get-method
that accepts any number of objects (i.e., dispatch procedures) as arguments, in addition to the
message. Get-method tries to find a method in each object in turn; only if all of the parents fail to
provide a method does it give an error message. (There will be a my-whatever variable for each of
the parent classes.)

Another complication that affects the else clause is the possible use of a default-method in the
class definition. If this optional feature is used, the body of the default-method clause becomes
part of the object’s else clause.

When an instance is created, the instantiate procedure sends it an initialize message. Every
dispatch procedure automatically has a corresponding method. If the initialize clause is used
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in define-class, then the method includes that code. But even if there is no initialize clause,
the OOP system has some initialization tasks of its own to perform.

In particular, the initialization must provide a value for the self variable. Every initialize
method takes the desired value for self as an argument. If there are no parents or children
involved, self is just another name for the object’s own dispatch procedure. But if an instance is
the my-whatever of some child instance, then self should mean that child. The solution is that
the child’s initialize method invokes the parent’s initialize method with the child’s own self
as the argument. (Where does the child get its self argument? It is provided by the instantiate
procedure.)

Finally, usual involves some complications. Each object has a send-usual-to-parent method
that essentially duplicates the job of the ask procedure, except that it only looks for methods in
the parents, as the else clause does. Invoking usual causes this method to be invoked.

A useful feature

To aid in your understanding of the below-the-line functioning of this system, we have provided a
way to look at the translated Scheme code directly, i.e., to look at the below-the-line version of a
class definition. To look at the definition of the class foo, for example, you type

(show-class ’foo)

If you do this, you will see the complete translation of a define-class, including all the details
we’ve been glossing over. But you should now understand the central issues well enough to be able
to make sense of it.

We end this document with one huge example showing every feature of the object system. Here
are the above-the-line class definitions:

(define-class (person) (method (smell-flowers) ’Mmm!))
(define-class (fruit-lover fruit) (method (favorite-food) fruit))

(define-class (banana-holder name)
(class-vars (list-of-banana-holders ’()))
(instance-vars (bananas 0))
(method (get-more-bananas amount)

(set! bananas (+ bananas amount)))
(default-method ’sorry)
(parent (person) (fruit-lover ’banana))
(initialize
(set! list-of-banana-holders (cons self list-of-banana-holders))) )

On the next page we show the translation of the banana-holder class definition into ordinary
Scheme. Of course this is hideously long, since we have artificially defined the class to use every
possible feature at once. The translations aren’t meant to be read by people, ordinarily. The
comments in the translated version were added just for this handout; you won’t see comments if
you use show-class yourself.
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(define banana-holder
(let ((list-of-banana-holders ’())) ;; class vars set up
(lambda (class-message) ;; class dispatch proc

(cond
((eq? class-message ’list-of-banana-holders)
(lambda () list-of-banana-holders))

((eq? class-message ’instantiate)
(lambda (name) ;; Instantiation vars

(let ((self ’()) ;; Instance vars
(my-person (instantiate-parent person))
(my-fruit-lover (instantiate-parent fruit-lover ’banana))
(bananas 0))

(define (dispatch message) ;; Object dispatch proc
(cond
((eq? message ’initialize) ;; Initialize method:
(lambda (value-for-self) ;; set up self variable

(set! self value-for-self)
(ask my-person ’initialize self)
(ask my-fruit-lover ’initialize self)
(set! list-of-banana-holders ;; user’s init code

(cons self list-of-banana-holders))))
((eq? message ’send-usual-to-parent) ;; How USUAL works
(lambda (message . args)

(let ((method (get-method
’banana-holder
message
my-person
my-fruit-lover)))

(if (method? method)
(apply method args)
(error "No USUAL method" message ’banana-holder)))))

((eq? message ’name) (lambda () name))
((eq? message ’bananas) (lambda () bananas))
((eq? message ’list-of-banana-holders)
(lambda () list-of-banana-holders))
((eq? message ’get-more-bananas)
(lambda (amount) (set! bananas (+ bananas amount))))
(else ;; Else clause:
(let ((method (get-method

’banana-holder
message
my-person
my-fruit-lover)))

(if (method? method) ;; Try delegating...
method
(lambda args ’sorry)))))) ;; default-method

dispatch))) ;; Class’ instantiate
;; proc returns object

(else (error "Bad message to class" class-message))))))
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Highlights of GNU Emacs

This document describes the major features of GNU Emacs (called “Emacs” hereafter), a
customizable, self-documenting text editor. In the interests of truth, beauty, and justice—and
to undo, in some small part, the damage Berkeley has done by foisting vi on an already-
unhappy world—Emacs will be the official CS61A text editor this semester.

Emacs carries with it on-line documentation of most of its commands, along with a tutorial
for first-time users (see §7). Because this documentation is available, I have not attempted
to present a complete Emacs reference manual here.

To run Emacs, simply enter the command emacs to the shell. Within Emacs, as described
below, you can edit any number of files simultaneously, run UNIX shells, read and send mail,
and run the Scheme interpreter to execute your programs. As a result, it should seldom be
necessary to leave Emacs before you are ready to logout and seldom necessary to create new
windows.

1 Basic Concepts

We’ll begin with some fundamental definitions and notational conventions.

1.1 Buffers, windows, and what’s in them

At any given time, Emacs maintains one or more buffers containing text. Each buffer may,
but need not, be associated with a file. A buffer may be associated with a UNIX process, in
which case the buffer generally contains input and output produced by that process (see, for
example, sections 8 and 10). Within each buffer, there is a position called the point, where
most of the action takes place.

Emacs displays one or more windows into its buffers, each showing some portion of the text
of some buffer. A buffer’s text is retained even when no window displays it; it can be displayed
at any time by giving it a window. Each window has its own point (as just described); when
only one window displays a buffer, its point is the same as the buffer’s point. Two windows
can simultaneously display text (not necessarily the same text) from the same buffer with
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a different point in each window, although it is most often useful to use multiple windows
to display multiple files. At the bottom of each window, Emacs displays a mode line, which
generally identifies the buffer being displayed and (if applicable) the file associated with it.
At any given time, the cursor, which generally marks the point of text insertion, is in one of
the windows (called the current window) at that window’s point.

1.2 Commands

At the bottom of Emacs’ display is a single echo area, displaying the contents of the minibuffer.
This is a one-line buffer in which one types commands. It is, for many purposes, an ordinary
Emacs buffer; standard Emacs text-editing commands for moving left or right and for inserting
or deleting characters generally work in it. To issue a command by name, one types M-x

(“meta-x”; this notation is described below) followed by the name of the command and RET

(the return key); the echo area displays the command as it is typed. It is only necessary
to type as much of the command name as suffices to identify it uniquely. For example, to
run the command for looking at a UNIX manual entry—for which the full command is M-x

manual-entry—it suffices to type M-x man, followed by a RET.
All Emacs commands have names, and you can issue them with M-x. You’ll invoke most

commands, however, by using control characters and escape sequences to which these com-
mands are bound. Almost every character typed to Emacs actually executes a command. By
default, typing any of the printable characters executes a command that inserts that character
at the cursor. Many of the control characters are bound to commonly-used commands (see
the quick-reference guide at the end for a summary of particularly important ones). At any
time, it is possible to bind an arbitrary key or sequence of keys to an arbitrary command,
thus customizing Emacs to your own tastes. Hence, all descriptions of key bindings in this
document are actually descriptions of standard or default bindings.

1.3 Notations for special keys

In referring to non-graphic keys (control characters and the like), we’ll use the following
notations.

ESC denotes the escape character.

DEL denotes the delete character. On HP workstations, as we’ve set them up for this class,
the ‘Backspace’ key has the same effect.

SPC denotes the space character.

RET denotes the result of pressing the ‘Return’ key. (Confusingly, the result of typing this into
a file is not a return character (ASCII code 13), but rather a linefeed character (ASCII
code 10). Nevertheless, Emacs distinguishes the two keys.) On the HP workstations,
this is the wide key labelled “Enter” in the main section of the keyboard.

LFD denotes the result of typing the linefeed key. On the HP workstations, this is the tall
key labelled “Enter” in the numeric keypad at the far right of the keyboard.
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TAB denotes the tab (also C-i) key.

C-α denotes “control-α”—the result of holding down the Control (or Ctrl) key while typing
α.

M-α denotes “meta-α,” which one gets either by typing the two-character sequence ESC fol-
lowed by α, or (on our HP workstations when running the X window system) holding
down either Alt key while typing α.

C-M-α denotes the result of typing the two-character sequence ESC C-α, or (on HP worksta-
tions when running X) holding down both Control and Alt simultaneously with typing
α).

1.4 Command arguments

Certain commands take arguments, and take these arguments from a variety of sources. Any
command may be given a numeric argument. To enter the number comprising the digits
d0d1 · · · dn as a numeric argument (d0 may also be a minus sign), type either ‘M-d0d1 · · · dn’ or
‘C-ud0d1 · · · dn’ before the command. When using C-u, the digits may be omitted, in which
case ‘4’ is assumed. The most common use for numeric arguments is as repetition counts.
Thus, M-4 C-n moves down four lines and M-72 * inserts a line of 72 asterisks in the file.
Other commands give other interpretations, as described below. In describing commands, we
will use the notation ARG to refer to the value of the numeric argument, if present.

When commands prompt for arguments, Emacs will often allow provide a completion
facility. When entering a file name on the echo line, you can usually save time by typing TAB,
which fills in as much of the file name as possible, or SPC which fills in as much as possible
up to a punctuation mark in the file name. Here, “as much as possible” means as much as
is possible without having to guess which of several possible names you must have meant. A
similar facility will attempt to complete the names of functions or buffers that are prompted
for in the echo line.

1.5 Modes

The binding of keys to commands depends on the buffer that currently contains the cursor.
This allows different buffers to respond to characters in different ways. In this document, we
will refer to the set of key bindings in effect within a given buffer as the (major) mode of that
buffer (the term “mode” is actually somewhat ill-defined in Emacs). A set of key bindings
that simply modifies a few characteristics is called a minor mode.

Emacs will automatically establish a mode for buffers containing certain files depending
on the name of their associated file. Thus, buffers start out in ‘C’ mode for files whose names
end in ‘.c’ or ‘.h’; ‘C++’ mode for .cc or .C; or ‘Scheme’ mode (see §9) for .scm. These
modes affect the behavior of the TAB key, for example, causing program text to be indented
according to the conventions for a particular programming language. The shell buffer runs in
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Shell mode, which (among many other things) causes the RET key to send the last line typed
to the shell. Files with unclassifiable names generally start in Fundamental mode.

There is one useful minor mode that’s worth knowing about.

M-x auto-fill-mode toggles (reverses the setting) of auto-fill mode, which by default is
usually off. In auto-fill mode, lines get broken automatically as they are being typed
when they get too long. When you are typing comments in C programs, auto-fill mode
will automatically start a new comment on the next line when the current line gets near
to filling up.

2 Important special-purpose commands

C-g quits the current command. Generally useful for cancelling a M-x-style command or other
multi-character command that you have started entering. When in doubt, use it.

C-x C-c exits from Emacs. It prompts (in the echo area) if there are any buffers that have
not been properly saved.

C-x u undoes the effects of the last editing command. If repeated, it undoes each of the
preceding commands in reverse order (there is a limit). This is an extremely important
command; be sure to master it. This does not undo other kinds of commands; the
cursor may end up at some rather odd places.

C-l redraws the screen, and positions the current line to the center of the current window.

3 Basic Editing

The simple commands in this section will enable you to do most of the text entering and
editing that you’ll ordinarily need. Periodic browsing through the on-line documentation (see
section 7.3) will uncover many more.

3.1 Simple text.

To enter text, simply position the cursor to the desired buffer and character position (using
the commands to be described) and type the desired text. Carriage return behaves as you
would expect. To enter control characters and other special characters as if they were ordinary
characters, precede them with a C-q.

3.2 Navigation within a buffer.

The following commands move the cursor within a given buffer. Later sections describe how
to move around between buffers.

C-f moves forward one character (at the end of a line, this goes to the next).

C-b moves backward one character.
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M-f moves forward one “word.”

M-b moves backward one word.

C-e moves to the end of the current line.

C-a moves to the beginning of the current line.

C-M-f moves forward one Lisp (Scheme) S-expression.

C-M-b moves backward one Lisp (Scheme) S-expression.

M-a moves backward to next beginning-of-sentence. The precise meaning of “sentence” de-
pends on the mode.

M-{ moves backward to next beginning-of-paragraph. The precise meaning of “paragraph”
depends on the mode.

M-e moves to the next end-of-sentence.

M-} moves to the next end-of-paragraph.

C-n moves down to the next line (at roughly the same horizontal position, if possible).

C-p moves up to the previous line.

C-v scrolls the text of the current window up roughly one window-full (i.e., exposes text later
in the buffer). If ARG is supplied, it scrolls up ARG lines.

M-v scrolls the text of the current window down roughly one window-full (i.e., exposes text
earlier in the buffer). If ARG is supplied, it scrolls down ARG lines.

C-M-v scrolls up the text in another window (if any) roughly one window-full. If ARG is
supplied, it scrolls up ARG lines.

M-< moves to the beginning of the current buffer, after setting the mark (see §3.3) to the
current point. If ARG is supplied, it moves to a point ARG/10 of the way through the
buffer, instead of the beginning.

M-> moves to the end of the current buffer. If ARG is supplied, it moves to a point ARG/10
of the way back from the end of the buffer, instead of the end.

M-g goes to the line number given by the argument (prompts for a number in the echo line,
if you haven’t supplied an argument).

M-x what-line displays the number of the current line in the current buffer.
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3.3 Regions

In addition to a point (marked by the cursor in the current window), each buffer may contain
a mark. Everything between the point and mark is called the current region. The current
region typically delimits text to be manipulated by certain commands.

C-@ sets the mark at the current point, and pushes the previous mark on a ring of marks. If
ARG is present, it instead puts the point at the current mark and pops a new mark off
this ring.

C-SPC is the same as C-@.

C-x C-x exchanges the point and the mark.

M-@ sets the mark after the end of the next word.

M-h sets the region (point and mark) around the current paragraph.

C-x h sets the region (point and mark) around the entire current buffer.

3.4 Deletion

DEL deletes the character preceding the cursor. At the beginning of a line, it deletes the
preceding end-of-line character, thus joining the current and preceding lines.

M-DEL deletes the word preceding the cursor. The deleted word moves to the kill buffer,
described later.

C-d deletes the character under the cursor (which can be the end-of-line).

M-d deletes the word following the cursor.

C-k deletes the rest of the line following the cursor. If the cursor is on the end-of-line, delete
the end-of-line. The deleted line moves to the kill buffer.

M-\ deletes all horizontal blank space on either side of the cursor.

M-SPC deletes all but one horizontal blank space surrounding the cursor.

C-x C-o on non-blank line, deletes all immediately following blank lines; on isolated blank
line, deletes the line; on other blank lines, deletes all but one.

C-w deletes everything between the point and the mark, moving the deleted text to the kill
buffer.

M-w copies everything between point and mark to the kill buffer, without actually deleting it.
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3.5 Insertion and the kill buffer

Several of the preceding commands mention the kill buffer. Text that is deleted is appended
to the end of the current kill buffer, and can later be retrieved and inserted (“pasted” or
“yanked”) elsewhere in the text (even in another buffer different from its original source).
Normally, each time a command that does not append to the kill buffer is executed, the
current kill buffer is saved in a ring of kill buffers, and the next deletion command starts with
an empty kill buffer. Hence, to move a sequence of lines, one can issue a sequence of C-k
commands, with no intervening commands, move to the desired destination, and yank them
back (with C-y).

C-y inserts the contents of the current kill buffer at the cursor, and moves cursor to end of
inserted text. If a numeric value of ARG is supplied, inserts the ARGth most recent kill
buffer in the ring.

C-u C-y inserts current kill buffer, as for C-y, but leaves point unchanged.

M-y when issued immediately after a C-y or M-y, deletes the text inserted by the C-y or M-y
and substitutes the text from the next kill buffer in sequence in the kill ring.

C-M-w causes the next command, if a kill command, to append to the end of previous kill
buffer, rather than starting with a new one. This allows you, for example, to delete
lines from several different places and then yank them back into one place.

3.6 Indentation

Indentation generally depends on the mode of the buffer. When a buffer is associated with a
‘.scm’ file, in particular, it is by default in Scheme mode, in which the standard indentation
referred to below is appropriate for Scheme source programs.

TAB indents as appropriate for the current mode. In text files, this is just an ordinary
typewriter-style tab command. In Scheme source files, it indents to the appropriate
point for a standard set of indentation conventions.

LFD is the same as RET TAB. Thus, if in typing in a Scheme program, you end each line with
LFD instead of RET, your program will be indented as you enter it.

M-; indents for a comment according to the current mode. In Scheme mode, this inserts ;.

M-LFD when used inside a comment, will close the comment, if necessary, go to a new line,
and start a properly-indented comment on that line.

C-x TAB indents the current region “rigidly” by ARG spaces to the right (default 4). Negative
arguments indent to the left. Tabs are correctly counted as the appropriate number of
blanks.

C-M-\ indents the current region according to the current mode. For an improperly-indented
Scheme program, for example, this will correct all the indentation within the region.
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3.7 Miscellaneous manipulations

C-o inserts a newline after the cursor. This has the same effect as RET C-b (return and then
back up one character).

C-t transposes the character under the cursor with the preceding character. If an end-of-line
is under the cursor, transposes the preceding two characters.

M-t transposes the next word that begins left of the cursor with the word following.

C-x C-t transposes the current and preceding lines.

M-c capitalizes the next word (making all characters other than the first lower case).

M-u converts the next word to all upper case.

M-l converts the next word to all lower case.

3.8 Using the mouse

When you are using Emacs with the X window system, you may use the mouse for simple
positioning, text deletion, and text insertion. The three mouse buttons indicate the operation
to be performed, and the mouse pointer (the slanting arrow, which we’ll usually just call the
pointer) usually indicates the position at which to perform it. In the following, the mouse
buttons are called ‘LB’, ‘MB’, and ‘RB’, for left button, middle button, and right button.
We’ll use C-B to indicate the result of holding down “Control” while pushing button B.

LB places the point and mark at the position (and in the buffer) indicated by the pointer.
You may then drag the mouse with LB depressed; this leaves the mark at the point you
pressed LB and moves the point (and cursor) to the point at which you release LB, thus
defining a new current region.

RB first extends the current region to include all the text between the existing current region
(or the point, if there is no current region) and the pointer. Next, it copies the text
in the current region into the kill buffer, as for M-w above. When clicked twice for the
same text, it also deletes the text. Finally, it also copies the text into something called
the window-system cut buffer. Text in the window-system cut buffer may be “pasted”
(inserted) by MB, as described below, not only into Emacs buffers, but also into any
other X-windows buffer.

MB pastes (inserts) text from the window system cut buffer at the point indicated by the
mouse, and puts the cursor at the beginning and the mark at the end of the inserted
text. This is somewhat like a mouse version of C-y. However, since it takes its text
from the window system cut buffer (common to all windows on the screen), it allows
the insertion of text from or to a window other than the one running Emacs.
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C-LB Displays a menu of buffers to move to and allows you to select one (a mouse version of
C-x b, described later).

You may also use the mouse to select from menus that sprout from the menu bar at the
top of your Emacs screen. The content of these menus depends on the kind of buffer you are
in.

4 Context searches

The search commands provide a convenient way to position the cursor quickly over long
distances. One can search either for specific strings or for patterns specified by regular ex-
pressions. Both kinds of searches are carried out incrementally ; that is, as you type in the
target string or pattern, the cursor’s position is continually changed to point to the first point
in the buffer (if any) that matches what you have typed so far.

C-s searches forward incrementally.

C-s C-s is as for C-s, but initialize the search string to the one used in the last string search.

C-M-s is as for C-s, but searches for a regular expression.

C-M-s C-s As for C-M-s, but initialize the search pattern to the last pattern used.

C-r Search backward incrementally.

C-r C-r As for C-r, but initialize the search string as for C-s C-s.

M-x occur prompts for a regular expression and lists each line that follows the point and
contains a match for the expression in a buffer. If you give an ARG, it will list that
number of lines of context around each match.

M-x count-matches prompts for a regular expression and displays in the echo area the num-
ber of lines following the point that contain a match for it.

M-x grep prompts for arguments to the UNIX grep utility (which searches files for lines
matching a given regular expression) and runs it asynchronously, allowing other editing
while the search continues. See the command C-x ‘ in §10.1 for a description of how
to look at each of the lines found in turn.

M-x kill-grep stops a grep that was started by M-x grep.

As you type the search string or pattern, the cursor moves in the appropriate direction
to the first matching string, if any (specifically, to the right end of that string for a forward
search and to the left end for a reverse search). By default, the case (upper or lower) of
characters is ignored as long as the pattern you type contains no upper-case characters; ‘a’
will each match either ‘a’ or ‘A’. When the pattern contains at least one upper-case character,
the search becomes case-sensitive; ‘a’ will not match ‘A’, nor will ‘A’ match ‘a’. If matching
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fails at any point, you will receive a message to that effect in the echo area. While entering
a search string or pattern, certain command characters have altered effects, as follows.

RET ends the search, leaving the point at the string found, and setting the mark at the original
position of the point.

DEL undoes the effect of the last character typed (and not previously DELed), moving the
search back to wherever it was previously.

C-g aborts the search and returns the cursor to where it was at the beginning of the search.

C-q quotes the next character. That is, it causes the next character to be added to the search
string or pattern as an ordinary character, ignoring any control action it might normally
have. Use this, for example to search for a C-g character or, in a regular-expression
search, to search for a ‘.’.

C-s begins searching forward at the point of the cursor for the next string satisfying the
search string or pattern. If used in a reverse search, therefore, this reverses the sense
of the search. If used at the point of a failing search, this starts the search over at the
beginning of the buffer (“wraps around”).

C-r is like C-s, but searches in the reverse direction, and can reverse the direction of a forward
search.

C-w adds the next word beginning at the cursor to the end of the search string or pattern. It
follows that this has the effect of moving the cursor forward over that word.

LFD adds the rest of the line to the end of the current search string or pattern.

Other control characters terminate the search, and then have their ordinary effect.
Ordinary searches (C-s and C-r) treat all ordinary characters as search characters. For

regular-expression searches, several of these characters have special significance. See also the
on-line documentation.

. matches any character, except end-of-line.

^ matches the beginning of a line (that is, it matches the empty string, and only at the
beginning of a line.)

$ matches the end of a line.

[· · ·] matches any of the characters between the square brackets. A range of characters may
be denoted using ‘-’, as in [a-z0-9], which denotes any digit or letter. To include ‘]’
as one of the characters, put it first. To include ‘-’, use ‘---’. To include ‘^’, do not
make it the first character.

[^· · ·] matches any of the characters not included in the ‘· · ·’. Thus, if end-of-line is not one
of the characters, this will match it.
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* when following another regular expression, denotes zero or more occurrences of that reg-
ular expression—in other words, an optional occurrence. This character applies to the
immediately preceding regular expression; it has “highest precedence.” There are spe-
cial parentheses (see below) for cases where this is not what you want. Hence, the
pattern ‘.*’ denotes any number of characters, other than end-of-line. The pattern
‘[a-z][a-z0-9 ]*’ denotes a letter optionally followed by string of letters, digits, and
underscores.

+ is like ‘*’, but denotes at least one occurrence. Thus, ‘[0-9]+’ denotes an integer literal.

? is like ‘*’, but denotes zero or one occurrence. Hence, the pattern ‘[0-9]+,?’ denotes an
integer literal optionally followed by a comma.

\(· · ·\) groups the items ‘· · ·’. Hence, ‘\([0-9]+,\)?’ denotes an optional string consisting
of an integer literal followed by a comma. The pattern ‘\(01\)* denotes zero or more
occurrences of the two-character string ‘01’.

\b matches the empty string at the beginning or end of a word. Hence, ‘\bring\b’ matches
“ring” standing alone, but not “string” or “rings”.

\B matches the empty string, provided that it is not at the beginning or end of a word.

\| matches a string matching either the regular expression to its left or to its right. Use ‘\(\)’
to limit what regular expressions it applies to. Thus, ‘\bf[a-z]+\|[0-9]+’ matches any
integer literal or any word that begins with ‘f’, while ‘\bf\([a-z]+\|[0-9]+\)’ matches
any “word” that begins with ‘f’ and continues with either all letters or with all digits.

\n where n is any digit, denotes the string that matched the pattern within the nth set of
‘\(\)’ brackets in the current regular expression. Thus, ‘\b\([0-9]+\), *\1’ matches
any integer literal that is followed by a comma, an optional space, and a repetition of
the same literal; it matches “23, 23” and “10,10”, but not “23, 24”.

5 Replacement

The following commands allow you to do systematic replacement of one string or pattern with
another within a given buffer.

M-% performs a query-replace operation. It prompts for a search string and a replacement
string. Terminate each of the two with a RET. The command will then display each in-
stance of the search string found, and prompt for its disposal. The options are described
below. If ARG is supplied, it will only match things surrounded by word boundaries, so
that if the search string is “top”, there will be no replacement inside the string “stop”
or “topping”.

M-X query-replace-regexp is the same as M-%, but replaces patterns designated by regular
expressions, rather than just simple strings. The replacement string may contain in-
stances of ‘\n’, for n a digit, which, as described in the section on regular expressions,
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denotes the string matched by the nth regular expression in ‘\(\)’ braces in the search
string. Thus, for example, the search pattern ‘(\([a-z ][a-z0-9 ]+\))’ with the re-
placement pattern ‘[\1]’ will replace each C identifier surrounded by parentheses by
the same identifier surrounded by square brackets.

By default, the replacement will preserve the case of the letters replaced if the search string or
pattern has no upper-case letters, and otherwise will use the case supplied in the replacement
string.

At each instance of the search string or pattern, you are prompted for an action. Here
are some common ones.

SPC replaces the indicated occurrence and goes to the next.

DEL keeps the indicated occurrence unchanged and go to the next.

RET exits with no further replacements.

, makes one replacement, but waits for another SPC or DEL before moving to the next match.

. makes one replacement and then exits.

! replaces all remaining occurrences without prompting again.

? prints a help message.

C-r enters a recursive edit level. That is, you are put back in ordinary Emacs at the point
of the current occurrence and can edit in the usual manner. Typing C-M-c then goes
back to the query-replace command.

y same as SPC.

n same as DEL.

q same as RET.

In addition to replacement, there are two often-useful commands for deleting selected
lines.

M-x delete-matching-lines prompts for a regular expression and deletes (without prompt-
ing) each line after the point that contains a match for it.

M-x delete-non-matching-lines prompts for a regular expression and deletes each line
after the point that does not contain a match for it.

6 Files, buffers, and windows

Each buffer has a name. By default, buffers that are associated with particular files have the
name of that file (not including the name of the directory containing it), possibly followed by
a number in angle brackets to distinguish multiple files (from different directories with the
same name.
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6.1 Loading into and storing from buffers

C-x C-f prompts for a file name and sets the current window to displaying that file in a buffer
having the same name. If a buffer displaying that file already exists, this command
merely switches the window to that buffer. If the file does not exist, the buffer is
initially empty. The buffer is subsequently associated with the file. This process is
called finding the file.

C-x 4 C-f prompts for a file name, goes to the next window on the screen (creating a new
one, if there is only one), and then acts like C-x C-f.

C-x C-s saves the current buffer in its associated file, if the buffer has been modified. If
the file being saved exists, then the old version is first renamed to have a tilde (~ )
appended to its name, if no such file yet exists.

C-x C-w prompts for a file name and saves the current buffer into that file. Generally, it is
preferable and safer to use C-x C-f or C-x 4 C-f and then use C-x C-s, but sometimes
this command is handy.

C-x i prompts for a file name and inserts that file at the point. It does not associate the
inserted file with the current buffer.

M-x revert-buffer throws away the contents of the current buffer and restores the contents
of the associated file. It will ask you to confirm these actions before taking them.

6.2 Manipulating buffers and windows

C-x o makes another window on the screen (if any) the current window.

C-x 0 deletes the current window, expanding another window to take its place. The buffer
being displayed in the current window is not affected.

C-x 1 makes the current window the only window on the screen, deleting all others. The
buffers being displayed in the deleted windows are not affected.

C-x 2 splits the current window into two vertically (one on top of the other), both displaying
the same buffer.

C-x 3 splits the current window into two horizontally (beside each other), each displaying
the same buffer.

C-x b prompts for a buffer name and switches the current window to that buffer. When
trying to move to a buffer associated with a file, it is better to use the file finding
commands.

C-x C-b lists the active buffers in a window.
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C-x k prompts for a buffer name and deletes that buffer, displaying some other buffer in the
current window. You will be warned if the contents of the buffer have been modified
and not yet saved.

6.3 Auto-saving and recovery

Buffers that are associated with files are periodically saved (“auto-saved”) in files whose names
begin and end with ‘#’. After a crash, you can return yourself to the point at which the last
auto-save of a given file took place by using the following command in place of C-x C-f or
C-x 4 C-f.

M-x recover-file prompts for a file name, F . It then tries to recover the contents of that
file from an auto-save file (named #F#) in the same directory, if such a file exists and
is younger than the any file named F in the directory. After completing this command,
C-x C-s will save the recovered file to F .

7 On-line documentation

7.1 UNIX documentation

Emacs has a simple interface to the standard UNIX ‘man’ command, which provides docu-
mentation to UNIX commands:

M-x manual-entry prompts for a topic (a UNIX command or subprogram name, usually),
and displays the man page for it, if any, in a buffer. The buffer is a perfectly ordinary
buffer; you may put the cursor in it and move around using ordinary Emacs navigational
commands.

7.2 Basic Emacs help

The help command, C-h, provides a variety of useful documentation. The character following
C-h indicates the specific kind of service desired; the descriptions of several of these follow.

C-h a prompts for a pattern (regular expression) and displays a buffer containing all com-
mands whose name contains a match to that pattern, together with a short description
and the key sequence to which the command is bound, if any.

C-h b displays a buffer containing all bindings of commands to keys. The display is in two
parts: the global bindings that apply by default in any buffer, and the local bindings
that apply only when one is in the current buffer, and override any global binding in
that buffer.

C-h f prompts for a function name and then displays its full documentation in a buffer.

C-h C-h documents the help command itself.

C-h i runs the ‘info’ documentation reader (see below).



Highlights of GNU Emacs 201

C-h k prompts for a command key sequence and describes the function invoked by that
sequence.

C-h m prints documentation about the mode of the current buffer.

C-h t puts you into an Emacs tutorial.

C-h w prompts for a function name and tells what key, if any, invokes it.

7.3 The info browser

The key sequence C-h i invokes the documentation browsing system, info. Actually, this
is little more than a buffer with some special bindings to the keys. Aside from the special
bindings, the ordinary Emacs commands will work while inside the info buffer. At any
time, the info buffer, whose name is *info*, contains a node, a section of text documenting
something. These nodes are connected to each other in such a way that one can move quickly
from one node to another that covers a related topic. Some nodes contain menus, indicated
by lines that begin

* Menu:

The lines after this give the names of other nodes, and descriptions of their contents. One
such entry reads as follows.

* Commands:: Named functions run by key sequences to do editing.

The word(s) between the asterisk and the double-colon name another node. The following
key commands, defined only when in the buffer *info*, allow one to move through the
documentation. They are only a few of the ones provided.

m prompts for the name of a node from the menu in the current buffer and displays that
node. You need only enter enough to identify the desired entry unambiguously; case is
ignored.

f follows a cross-reference. Cross references are indicated in the text of a node by a phrase
of the form “* Note foo::”. One follows them by typing ‘f’ followed by the name (foo)
of the referenced node, as for the ‘m’ command.

l goes back to the last-visited node.

u goes up to the parent of this node. The definition of parent is actually arbitrary, but is
usually a node that contains the current one in its menu.

d returns to the top (initial) node of the Info system.

q suspends the browser and goes back to where you were when you issued C-h i.

. returns to the beginning of the text of the current node.

? furnishes help about the browser commands.
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8 The shell

It is possible to run a UNIX shell under Emacs, and this allows any number of useful effects.
The command M-x shell moves to a buffer named *shell* that is running a UNIX shell
(creating it if necessary). Anything typed into this buffer is sent to the shell, just it would
be outside of Emacs. Any output produced as a result of the commands sent to the shell is
placed at the end of the shell buffer. Because the shell is running in an Emacs window, the
contents of the shell can be edited and navigated freely, and the entire record of the input
and output to the shell is available at all times. A few keys have slightly different-from-usual
meanings in the shell buffer.

RET sends whatever line the cursor is on to the shell and moves to the end of the shell buffer.
Hence, one can repeat a command by placing the cursor anywhere in it and typing RET.

TAB attempts to complete the immediately preceding file name.

C-c C-c is the same as a single C-c outside Emacs.

C-c C-d is the same as C-d (end-of-file) outside Emacs.

C-c C-z is the same as C-z outside Emacs.

C-c C-u kills the current line of input to the shell.

It is sometimes useful to run a single shell command over a region of text in a buffer.

M-| prompts for a shell command and executes it, giving the current region as the standard
input. If the M-| is preceded by C-u, the output of the command replaces the region.
Otherwise, the output goes to a separate buffer. For example, to sort the lines in the
current region, enter the command C-u M-| sort.

9 Running Scheme under Emacs

The best way to run Scheme from a workstation is to do so through Emacs. Just as you
can create an Emacs buffer for communicating with a UNIX shell (§8), you can also do so to
communicate with a Scheme interpreter. Not only can you interact with the interpreter, but
you can also feed files or definitions that you are editing to a running interpreter conveniently
without having to load them explicitly.

The command M-x run-scheme moves to a buffer named *scheme* that is running the
Scheme interpreter, creating this buffer if necessary. Each line that you type into this buffer
gets sent to the interpreter, just as if you had typed it in while running the interpreter
outside of Emacs. Any output from the interpreter in response to your input is appended to
the *scheme* buffer.

The usual way to create and execute a Scheme program is as follows.
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• Using Emacs, create a file to contain your program (or load one that you’ve already
started) using C-x C-f or C-x 4 C-f; let’s suppose the file is named something.scm (so
that within Emacs, it lives in a buffer of the same name). We have configured Emacs so
that any file ending in .scm gets edited in Scheme mode, which gives a special meaning
to the keys TAB, LFD, and others described below.

• Edit or add to your file as needed. When typing definitions into the Emacs buffer
for something.scm, using the TAB key at the beginning of each line will automatically
indent that line properly. Alternatively, you can end each line by typing LFD instead of
RET; in Scheme mode, LFD is short for RET TAB. If in the process of editing the buffer,
you mess up the indentation of a definition, place the cursor at the beginning of the
definition (on or before the opening ‘(’) and type M-C-q, which will correctly indent the
entire definition.

• Make sure you have a Scheme buffer (named *scheme*) running under Emacs (M-x
run-scheme) will create one if you don’t).

• In the buffer for something.scm, type C-c M-l to load your program into the running
Scheme interpreter. Emacs will ask you for a file name; just type RET, which will
use something.scm. If you haven’t saved your changes to something.scm, Emacs will
ask if it should do it for you. The effect of C-c M-l is to send the command (load

"something.scm") to the Scheme interpreter and also to put the cursor in the *scheme*
buffer, ready to enter Scheme expressions. You’ll see the usual response to the load

command in the *scheme* buffer.

• Sometimes—especially when you are correcting a file whose contents you’ve already
loaded into Scheme—it is convenient to send just a single revised definition to the
Scheme interpreter. To so do, place the cursor at the beginning of the definition (on or
before the opening ‘(’) and type C-c M-e. This also puts you into the Scheme buffer.

Here is a concise summary of the Scheme-related commands. These commands are also
available from the menu bar. With the exception of M-x commands, all of these commands
are in effect only in buffers that are in Scheme mode (normally, those containing files whose
name ends in .scm).

M-x run-scheme when used for the first time, creates a buffer named *scheme* and runs the
Scheme interpreter in it, displaying input from you and output from the interpreter. If
the buffer already exists, this command simply moves to that buffer.

C-c C-z puts the cursor in the *scheme* buffer.

C-c M-e sends the definition after the cursor to Scheme (that is, it copies it the *scheme*

buffer and then sends it to the Scheme interpreter that attached to that buffer). The
command also places the cursor at the end of the *scheme* buffer.

C-c C-e is the same as C-c M-e, but leaves the cursor where it is.
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C-c M-l loads an entire file into Scheme Prompts for a file name; the default is the current
buffer’s file. Puts the cursor at the end of the *scheme* buffer.

C-c C-l is the same as C-c M-l, but leaves the cursor where it is.

C-c M-r sends all the text in the current region to Scheme and puts the cursor at the end of
the *scheme* buffer.

C-c C-r is the same as C-c M-r, but leaves the cursor where it is.

M-C-q indents the definition after the cursor according to the usual rules for indenting Scheme
expressions.

M-C-\ indents all Scheme expressions in the current region.

TAB indents the current line of Scheme code as appropriate for the surrounding context.

LFD is the same as RET TAB.

10 Compiling, debugging, and tags

[This section is not relevant to CS61A.] Emacs provides rather nice ways of compiling pro-
grams, correcting any compilation errors, and debugging the results. It is so much more
convenient than entering compilation commands directly from a shell that there is no excuse
not to use it.

10.1 Compilation

M-x compile prompts for a shell command, and then executes that command in a special
buffer, named *compilation*. The current file at the time the M-x compile is issued
determines the directory in which the shell command executes. The default command
is simply make -k. Assuming you follow the convention of putting an appropriate make

input file named makefile or Makefile in each source directory, this command will
generally do the right thing. While the compilation proceeds, you are free to edit or use
the *shell* buffer.

C-x ‘ finds the next error message in the buffer *compilation* (if any), finds the source files
and line referred to by the error message, and displays the error message in one window
and the source file in another. Thus, after a compilation is complete (actually, even while
it proceeds), you can step through the error messages produced, going automatically
to the offending points in the source file so that they can be corrected. The buffer
*compilation* also contains the output from the M-x grep command described in §4.

M-x kill-compiler cancels a compilation started by M-x compile, if any.
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10.2 Using GDB under Emacs

[This section is not relevant to CS61A.] The GNU debugger, GDB, is an interactive source-
level debugger for C and several other languages. It can be run under Emacs, which provides
a few rather nifty additional features. Full on-line documentation of gdb is available using
the C-h i command in Emacs. The command M-x gdb will prompt for an executable file
name, and then run GDB on that file, displaying the interaction in a buffer that acts much
like a shell buffer described previously. Within that buffer, however, several commands have
a slightly different meaning. In addition, whenever GDB displays the current position in the
program (for example, after a step, at a breakpoint, or after an interrupt), Emacs will try to
display the indicated source file and line in another window, with an arrow (‘=>’) pointing at
the corresponding line in the source text (this arrow is not actually in the file being displayed).

The following commands are peculiar to GDB buffers.

C-c C-n performs a GDB ‘next’ command (step to next line in the source program).

C-c C-s performs a GDB ‘step’ command (step to next line in the source program to be
executed, stopping at the beginning of any procedure that gets called.)

C-c C-i performs a GDB ‘stepi’ command (step to next machine-language instruction—not
usually used unless you are programming in assembly language.

C-c < performs a GDB ‘up’ command (go up to procedure that called current one).

C-c > performs a GDB ‘down’ command (opposite of ‘up’).

C-c C-r performs a GDB ‘finish’ command (continues from last breakpoint).

C-c C-b set a breakpoint at the current position in the program (as indicated by the position
of the ‘=>’ arrow).

C-c C-d delete a breakpoint (if any) at the current position in the program (as indicated by
the position of the ‘=>’ arrow).

In addition, within any source file buffer, there is the following command.

C-x SPC puts a break point at the point in the program indicated by the cursor.

10.3 Tags

In UNIX terminology, a tag table is an index that tells how to find the definition of any
certain identifiers (‘tags’) defined in some collection of source files. In effect, it provides a
smart, multi-file search that is particularly useful when navigating in non-trivial directories
of source files. Typically, you set things up by going into the directory containing the source
text to be indexed and issuing the UNIX command

etags options files
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where files is a list of all the source files that need to be indexed. This creates a file named
‘TAGS’ containing the tag table. For C programs, the tags are the names of functions defined
in the named source files. The -t option causes etags to record typedef declarations as well.
The tag table produced is organized in such a way that simple edits to a source file will not
invalidate it. The following Emacs commands deal with tag tables.

M-x visit-tags-table prompts for the name of a tags table file, and uses its contents in
future tag-related searches.

M-. prompts for a tag and then positions the current window in the file containing its first
definition and puts the cursor on that definition. You may also give a null response
(just RET), in which case the word before or around the point is used as the tag.

C-u M-. finds the next alternate definition of the last tag specified.

C-x 4 . is the same as M-., but displays the text containing the tag in the other window
instead of the current one.

M-x tags-search prompts and searches for a regular expression as for C-M-s, but is does a
non-incremental search through all the files given in the currently-visited tag table.

M-x tags-query-replace acts like M-Q, but looks through all the files given in the currently-
visited tag table.

M-, restarts the last tags-search or tags-query-replace from the current location of the
point.

M-x tags-apropos prompts for a regular expression and displays a list of all tags in the
currently-visited table that match it.

11 But wait; there’s more!

As indicated at the beginning, this is not a complete reference manual. It has not covered
scrolling sideways, tab setting, the mail system, the Emacs internal Lisp dialect, automatic
abbreviation, the spelling checker, the directory editor, the change-log editor, or how to
replace all groups of lines of your program that are indented more than ARG spaces by
‘. . .’1. You can learn about these and other topics by using C-h i. You might also try typing
C-h f SPC C-x o, which creates a buffer containing the names of all Emacs functions and
then puts the cursor there so that you can scroll through and look for likely-sounding names.

Just use it. Every session is an adventure.

1You probably think I’m kidding, don’t you? Guess again.
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Bullets (•) mark a suggested starting set of commands.
Daggers (†) denote key bindings that are not standard in
GNU Emacs. ARG denotes the prefix numeric argument
(entered with C-u or M-digit). The notation ‘C-x’ means
“control-x”, the result of holding down the control key while
typing x. ‘M-x’ means “meta-x”, the result of holding down
the ‘Meta’, Alt, or ¦ key (depending on keyboard) while
typing x. If you are not using a window system or have a
keyboard without these keys, the sequence of two characters
ESC x is equivalent. The notation ‘C-M-x’ is equivalent to
holding down both control and meta keys while typing x,
or of typing the two characters ESC C-x.

Cursor motion.

C-f Forward character.•
C-b Backward character.•
M-f Forward word.•
M-b Backward word.•
C-e Forward to end of line.•
C-a Backward to start of line.•
C-M-f Forward S-expression.•
C-M-b Backward S-expression.•
M-e Forward sentence.
M-[ Forward paragraph.
M-a Backward sentence.
M-] Backward paragraph.

C-n Next line.•
C-p Previous line.•
M-< Beginning of buffer.•
M-> End of buffer.•
C-v Scroll text up one screen (or ARG lines).•
M-v Scroll text down (or ARG lines).•
M-g Go to line number ARG.†
M-x what-line Display line number.
C-M-v Scroll other window up one screen (or ARG

lines).

Marking regions of text

C-@ Set mark at point.•
C-x C-x Exchange mark and point.•

C-SPC Same as C-@.
M-@ Set mark after end of next word.
M-h Set mark and point around current

paragraph.

C-x h Set mark and point around current buffer.

Deletion and yanking

DEL Delete character before cursor.•
M-DEL Delete word before cursor and add to kill

buffer.•
C-d Delete character at cursor.•
M-d Delete word at and after cursor and add to

kill buffer.•
C-k Delete to end of line and add to kill buffer.•
C-w Delete current region, and add to kill buffer.•
M-w Copy current region to kill buffer without

deleting.•
M-\ Delete surrounding blanks and tabs.
M-SPC Delete all but one surrounding blank.
C-x C-o Delete all but one surrounding blank line.
C-M-w Cause next command, if a kill, to append to

previous kill buffer, instead of new one.

C-y Insert text from kill buffer at point.•
C-u C-y Insert text from kill buffer at point without

moving point.
M-y Replace preceding C-y text with next most

recent kill buffer.

M-w Copy region to kill buffer, no deletion.

Indentation

TAB Indent according to mode.•
LFD Same as RET TAB.
M-; Indent and start comment.
M-LFD Continue comment on next line.
C-x TAB Indent region rigidly by ARG.
C-M-\ Indent region according to mode.•

Search

C-s Search forward.•
C-s C-s Same as C-s with last string.•
C-r Search backward.•

207



C-r C-r Same as C-r with last string.•
C-u C-s Search forward for regular expression.
M-x occur Display lines matching a regular expression.
M-x grep Display results of UNIX grep utility.
M-x count-matches

The following subcommands are valid during a search.

RET End search.•
DEL Undo effect of last search character typed.•
C-g Abort search.•
C-s Search for next match forward.•
C-r Search for next match backward.•
C-q Quote next character.
C-w Extend search string with next word.
LFD Extend search string with rest of line.

Replacement

M-% Query replace.•
M-x delete-matching-lines

M-x delete-non-matching-lines

During a query-replacement, the following are valid re-
sponses to prompts.

SPC Make replacement and go to next.•
DEL Skip replacement and go to next.•
RET End replacement.•
! Replace all remaining instances without

asking.•
C-r Enter recursive edit; return with C-M-c.

Regular expressions

. Match any character.•
^ Match at start of line.•
$ Match at end of line.•
[...] Match any character in the ‘...’.•
[^...] Match any character except those in ‘...’.•
* Match 0 or more of pattern to left.•
+ Match 1 or more of pattern to left.
? Match 0 or 1 of pattern to left.
\c Quotes c, except for the following.
\b Match at beginning or end of word.
\B Match except at beginning or end of word.
\| Match either pattern to left or right.
\(...\) Grouping.

\n Match copy of whatever matched nth group.

Miscellaneous editing

C-o Insert newline after cursor.
C-t Transpose characters.
M-t Transpose words.
C-x C-t Transpose lines.
M-u Convert whole word to upper case.
M-l Convert whole word to lower case.
M-c Capitalize word.

Files

C-x C-f Find file; load if needed.•
C-x 4 C-f Find file in other window.•
C-x C-s Save file.•
C-x C-w Write to explicitly-named file.
C-x i Insert file at cursor.
M-x recover-file Recover file after disaster from auto-

save file.
M-x revert-buffer Throw away changes to buffer and re-

store from file.

Buffers and windows

C-x o Put cursor in other window.•
C-x 1 Grow current window to full screen.•
C-x 2 Split current window vertically.•
C-x b Put named buffer in window.•
C-x 0 Remove current window.
C-x 3 Split current window horizontally.
C-x C-b List all buffers.
C-x k Delete buffer.

Shells

M-x shell Run UNIX shell in a buffer.•
M-| Execute single shell command on region.

With ARG, replaces region.

Commands active in shell buffers:

RET Send current line to shell.•
TAB Complete preceding file name.•
C-c C-c Send interrupt to shell.•

208



C-c C-u Erase current input line.•
C-c C-z Send stop signal to shell.•
C-c C-d Send EOF to shell.

Scheme

M-x run-scheme Run Scheme interpreter in buffer
*scheme*.•

C-c C-z Put the cursor in buffer *scheme*.•
C-c C-e Send definition to *scheme*.
C-c M-e Same as C-c C-e C-c C-z.
C-c C-l Load file into *scheme*.
C-c M-l Same as C-c C-l C-c C-z.•†
C-c C-r Send current region to *scheme*.
C-c M-r Same as C-c C-r C-c C-z.
M-C-q Indent Scheme expression.•
M-C-\ Indent current region.
TAB Indent the current line.•
LFD Same as RET TAB.

Compilation, debugging, and tags

M-x compile Execute command (by default, make) asyn-
chronously.

C-x ‘ Position to next error or next line found by
M-x grep command.

M-x kill-compiler Stop active compile.

M-x visit-tags-table Specify file containing tags pro-
duced by etags.

M-. Display source for given tag.
C-u M-. Find next alternate definition for last tag.
C-x 4 . Display source for tag in other window.
M-x tags-search

M-x tags-query-replace Look for pattern in all files
named in tags table.

M-x tags-apropos Display matching tags.

M-x gdb Run GNU debugger on file.

Commands valid in gdb mode.

C-c C-s Step.
C-c C-n Next.
C-c < Up stack.
C-c > Down stack.
C-c C-r Finish.

C-x SPC In any source file, sets a break point.
C-c C-i Stepi.

Help and documentation

M-x manual-entry UNIX man page for given topic.
C-h a Look up names of matching Emacs

commands.•
C-h b Display key bindings.•
C-h f Help for M-x function.•
C-h C-h Help for C-h.•
C-h i Run info browser.•
C-h k Help for key.•
C-h m Help for current mode.
C-h t Tutorial.
C-h w Key containing function.

Inside an *info* buffer (result of C-h i), the following are
defined.

m Select menu item.•
l Go to last-visited node.•
? Get help for browser.•
u Go to node’s parent.•
n Go to next node in sequence.•
q Leave browser.•
. Go to top of node.
d Go to top-level node.

Mouse commands

Left, middle, and right buttons are LB, MB, and RB.
LB Put cursor at mouse. Dragging marks

region.•
MB Paste text from window-system cut buffer at

mouse.•
RB Extend region to pointer and copy into

cut and kill buffers. Clicking twice deletes
region.•

C-LB Select a buffer.
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NR�d�>����NQP7��R  8 / # hG�¯�·EÅI»E½5Å È�»EÁ��VÀ:´JÍ]Å ¯S½5·E¯iµ±®:¯�¸ À	�7Ç:¯³À7Ám¯�´BÂMÃ�»BÀVÇ7»BÅIºÌÂ�´E°i�	w�q�5Ád®:¯³Ãn¯) �JÙ # F1qL �0��# Fl�5Ád®:¯³Ãn¯ " ÔJ �0� # F L{´EÃnÃn´EÀH~�¸Iº¶²S � Ù # F]»BÀ7½j1Å ·E´EÅ�Ö0/Q � "�# h
G�¯>»BÅIº¶´iµ±®7»BÀ��Æ�M¯mµ¶µ�ÈÆol¯mÐVµ±¯³°MÂ�´E°Mµ±®:¯Ì¯mÐVµ±°±¯³Ãn¯Ì¯mÑR´E°¶µ]º¶®:¯Ì²:Ç5µ¸ À@µ±´Æº¶¯mµ¶µ±¸ À:·nµ±®:¸Iº]°±¯³²P´E°¶µ]¸ À	q | 9YFP»BÀ7½�ol´EÀ7»BÅI½­;rÀVÇ5µ±®�Â�´E°1½5¯mÄº¶¸ ·EÀ:¸ À:·tµ±®:¯>²:°±´E·E°d»BÃ µ±®7»JµlÁ³»BÇ7º¶¯S½Æ®:¯³°]µ±°±´EÇ:Ë:Å ¯Sº³h
q�®:¯]j1°¶µ±¸ ¿PÁm¸I»BÅVwaÀ@µ±¯³Å Å ¸ ·E¯³À7Ám¯�~�»BËP´E°d»Jµ±´E°±ÈÌ´BÂ:µ±®:¯]�<»Eº±º±»EÁd®VÇ7º¶¯mµ¶µdºwaÀ7º�µ±¸ µ±Ç5µ±¯�´BÂPq�¯SÁd®:À:´EÅ ´E·EÈEFSµ±®:¯1L{´EÃn²:Ç5µ±¯³°��5Ám¸ ¯³À7Ám¯�ol¯³²7»B°¶µ±Ãn¯³À@µ´BÂÓwaÀ7½5¸I»BÀ7»>,1À:¸ ¹E¯³°dº¶¸ µ�ÈEF:µ±®:¯nL{´EÃn²:Ç5µ±¯³°Ì»BÀ7½�waÀ5Â�´E°±Ã�»Jµ±¸ ´EÀ<�5Ám¸ Ä¯³À7Ám¯Sº�ol¯³²7»B°¶µ±Ãn¯³À@µ­´BÂ>µ±®:¯&,1À:¸ ¹E¯³°dº¶¸ µ�È«´BÂn�l°±¯³·E´EÀ�F1»BÀ7½Ïµ±®:¯vl|�LH/]¯Sº¶¯S»B°dÁd®�waÀ7º�µ±¸ µ±Ç5µ±¯iº¶Ç:²:²P´E°¶µ±¯S½¼µ±®:¯i²:°±¯³²7»B°d»Jµ±¸ ´EÀ¼´BÂ�µ±®:¸Iº°±¯³²P´E°¶µShÓ�VÇ:²:²P´E°¶µ{Â�´E°�µ±®:¯Ì�	w�q«ÍM´E°3�YÍ�»EºÓ²:°±´J¹V¸I½5¯S½n¸ À�²7»B°¶µ{ËVÈµ±®:¯{jl½5¹J»BÀ7Ám¯S½>/]¯Sº¶¯S»B°dÁd®>x�°±´�
�¯SÁCµdº!j1·E¯³À7ÁmÈl´BÂVµ±®:¯{ol¯³²7»B°¶µ±Ãn¯³À@µ´BÂ7ol¯mÂ�¯³À7º¶¯{Ç:À7½5¯³°��4�ÆÁm¯�´BÂ7vl»f¹J»BÅ@/]¯Sº¶¯S»B°dÁd®>Ám´EÀ@µ±°d»EÁCµ�vF/0/0/��³ÔBÄ
" /JÄ¶L�ÄT/@Õ�/@Õ5h��VÇ:²:²P´E°¶µiÂ�´E°>µ±®:¯ÆwaÀ7½5¸I»BÀ7»U,1À:¸ ¹E¯³°dº¶¸ µ�È�ÍM´E°3�<Í�»Eº²:°±´J¹V¸I½5¯S½tËVÈtvÌ�5z�·E°d»BÀ@µdºÓvrL�� "08 ÄT/BÔVÕBÖVÙ]»BÀ7½�vrL�� "08 ÄT/ 808)� Õ5h
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q�®:¸IºYº¶¯SÁCµ±¸ ´EÀÉ·E¸ ¹E¯Sºi»BÀÉ´J¹E¯³°±¹V¸ ¯³ÍÊ´BÂl�5Ád®:¯³Ãn¯E× ºYº¶¯³Ã�»BÀ@µ±¸IÁ³º³h�j½5¯mµd»B¸ Å ¯S½H¸ À5Â�´E°±Ã�»BÅrº¶¯³Ã�»BÀ@µ±¸IÁ³º¼¸Iº¼µ±®:¯ º¶Ç:Ë	
�¯SÁCµ­´BÂYÁd®7»B²5µ±¯³°dº 8µ±®:°±´EÇ:·E®�Ö:h�z:´E°r°±¯mÂ�¯³°±¯³À7Ám¯n²:Ç:°±²P´@º¶¯Sº³F�º¶¯SÁCµ±¸ ´EÀÎÙVh � ²:°±´J¹V¸I½5¯Sºr»Â�´E°±Ã�»BÅ�º¶¯³Ã�»BÀ@µ±¸IÁ³º�´BÂÓ�5Ád®:¯³Ãn¯Eh
z:´EÅ Å ´JÍ]¸ À:·Îj1Å ·E´EÅÒF1�5Ád®:¯³Ãn¯<¸Iº¼»Îº�µd»Jµ±¸IÁ³»BÅ Å È¾º±Ám´E²P¯S½«²:°±´E·E°d»BÃtÄÃn¸ À:·tÅI»BÀ:·EÇ7»B·E¯Ehy|{»EÁd®ÆÇ7º¶¯Ì´BÂy»Y¹J»B°±¸I»BË:Å ¯l¸Iº�»Eº±º¶´5Ám¸I»Jµ±¯S½�Í]¸ µ±®­»Å ¯mÐ5¸IÁ³»BÅ Å È¼»B²:²7»B°±¯³À@µ�Ë:¸ À7½5¸ À:·�´BÂ�µ±®7»Jµ1¹J»B°±¸I»BË:Å ¯Eh
�5Ád®:¯³Ãn¯­®7»EºnÅI»Jµ±¯³À@µÆ»Eºt´E²:²P´@º¶¯S½Îµ±´ÉÃ�»BÀ:¸ Â�¯Sº�µnµ�ÈV²P¯Sº³h«q{ÈV²P¯Sº»B°±¯1»Eº±º¶´5Ám¸I»Jµ±¯S½tÍ]¸ µ±®Æ¹J»BÅ Ç:¯Sº1X�»BÅIº¶´YÁ³»BÅ Å ¯S½n´EË	
�¯SÁCµdºdey°d»Jµ±®:¯³°Óµ±®7»BÀÍ]¸ µ±® ¹J»B°±¸I»BË:Å ¯Sº³h
XÒ�V´EÃn¯¾»BÇ5µ±®:´E°dº	°±¯mÂ�¯³°�µ±´HÅI»BÀ:·EÇ7»B·E¯Sº	Í]¸ µ±®ÅI»Jµ±¯³À@µ¼µ�ÈV²P¯Sº­»Eº¼ÍM¯S»��VÅ È-µ�ÈV²P¯S½H´E°­½5ÈVÀ7»BÃn¸IÁ³»BÅ Å È¾µ�ÈV²P¯S½ÏÅI»BÀ5Ä·EÇ7»B·E¯Sº³h e �1µ±®:¯³° ÅI»BÀ:·EÇ7»B·E¯Sº�Í]¸ µ±® ÅI»Jµ±¯³À@µÉµ�ÈV²P¯SºÎ»B°±¯«jlx{~�F�VÀ:´EËP´EÅÒFR»BÀ7½­´Bµ±®:¯³°Ì½5¸I»BÅ ¯SÁCµdºl´BÂ�~�¸Iº¶²�hl~�»BÀ:·EÇ7»B·E¯Sº�Í]¸ µ±®<Ã�»BÀ:¸ ÄÂ�¯Sº�µ�µ�ÈV²P¯SºlX�º¶´EÃn¯mµ±¸ Ãn¯Sº�°±¯mÂ�¯³°±°±¯S½Yµ±´i»Eº{º�µ±°±´EÀ:·EÅ È>µ�ÈV²P¯S½n´E°{º�µd»Jµ¶Ä¸IÁ³»BÅ Å È�µ�ÈV²P¯S½�ÅI»BÀ:·EÇ7»B·E¯Sºde�¸ À7ÁmÅ Ç7½5¯ij1Å ·E´EÅ�Ö0/:F:xÓ»Eº±Á³»BÅÒFV»BÀ7½<Llh
j1Å Å7´EË	
�¯SÁCµdº�Ám°±¯S»Jµ±¯S½t¸ Àtµ±®:¯lÁm´EÇ:°dº¶¯�´BÂ�»i�5Ád®:¯³Ãn¯1Ám´EÃn²:Ç5µd»Jµ±¸ ´EÀ�F¸ À7ÁmÅ Ç7½5¸ À:·Ì²:°±´5Ám¯S½5Ç:°±¯Sº�»BÀ7½YÁm´EÀ@µ±¸ ÀVÇ7»Jµ±¸ ´EÀ7º³Ff®7»f¹E¯{Ç:À:Å ¸ Ãn¸ µ±¯S½i¯mÐVÄµ±¯³À@µShÓv1´n�5Ád®:¯³Ãn¯l´EË	
�¯SÁCµ{¸Iº{¯³¹E¯³°{½5¯Sº�µ±°±´JÈE¯S½!hyq�®:¯1°±¯S»Eº¶´EÀnµ±®7»Jµ¸ Ãn²:Å ¯³Ãn¯³À@µd»Jµ±¸ ´EÀ7ºÆ´BÂi�5Ád®:¯³Ãn¯�½5´ÎÀ:´Bµ�X�Ç7º¶Ç7»BÅ Å È-, en°±Ç:ÀÏ´EÇ5µ¼´BÂº�µ±´E°d»B·E¯n¸Iºrµ±®7»Jµiµ±®:¯³ÈÉ»B°±¯n²P¯³°±Ãn¸ µ¶µ±¯S½Éµ±´	°±¯SÁmÅI»B¸ Ã µ±®:¯¼º�µ±´E°d»B·E¯´5Á³ÁmÇ:²:¸ ¯S½-ËVÈ-»BÀ«´EË	
�¯SÁCµ�¸ Âlµ±®:¯³È¾Á³»BÀ¾²:°±´J¹E¯¼µ±®7»Jµnµ±®:¯	´EË	
�¯SÁCµÁ³»BÀ:À:´Bµ1²P´@º±º¶¸ Ë:Å È�Ã�»Jµ¶µ±¯³°]µ±´¼»BÀVÈÆÂ�Ç5µ±Ç:°±¯YÁm´EÃn²:Ç5µd»Jµ±¸ ´EÀ�h1�1µ±®:¯³°ÅI»BÀ:·EÇ7»B·E¯Sº{¸ À�Í]®:¸IÁd®¼Ãn´@º�µ]´EË	
�¯SÁCµdºM®7»f¹E¯lÇ:À:Å ¸ Ãn¸ µ±¯S½�¯mÐVµ±¯³À@µ]¸ À5ÄÁmÅ Ç7½5¯ijlx{~É»BÀ7½�´Bµ±®:¯³°1~�¸Iº¶²­½5¸I»BÅ ¯SÁCµdº³h
waÃn²:Å ¯³Ãn¯³À@µd»Jµ±¸ ´EÀ7º­´BÂ��5Ád®:¯³Ãn¯ »B°±¯�°±¯��@Ç:¸ °±¯S½Ïµ±´¾ËP¯ ²:°±´E²P¯³°±Å Èµd»B¸ Å Ä[°±¯SÁmÇ:°dº¶¸ ¹E¯Eh q�®:¸Iº­»BÅ Å ´JÍ1ºÆµ±®:¯�¯mÐ5¯SÁmÇ5µ±¸ ´EÀ�´BÂt»BÀ�¸ µ±¯³°d»Jµ±¸ ¹E¯Ám´EÃn²:Ç5µd»Jµ±¸ ´EÀi¸ ÀtÁm´EÀ7º�µd»BÀ@µyº¶²7»EÁm¯EFf¯³¹E¯³Ài¸ Â:µ±®:¯M¸ µ±¯³°d»Jµ±¸ ¹E¯{Ám´EÃn²:Ç5Äµd»Jµ±¸ ´EÀ<¸IºÌ½5¯Sº±Ám°±¸ ËP¯S½	ËVÈ	»¼º¶ÈVÀ@µd»EÁCµ±¸IÁ³»BÅ Å È�°±¯SÁmÇ:°dº¶¸ ¹E¯i²:°±´5Ám¯S½5Ç:°±¯Ehq�®VÇ7ºYÍ]¸ µ±®-»	²:°±´E²P¯³°±Å È�µd»B¸ Å Ä[°±¯SÁmÇ:°dº¶¸ ¹E¯�¸ Ãn²:Å ¯³Ãn¯³À@µd»Jµ±¸ ´EÀ�Fy¸ µ±¯³°¶Ä»Jµ±¸ ´EÀ-Á³»BÀÎËP¯¼¯mÐ5²:°±¯Sº±º¶¯S½ Ç7º¶¸ À:·	µ±®:¯�´E°d½5¸ À7»B°±È�²:°±´5Ám¯S½5Ç:°±¯mÄaÁ³»BÅ ÅÃn¯SÁd®7»BÀ:¸IÁ³º³FÓº¶´<µ±®7»Jµnº¶²P¯SÁm¸I»BÅM¸ µ±¯³°d»Jµ±¸ ´EÀ-Ám´EÀ7º�µ±°±Ç7ÁCµdºY»B°±¯ÆÇ7º¶¯mÂ�Ç:Å´EÀ:Å È¼»Eº]º¶ÈVÀ@µd»EÁCµ±¸IÁrº¶Ç:·@»B°ShÓ�V¯³¯iº¶¯SÁCµ±¸ ´EÀ 8 h Õ5h
�5Ád®:¯³Ãn¯<²:°±´5Ám¯S½5Ç:°±¯Sº�»B°±¯	´EË	
�¯SÁCµdº�¸ À«µ±®:¯³¸ °Æ´JÍ]À«°±¸ ·E®@µSh�x�°±´BÄÁm¯S½5Ç:°±¯SºrÁ³»BÀ�ËP¯nÁm°±¯S»Jµ±¯S½�½5ÈVÀ7»BÃn¸IÁ³»BÅ Å ÈEF�º�µ±´E°±¯S½	¸ ÀÉ½:»Jµd»�º�µ±°±Ç7ÁCÄµ±Ç:°±¯Sº³F7°±¯mµ±Ç:°±À:¯S½­»Eº1°±¯Sº¶Ç:Å µdº]´BÂÓ²:°±´5Ám¯S½5Ç:°±¯Sº³F7»BÀ7½	º¶´�´EÀ�h1�1µ±®:¯³°ÅI»BÀ:·EÇ7»B·E¯SºÓÍ]¸ µ±®�µ±®:¯Sº¶¯l²:°±´E²P¯³°¶µ±¸ ¯Sº�¸ À7ÁmÅ Ç7½5¯iL{´EÃnÃn´EÀÆ~�¸Iº¶²¼»BÀ7½�<~�h
�lÀ:¯]½5¸Iº�µ±¸ À:·EÇ:¸Iº¶®:¸ À:·lÂ�¯S»Jµ±Ç:°±¯�´BÂR�5Ád®:¯³Ãn¯�¸Iº�µ±®7»Jµ�Ám´EÀ@µ±¸ ÀVÇ7»Jµ±¸ ´EÀ7º³FÍ]®:¸IÁd®�¸ À�Ãn´@º�µ�´Bµ±®:¯³°­ÅI»BÀ:·EÇ7»B·E¯Sº�´EÀ:Å ÈÏ´E²P¯³°d»Jµ±¯�ËP¯³®:¸ À7½Ïµ±®:¯º±Ám¯³À:¯Sº³Fl»BÅIº¶´Î®7»f¹E¯/.�¿7°dº�µ¶ÄaÁmÅI»Eº±º10 º�µd»Jµ±Ç7º³h L{´EÀ@µ±¸ ÀVÇ7»Jµ±¸ ´EÀ7º¼»B°±¯Ç7º¶¯mÂ�Ç:Å7Â�´E°M¸ Ãn²:Å ¯³Ãn¯³À@µ±¸ À:·t»iÍ]¸I½5¯l¹J»B°±¸ ¯mµ�Èt´BÂ�»E½5¹J»BÀ7Ám¯S½�Ám´EÀ@µ±°±´EÅÁm´EÀ7º�µ±°±Ç7ÁCµdº³Ft¸ À7ÁmÅ Ç7½5¸ À:·£À:´EÀ5Ä[Å ´5Á³»BÅt¯mÐ5¸ µdº³FtË7»EÁ��@µ±°d»EÁ��V¸ À:·7FY»BÀ7½Ám´E°±´EÇ5µ±¸ À:¯Sº³h��V¯³¯>º¶¯SÁCµ±¸ ´EÀ­Ö:h Ô7h
j1°±·EÇ:Ãn¯³À@µdº­µ±´��5Ád®:¯³Ãn¯ ²:°±´5Ám¯S½5Ç:°±¯Sº<»B°±¯ »BÅ Í�»fÈ5º�²7»Eº±º¶¯S½£ËVÈ¹J»BÅ Ç:¯EF�Í]®:¸IÁd®�Ãn¯S»BÀ7ºlµ±®7»Jµrµ±®:¯�»EÁCµ±Ç7»BÅ�»B°±·EÇ:Ãn¯³À@µr¯mÐ5²:°±¯Sº±º¶¸ ´EÀ7º»B°±¯i¯³¹J»BÅ Ç7»Jµ±¯S½­ËP¯mÂ�´E°±¯>µ±®:¯t²:°±´5Ám¯S½5Ç:°±¯>·@»B¸ À7ºlÁm´EÀ@µ±°±´EÅÒF7Í]®:¯mµ±®:¯³°µ±®:¯<²:°±´5Ám¯S½5Ç:°±¯­À:¯³¯S½:º�µ±®:¯<°±¯Sº¶Ç:Å µÆ´BÂÌµ±®:¯<¯³¹J»BÅ Ç7»Jµ±¸ ´EÀ«´E°ÆÀ:´BµSh

�<~�F]LlF{»BÀ7½«jlx{~.»B°±¯�µ±®:°±¯³¯	´Bµ±®:¯³°�ÅI»BÀ:·EÇ7»B·E¯Sºtµ±®7»Jµ¼»BÅ Í�»fÈ5º²7»Eº±ºY»B°±·EÇ:Ãn¯³À@µdº>ËVÈ�¹J»BÅ Ç:¯Eh�q�®:¸Iºi¸Iºt½5¸Iº�µ±¸ À7ÁCµYÂ�°±´EÃ µ±®:¯¼ÅI»��³È@Ä¯³¹J»BÅ Ç7»Jµ±¸ ´EÀ�º¶¯³Ã�»BÀ@µ±¸IÁ³º¼´BÂtgl»Eº �E¯³Å ÅÒFl´E°Æµ±®:¯ Á³»BÅ Å Ä[ËVÈ@Ä[À7»BÃn¯�º¶¯mÄÃ�»BÀ@µ±¸IÁ³ºl´BÂ{j1Å ·E´EÅyÖ0/:FPÍ]®:¯³°±¯Y»BÀ�»B°±·EÇ:Ãn¯³À@µl¯mÐ5²:°±¯Sº±º¶¸ ´EÀ	¸IºlÀ:´Bµ¯³¹J»BÅ Ç7»Jµ±¯S½�Ç:À:Å ¯Sº±º�¸ µdº]¹J»BÅ Ç:¯r¸Iº]À:¯³¯S½5¯S½¼ËVÈÆµ±®:¯>²:°±´5Ám¯S½5Ç:°±¯Eh
�5Ád®:¯³Ãn¯E× º1Ãn´5½5¯³Å�´BÂ�»B°±¸ µ±®:Ãn¯mµ±¸IÁ>¸Iºl½5¯Sº¶¸ ·EÀ:¯S½�µ±´Æ°±¯³Ã�»B¸ À<»Eº]¸ À5Ä½5¯³²P¯³À7½5¯³À@µ{»Eº�²P´@º±º¶¸ Ë:Å ¯�´BÂ7µ±®:¯]²7»B°¶µ±¸IÁmÇ:ÅI»B°�Í�»fÈ5º�¸ ÀtÍ]®:¸IÁd®tÀVÇ:ÃtÄËP¯³°dº1»B°±¯r°±¯³²:°±¯Sº¶¯³À@µ±¯S½¼Í]¸ µ±®:¸ À<»�Ám´EÃn²:Ç5µ±¯³°Sh�waÀ<�5Ád®:¯³Ãn¯EF:¯³¹E¯³°±È¸ À@µ±¯³·E¯³°r¸Iº>»�°d»Jµ±¸ ´EÀ7»BÅyÀVÇ:ÃYËP¯³°SF�¯³¹E¯³°±È	°d»Jµ±¸ ´EÀ7»BÅ�¸Iº>»�°±¯S»BÅÒF�»BÀ7½¯³¹E¯³°±È­°±¯S»BÅ�¸Iºr»�Ám´EÃn²:Å ¯mÐ	ÀVÇ:ÃYËP¯³°Shiq�®VÇ7ºlµ±®:¯�½5¸Iº�µ±¸ À7ÁCµ±¸ ´EÀ�ËP¯mÄµ�ÍM¯³¯³À ¸ À@µ±¯³·E¯³°t»BÀ7½É°±¯S»BÅM»B°±¸ µ±®:Ãn¯mµ±¸IÁBFÓº¶´<¸ Ãn²P´E°¶µd»BÀ@µiµ±´�Ã�»BÀVÈ²:°±´E·E°d»BÃnÃn¸ À:·ÌÅI»BÀ:·EÇ7»B·E¯Sº³FB½5´V¯SºÓÀ:´Bµ�»B²:²P¯S»B°Ó¸ À¼�5Ád®:¯³Ãn¯Eh�waÀn¸ µdº²:ÅI»EÁm¯r¸Iº�»t½5¸Iº�µ±¸ À7ÁCµ±¸ ´EÀ�ËP¯mµ�ÍM¯³¯³À�¯mÐ:»EÁCµ]»B°±¸ µ±®:Ãn¯mµ±¸IÁBF5Í]®:¸IÁd®�Ám´E°¶Ä°±¯Sº¶²P´EÀ7½:º�µ±´lµ±®:¯MÃ�»Jµ±®:¯³Ã�»Jµ±¸IÁ³»BÅ@¸I½5¯S»BÅÒFB»BÀ7½i¸ À:¯mÐ:»EÁCµy»B°±¸ µ±®:Ãn¯mµ±¸IÁ´EÀ	»B²:²:°±´fÐ5¸ Ã�»Jµ±¸ ´EÀ7º³hyjlº]¸ À�L{´EÃnÃn´EÀ­~�¸Iº¶²�F:¯mÐ:»EÁCµ1»B°±¸ µ±®:Ãn¯mµ±¸IÁ¸Iº]À:´Bµ]Å ¸ Ãn¸ µ±¯S½�µ±´n¸ À@µ±¯³·E¯³°dº³h
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�@Ç:¯³À7Ám¯l´BÂRµ±®:°±¯³¯Ìº¶Ç7Á³Ám¯Sº±º¶¸ ¹E¯]²P¯³°±¸ ´5½:º{¸Iº{»BÅIº¶´Y»BÀ�¸I½5¯³À@µ±¸ ¿7¯³°Sh
� '-xÓ»B°±¯³À@µ±®:¯Sº¶¯Sº]»B°±¯>Ç7º¶¯S½­Â�´E°l·E°±´EÇ:²:¸ À:·Æ»BÀ7½�µ±´¼À:´Bµd»Jµ±¯iÅ ¸Iº�µdºX�º¶¯SÁCµ±¸ ´EÀ	Ö:h 8 h � eCh
k q�®:¯]º¶¸ À:·EÅ ¯ �@Ç:´Bµ±¯�Ád®7»B°d»EÁCµ±¯³°�¸Iº�Ç7º¶¯S½>µ±´Ì¸ À7½5¸IÁ³»Jµ±¯MÅ ¸ µ±¯³°d»BÅ5½:»Jµd»X�º¶¯SÁCµ±¸ ´EÀ­Ô7h �Eh � eCh
l q�®:¯ÏË7»EÁ��	�@Ç:´Bµ±¯«Ád®7»B°d»EÁCµ±¯³°É¸IºÉÇ7º¶¯S½Êµ±´�¸ À7½5¸IÁ³»Jµ±¯H»BÅ Ãn´@º�µ¶ÄÁm´EÀ7º�µd»BÀ@µ1½:»Jµd»­X�º¶¯SÁCµ±¸ ´EÀ­Ô7h � h Ö@eCh
mnmpo q�®:¯ÆÁd®7»B°d»EÁCµ±¯³°>Ám´EÃnÃ�»	»BÀ7½<µ±®:¯¼º¶¯��@Ç:¯³À7Ám¯�Ám´EÃnÃ�»	»Jµ¶Äº¶¸ ·EÀ(»B°±¯ÏÇ7º¶¯S½ ¸ À(Ám´EÀ�
�Ç:À7ÁCµ±¸ ´EÀ(Í]¸ µ±®(Ë7»EÁ��	�@Ç:´Bµ±¯ X�º¶¯SÁCÄµ±¸ ´EÀ­Ô7h � h Ö@eCh
q q�®:¯�½5´EÇ:Ë:Å ¯1�@Ç:´Bµ±¯�Ád®7»B°d»EÁCµ±¯³°�¸Iº¼Ç7º¶¯S½«µ±´-½5¯³Å ¸ Ãn¸ µ	º�µ±°±¸ À:·@ºX�º¶¯SÁCµ±¸ ´EÀ	Ö:h 8 h ÕEeCh



Ö /]¯³¹V¸Iº¶¯S½��>�5Ád®:¯³Ãn¯
� ��»EÁ��5º¶ÅI»Eº¶®<¸IºÌÇ7º¶¯S½�¸ À�µ±®:¯�º¶ÈVÀ@µd»JÐ	Â�´E°>Ád®7»B°d»EÁCµ±¯³°rÁm´EÀ7º�µd»BÀ@µdºX�º¶¯SÁCµ±¸ ´EÀiÖ:h 8 h ÔVe!»BÀ7½>»Eº�»BÀ>¯Sº±Á³»B²P¯{Ád®7»B°d»EÁCµ±¯³°!Í]¸ µ±®:¸ Àtº�µ±°±¸ À:·Ám´EÀ7º�µd»BÀ@µdº>X�º¶¯SÁCµ±¸ ´EÀ­Ö:h 8 h ÕEeCh
�������	� ~�¯mÂ3µÓ»BÀ7½i°±¸ ·E®@µyº3�@Ç7»B°±¯{Ë:°d»EÁ��E¯mµdº�»BÀ7½YÁmÇ:°±Å ÈrË:°d»EÁm¯Sº»BÀ7½t¹E¯³°¶µ±¸IÁ³»BÅ5Ë7»B°{»B°±¯�°±¯Sº¶¯³°±¹E¯S½iÂ�´E°Ó²P´@º±º¶¸ Ë:Å ¯�Â�Ç5µ±Ç:°±¯1¯mÐVµ±¯³À5Äº¶¸ ´EÀ7ºMµ±´tµ±®:¯>ÅI»BÀ:·EÇ7»B·E¯Eh
�H�V®7»B°±²Îº¶¸ ·EÀÉ¸IºiÇ7º¶¯S½�Â�´E°t»­¹J»B°±¸ ¯mµ�È�´BÂ]²:Ç:°±²P´@º¶¯Sºi½5¯³²P¯³À7½5¸ À:·´EÀ¼µ±®:¯iÁd®7»B°d»EÁCµ±¯³°Mµ±®7»Jµ1¸ ÃnÃn¯S½5¸I»Jµ±¯³Å ÈÆÂ�´EÅ Å ´JÍ1ºM¸ µ�B
��� ��"Ïq�®:¯Sº¶¯>»B°±¯Ìµ±®:¯>ËP´V´EÅ ¯S»BÀ­Ám´EÀ7º�µd»BÀ@µdºrX�º¶¯SÁCµ±¸ ´EÀ	Ö:h 8 h �feCh
� � q�®:¸Iº�¸ À@µ±°±´5½5Ç7Ám¯Sº]»nÁd®7»B°d»EÁCµ±¯³°]Ám´EÀ7º�µd»BÀ@µiX�º¶¯SÁCµ±¸ ´EÀ­Ö:h 8 h ÔVeCh
� � q�®:¸Iº]¸ À@µ±°±´5½5Ç7Ám¯Sº1»t¹E¯SÁCµ±´E°1Ám´EÀ7º�µd»BÀ@µYX�º¶¯SÁCµ±¸ ´EÀ	Ö:h 8 h Ö@eCh�
Ó¯SÁCÄµ±´E°1Ám´EÀ7º�µd»BÀ@µdº]»B°±¯lµ±¯³°±Ãn¸ À7»Jµ±¯S½�ËVÈ 'Æh
��9 � �V�D�P��� �@An���Ïq�®:¯Sº¶¯ »B°±¯�Ç7º¶¯S½�¸ À�µ±®:¯ À:´Bµd»Jµ±¸ ´EÀHÂ�´E°ÀVÇ:ÃYËP¯³°dº>X�º¶¯SÁCµ±¸ ´EÀ	Ö:h � h ÔVeCh
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j1À<¸I½5¯³À@µ±¸ ¿7¯³°ÌÃ�»fÈ�À7»BÃn¯t»nµ�ÈV²P¯Y´BÂ{º¶ÈVÀ@µd»JÐ!FP´E°l¸ µÌÃ�»fÈ�À7»BÃn¯»�Å ´5Á³»Jµ±¸ ´EÀ­Í]®:¯³°±¯i»�¹J»BÅ Ç:¯iÁ³»BÀ	ËP¯Yº�µ±´E°±¯S½!h�j1À<¸I½5¯³À@µ±¸ ¿7¯³°1µ±®7»JµÀ7»BÃn¯Sº{»rµ�ÈV²P¯l´BÂ�º¶ÈVÀ@µd»JÐn¸Iº{Á³»BÅ Å ¯S½Æ»ncC��N7_a�E�m_Ò^��
%E�m���{`Jb±\l»BÀ7½�¸Iºº±»B¸I½¼µ±´ÆËP¯��d`�P	NR\Ìµ±´�µ±®7»JµÌº¶ÈVÀ@µd»JÐ!h�j1À	¸I½5¯³À@µ±¸ ¿7¯³°1µ±®7»JµlÀ7»BÃn¯Sº»	Å ´5Á³»Jµ±¸ ´EÀ ¸IºtÁ³»BÅ Å ¯S½ » #J�JbC^��E�
R �n»BÀ7½ ¸IºYº±»B¸I½Éµ±´<ËP¯É�d`�P	NR\nµ±´µ±®7»JµnÅ ´5Á³»Jµ±¸ ´EÀ�h�q�®:¯�º¶¯mµt´BÂl»BÅ ÅM¹V¸Iº¶¸ Ë:Å ¯�Ë:¸ À7½5¸ À:·@ºY¸ ÀÎ¯mÑR¯SÁCµ�»Jµº¶´EÃn¯n²P´E¸ À@µ>¸ À »�²:°±´E·E°d»BÃ ¸Iº5�VÀ:´JÍ]ÀÉ»Eºlµ±®:¯��
N!#S^3b±`�N7���
N7_�¸ À¯mÑR¯SÁCµ�»JµYµ±®7»Jµn²P´E¸ À@µSh q�®:¯¼¹J»BÅ Ç:¯­º�µ±´E°±¯S½É¸ ÀÎµ±®:¯�Å ´5Á³»Jµ±¸ ´EÀ µ±´Í]®:¸IÁd®�»Î¹J»B°±¸I»BË:Å ¯<¸Iº¼ËP´EÇ:À7½Ï¸Iº�Á³»BÅ Å ¯S½«µ±®:¯�¹J»B°±¸I»BË:Å ¯E× ºÆ¹J»BÅ Ç:¯Eh�MÈ«»BË:Ç7º¶¯	´BÂrµ±¯³°±Ãn¸ À:´EÅ ´E·EÈEFMµ±®:¯<¹J»B°±¸I»BË:Å ¯	¸Iº¼º¶´EÃn¯mµ±¸ Ãn¯SºÆº±»B¸I½µ±´�À7»BÃn¯¼µ±®:¯�¹J»BÅ Ç:¯­´E°Yµ±´�ËP¯�ËP´EÇ:À7½Îµ±´�µ±®:¯�¹J»BÅ Ç:¯Eh-q�®:¸Iºt¸IºÀ:´Bµ!�@Ç:¸ µ±¯Æ»EÁ³ÁmÇ:°d»Jµ±¯EF�Ë:Ç5µtÁm´EÀ5Â�Ç7º¶¸ ´EÀ�°d»B°±¯³Å È<°±¯Sº¶Ç:Å µdºÌÂ�°±´EÃ µ±®:¸Iº²:°d»EÁCµ±¸IÁm¯Eh
L{¯³°¶µd»B¸ ÀÉ¯mÐ5²:°±¯Sº±º¶¸ ´EÀ�µ�ÈV²P¯SºY»B°±¯�Ç7º¶¯S½�µ±´�Ám°±¯S»Jµ±¯�À:¯³Í �V¸ À7½:ºi´BÂº¶ÈVÀ@µd»JÐt»BÀ7½YË:¸ À7½�º¶ÈVÀ@µd»EÁCµ±¸IÁ �E¯³ÈVÍM´E°d½:º�µ±´rµ±®:´@º¶¯�À:¯³Í«º¶ÈVÀ@µd»JÐ5¯Sº³FÍ]®:¸ Å ¯1´Bµ±®:¯³°�¯mÐ5²:°±¯Sº±º¶¸ ´EÀYµ�ÈV²P¯Sº{Ám°±¯S»Jµ±¯�À:¯³Í«Å ´5Á³»Jµ±¸ ´EÀ7º�»BÀ7½tË:¸ À7½¹J»B°±¸I»BË:Å ¯Sºtµ±´Éµ±®:´@º¶¯­Å ´5Á³»Jµ±¸ ´EÀ7º³h�q�®:¯Sº¶¯­¯mÐ5²:°±¯Sº±º¶¸ ´EÀ-µ�ÈV²P¯SºÆ»B°±¯Á³»BÅ Å ¯S½ �m^ NR\J^ N<O­�d`�N:cC_Òb P7�m_�cCh q�®:´@º¶¯rµ±®7»Jµ1Ë:¸ À7½­º¶ÈVÀ@µd»EÁCµ±¸IÁ5�E¯³È@ÄÍM´E°d½:ºr»B°±¯tÅ ¸Iº�µ±¯S½�¸ ÀÉº¶¯SÁCµ±¸ ´EÀ�Ô7h 8 hnq�®:¯nÃn´@º�µrÂ�Ç:À7½:»BÃn¯³À@µd»BÅÓ´BÂµ±®:¯Æ¹J»B°±¸I»BË:Å ¯ÆË:¸ À7½5¸ À:·�Ám´EÀ7º�µ±°±Ç7ÁCµdº>¸Iº>µ±®:¯ =B< * �*A�<�¯mÐ5²:°±¯Sº±º¶¸ ´EÀ�FËP¯SÁ³»BÇ7º¶¯<»BÅ Å1´Bµ±®:¯³°Æ¹J»B°±¸I»BË:Å ¯­Ë:¸ À7½5¸ À:·-Ám´EÀ7º�µ±°±Ç7ÁCµdºÆÁ³»BÀ«ËP¯	¯mÐVÄ²:ÅI»B¸ À:¯S½t¸ Ànµ±¯³°±Ã�ºÓ´BÂ7=B< * �*A�<Ì¯mÐ5²:°±¯Sº±º¶¸ ´EÀ7º³h�q�®:¯]´Bµ±®:¯³°�¹J»B°±¸I»BË:Å ¯Ë:¸ À7½5¸ À:·�Ám´EÀ7º�µ±°±Ç7ÁCµdºl»B°±¯R=B9-�RF�=B9-� P F�=B9-�@>*9��5F7»BÀ7½:A��Æ¯mÐ5²:°±¯Sº�Äº¶¸ ´EÀ7º>X�º¶¯³¯>º¶¯SÁCµ±¸ ´EÀ7º�Ô7h �Eh Ô7F5Ô7h � h � F5»BÀ7½�Ô7h � h ÔVeCh
~�¸ �E¯�j1Å ·E´EÅ�»BÀ7½ÎxÓ»Eº±Á³»BÅÒFÓ»BÀ7½ Ç:À:Å ¸ �E¯¼Ãn´@º�µn´Bµ±®:¯³°n½5¸I»BÅ ¯SÁCµdºY´BÂ~�¸Iº¶²>¯mÐ:Ám¯³²5µ�Â�´E°ÓL{´EÃnÃn´EÀi~�¸Iº¶²�FB�5Ád®:¯³Ãn¯{¸Iº�»1º�µd»Jµ±¸IÁ³»BÅ Å Èrº±Ám´E²P¯S½ÅI»BÀ:·EÇ7»B·E¯	Í]¸ µ±®HË:Å ´5Á��¾º�µ±°±Ç7ÁCµ±Ç:°±¯Eh q�´Î¯S»EÁd®«²:ÅI»EÁm¯<Í]®:¯³°±¯�»BÀ¸I½5¯³À@µ±¸ ¿7¯³°{¸Iº�ËP´EÇ:À7½n¸ ÀÆ»>²:°±´E·E°d»BÃ.µ±®:¯³°±¯lÁm´E°±°±¯Sº¶²P´EÀ7½:ºÓ»nb±� OB^�`�N´BÂÌµ±®:¯	²:°±´E·E°d»BÃ µ±¯mÐVµÆÍ]¸ µ±®:¸ À«Í]®:¸IÁd®¾µ±®:¯	Ë:¸ À7½5¸ À:· ¸Iº�¹V¸Iº¶¸ Ë:Å ¯Eh

q�®:¯	°±¯³·E¸ ´EÀ-¸Iº�½5¯mµ±¯³°±Ãn¸ À:¯S½-ËVÈÎµ±®:¯­²7»B°¶µ±¸IÁmÇ:ÅI»B°nË:¸ À7½5¸ À:·ÎÁm´EÀ5Äº�µ±°±Ç7ÁCµ�µ±®7»Jµ]¯Sº�µd»BË:Å ¸Iº¶®:¯Sº�µ±®:¯rË:¸ À7½5¸ À:·!8:¸ Â�µ±®:¯rË:¸ À7½5¸ À:·t¸Iº�¯Sº�µd»BË5ÄÅ ¸Iº¶®:¯S½�ËVÈn»R=B< * �*A�<r¯mÐ5²:°±¯Sº±º¶¸ ´EÀ�FBÂ�´E°{¯mÐ:»BÃn²:Å ¯EFEµ±®:¯³ÀÆ¸ µdº�°±¯³·E¸ ´EÀ¸Iº�µ±®:¯Ì¯³À@µ±¸ °±¯ =B< * �*A�<>¯mÐ5²:°±¯Sº±º¶¸ ´EÀ�h�|�¹E¯³°±ÈtÃn¯³À@µ±¸ ´EÀÆ´BÂ�»BÀÆ¸I½5¯³À5Äµ±¸ ¿7¯³°M°±¯mÂ�¯³°dº�µ±´iµ±®:¯lË:¸ À7½5¸ À:·Y´BÂ�µ±®:¯l¸I½5¯³À@µ±¸ ¿7¯³°{µ±®7»JµM¯Sº�µd»BË:Å ¸Iº¶®:¯S½µ±®:¯r¸ À:À:¯³°±Ãn´@º�µM´BÂ�µ±®:¯Ì°±¯³·E¸ ´EÀ7ºMÁm´EÀ@µd»B¸ À:¸ À:·iµ±®:¯ÌÇ7º¶¯Ehyw[Â�µ±®:¯³°±¯Ì¸IºÀ:´�Ë:¸ À7½5¸ À:·Æ´BÂ�µ±®:¯i¸I½5¯³À@µ±¸ ¿7¯³°1Í]®:´@º¶¯r°±¯³·E¸ ´EÀ­Ám´EÀ@µd»B¸ À7º�µ±®:¯>Ç7º¶¯EFµ±®:¯³À µ±®:¯ÆÇ7º¶¯Æ°±¯mÂ�¯³°dºrµ±´	µ±®:¯ÆË:¸ À7½5¸ À:·<Â�´E°>µ±®:¯Æ¹J»B°±¸I»BË:Å ¯�¸ À µ±®:¯µ±´E²¼Å ¯³¹E¯³Å7¯³ÀV¹V¸ °±´EÀ:Ãn¯³À@µSF@¸ Â�»BÀVÈ	X�Ád®7»B²5µ±¯³°dº�Ôt»BÀ7½ÆÖ@e 8V¸ Â�µ±®:¯³°±¯l¸IºÀ:´�Ë:¸ À7½5¸ À:·tÂ�´E°�µ±®:¯>¸I½5¯³À@µ±¸ ¿7¯³°SF:¸ µ1¸Iº]º±»B¸I½¼µ±´nËP¯>P	NR�d`�P	NR\Jh
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v1´�´EË	
�¯SÁCµnº±»Jµ±¸Iº�¿7¯SºiÃn´E°±¯�µ±®7»BÀÎ´EÀ:¯¼´BÂ�µ±®:¯¼Â�´EÅ Å ´JÍ]¸ À:·<²:°±¯S½5¸ ÄÁ³»Jµ±¯SºCB
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,$-�.)(�/�0 < 3D/�0�( <
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q�®:¯Sº¶¯É²:°±¯S½5¸IÁ³»Jµ±¯Sº­½5¯m¿7À:¯Éµ±®:¯�µ�ÈV²P¯SºÎ�d`S`�R �d��N7F ]7�J^3bCFncC�J���d`�R F
NQP5���d�mbCF��d�:�JbtX�´E°��d�:�Jb±�E�m_a�mb¶eCF�cC_ÒbC^ N<OBF #J�d�m_a`JbCFN]7`JbC_ÒF�»BÀ7½ ]Rb±`���d�d\�P5b±�mh1q�®:¯Y¯³Ãn²5µ�È�Å ¸Iº�µl¸IºÌ»�º¶²P¯SÁm¸I»BÅ�´EË	
�¯SÁCµÌ´BÂÓ¸ µdº1´JÍ]À­µ�ÈV²P¯�8¸ µlº±»Jµ±¸Iº�¿7¯Sº�À:´EÀ:¯r´BÂ�µ±®:¯i»BËP´J¹E¯Ì²:°±¯S½5¸IÁ³»Jµ±¯Sº³h
j1Å µ±®:´EÇ:·E®Ïµ±®:¯³°±¯�¸Iº�»-º¶¯³²7»B°d»Jµ±¯<ËP´V´EÅ ¯S»BÀ«µ�ÈV²P¯EFÌ»BÀVÈÏ�5Ád®:¯³Ãn¯¹J»BÅ Ç:¯tÁ³»BÀ	ËP¯tÇ7º¶¯S½	»EºÌ»�ËP´V´EÅ ¯S»BÀ	¹J»BÅ Ç:¯iÂ�´E°1µ±®:¯t²:Ç:°±²P´@º¶¯i´BÂ{»Ám´EÀ7½5¸ µ±¸ ´EÀ7»BÅÓµ±¯Sº�µSh­jlºi¯mÐ5²:ÅI»B¸ À:¯S½�¸ ÀÎº¶¯SÁCµ±¸ ´EÀ Ö:h 8 h �EF�»BÅ Å{¹J»BÅ Ç:¯SºÁm´EÇ:À@µM»EºÓµ±°±Ç:¯1¸ À¼º¶Ç7Ád®Æ»rµ±¯Sº�µ{¯mÐ:Ám¯³²5µ{Â�´E° ��"Phyq�®:¸Iº�°±¯³²P´E°¶µ{Ç7º¶¯Sºµ±®:¯¼ÍM´E°d½ .�µ±°±Ç:¯V0�µ±´�°±¯mÂ�¯³°>µ±´�»BÀVÈ �5Ád®:¯³Ãn¯Æ¹J»BÅ Ç:¯Æ¯mÐ:Ám¯³²5µR��"PF»BÀ7½¼µ±®:¯>ÍM´E°d½U.�Â�»BÅIº¶¯V0iµ±´�°±¯mÂ�¯³°�µ±´ ��"Ph
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j1À­¸ Ãn²P´E°¶µd»BÀ@µlÁm´EÀ7Ám¯³²5µ]¸ À<�5Ád®:¯³Ãn¯ÆX�»BÀ7½­~�¸Iº¶²PeM¸IºMµ±®7»Jµ1´BÂ�µ±®:¯���E_a�mb NR��R�b±� ]Rb±�Cc³�
N7_a�J_Ò^�`�N�´BÂy»BÀ�´EË	
�¯SÁCµ1»Eº]»nº¶¯��@Ç:¯³À7Ám¯r´BÂÓÁd®7»B°¶Ä»EÁCµ±¯³°dº³h�z:´E°y¯mÐ:»BÃn²:Å ¯EFE»BÀY¯mÐVµ±¯³°±À7»BÅV°±¯³²:°±¯Sº¶¯³À@µd»Jµ±¸ ´EÀi´BÂ7µ±®:¯�¸ À@µ±¯mÄ·E¯³° ��" ¸Iº]µ±®:¯iº¶¯��@Ç:¯³À7Ám¯>´BÂ�Ád®7»B°d»EÁCµ±¯³°dº .�� T 0:F:»BÀ7½­»BÀ­¯mÐVµ±¯³°±À7»BÅ°±¯³²:°±¯Sº¶¯³À@µd»Jµ±¸ ´EÀ­´BÂ{»�Å ¸Iº�µrÁm´EÀ7º¶¸Iº�µ±¸ À:·Æ´BÂÓµ±®:¯Y¸ À@µ±¯³·E¯³°dº " »BÀ7½ � 8¸Iº�µ±®:¯iº¶¯��@Ç:¯³À7Ám¯r´BÂyÁd®7»B°d»EÁCµ±¯³°dº . � T ���!'T0:h
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