4 Programming LanguageDesign

Program ®lefor this chapter: pascal

This chapter and the next are about two related things: why different programming
languagesare dif ferent and how a programmin g languageis implemented. To make the
discussionconcrete, I've chosen a speci®clanguage asan example: Pascal. That choice
seemsappropriate partly becausePascalis very different from Logo and partly becauseit
iswidely used asa vehicle for teaching introductor y computer science,the sametask|'m
attempting in this book using Logo.*

For the purposes of this book I've written a program that translatesa smallsubset
of Pascalinto a simulated machine language. You can get a real Pascalcompiler for
your computer that acceptsthe full language, and that's what you should do if you want
to learn how to program in Pascal. | had two reasonsfor writing this subsetcompiler.
One isthat some readersmay not otherwisehave accesgo a Pascalcompiler, and mine,
despite its limitations, will enable you to explore the parts of the language I'm going to
be talking about. The other is that the next chapter is about how a compiler works, and
this compiler is accessibleo examination becauseit' swritten in Logo.

When you're comparing two programming languagesan obvious question to askis
awhich is better?° Pleasedon't use my partial Pascalcompiler asthe basisfor an answer
to that question; it wouldn't be fair. You already know my opinion, but my purpose in
this chapter is not to convince you of it. Instead | want you to understand why each

* The recent trend in computer scienceeducation hasbeen a shift from Pascalto C or C++. |
haven't followed that trend in this book becausefrom my perspectiveC illuminates no new issues,
it hasa more complicated syntax,and it leavesout one interestin g Pascafeature: nested procedure
de®nitions (block structure). C++doesintroduce the issueof object-oriented programming, but, |
think, not in awaythat clari®esthe issuesjf you wantto understand OOP you'd do better to learn
Object Logo.
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language is designed the wayit is. For each of the language differenceswe'll examine,
there are good reasonsfor either choice; the reasonsthat in"uence alanguagedesigner
will depend on the overall goalshe or she hasfor this language.

Programming paradigms

Perhaps the most important aspect of the design of a programming language is the
programmingparadigmthat it encourages. A paradigm (it's pronounced 2para® asin
aparakeet® followed by 2dime® asin ten cents) is an approach to organizing a complex
program: How do you combine the primitives of alanguageto accomplish harder tasks?
It' san aspectof programming style,but when people say?style®they're usually thinking
of smaller details, such asthe use of comments in procedure de®nitions or choosing
sensiblevariable names. Perhaps an example of different paradigmswill help.

Here's how the factorial function is usually computed in Logo, using a recursive
operation:

to fact :n

if :n=0 J[outpu t 1]
output :n * fact :in-1
end

The goal is to multiply severalnumbers together, the integers from 1 to :n. We do
this by carrying out one multiplication in each recursive invocation. This procedure is
written in the functionalprogrammingaradigm; the main tool for building up complexity
is composition of functions. In this example, the result of the recursivefact invocation
is composedwith the primitive * (multiplication ) function.

Now consider this alternate approach:

to fact.s eq :n

local mé&e "produ ct 1

for [i 1 :n] [make "prod uct (:produ ct * :i )]
outpu t :produc t

end

This is an example of the sequentighrogrammingaradigm, socalled becausethe for
instruction carries out a sequenceof steps:

Multiply the accumulated product by 1.
Multiply the product by 2.
Multiply it by 3.
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. and soon. Instead of a composition of functions, we have a partial result stored in a
box, the variable product . At eachstep,the old valueisreplaced with an updated value.

Although fact.seq  can be written in Logo, it's not the most natural Logo style.
Most versions of Logo don't even provide for asa primitive command, although (as
we sawin Volume 2) it can be written in Logo.* Aswe've seen,Logo encouragesthe
functional programming paradigm, in which complicated computations are achieved by
meansof function composition and recursion. Logo encouragesfunctional programming
partly through its emphasison recursion rather than on iterative control structures, and
partly becauselists are used asthe main data aggregation mechanism. As we sawin
Chapter 3, listsencourage an aggregateto be built up one member atatime (asrecursive
functions do), and discourage mutation (which is crucial to the sequential approach).

In Pascalthe opposite istrue. It'spossibleto write a recursive factorial function in
Pascal:

funct ion fact (ninte ger): integer ;

begin
if n=0 then
fact = 1
else
fact = n * fact (n-1)
end;

but a habitual Pascalprogrammer would be much more likely to write this function in
sequential style:

funct io n fact (ninte ger): integer ;

var produ ct, i intege r;
begin
produ ct = 1;
for i ;= 1 to n do
produ ct := produ ct * i
fact := produc t
end;

(Don't worry, | know the details of the notation are a mystery to you, but you should
still be able to seethe relationship between each Pascalversion and the corresponding
Logo version. The only crucial point about notation right now is that := is the Pascal
assignmentoperator, like make in Logo. We'll go into the details of Pascalsyntaxlater.)

* Evenin BerkeleyLogo, for isalibrar yprocedure rather than atrue primitive.
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Here's a more complicated example, showing how data aggregatesare used in the
two paradigms. In Chapter 2 we explored the Simplex lock problem by computing the
function

8 n-1
S| (?) «f (i), if n>0;

f(n) = i

1, if n =0.
using these procedures:

to simple x :button s
outpu t 2 * f :butt ons
end

to f :n

if equalp :n O [outp ut 1]

outpu t cascade :n [? + ((choose :n (#-1)) * f (#-1))] O
end

Here, the mathematical de®nition of f in terms of itself is re ected in the recursive
nature of the operation f. In Chapter 3, we improved the ef®ciencyof the procedure
by remembering smaller values of f to avoid recomputing them; similarly, instead of
computing the choose function separatelyeach time, we used old valuesto compute
new ones:

to simple x :button s

outpu t 2 * first (cascad e :button s
[fput  (sumprods butfir st ?2 ?1) ?1] [1]
[fput 1 nextr ow ?2] [1 1])

end

to sumprods :a b
outpu t reduce "sum (map "produc t :a :b)
end

to nextro w :combs

if emptyp butfir st :combs [output :comb s]

outpu t fput (sum first :combs first butfir st :combs) ~
nextro w butfir st :combs

end
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The recursive nature of f is lessobviousin the secondimplementation, but the overall
technique is still composition of functions. (Recall that the job of cascade isto invoke a
function repeatedly, in the pattern f (f (f (>€ (x)))). In this case,cascade iscomputing
two functions in parallel; one is a list of valuesof the Simplex function f and the other
is arow of Pascalstriangle.) The availability of higher order functions (in this program
I've used cascade , map, and reduce ) is another wayin which Logo encouragesthe
functional paradigm.

In sequential style, the composition of functions is replaced by a sequenceof steps
in which valuesare stored in boxes (members of arrays) and repeatedly replaced with
different values:

to simple x. seq :butt ons
local mee "f (array :butto ns+1 0)
local meke "combs (array :button s+1 0)
local [left right]
setit emO :f 1
setit em O :combs 1
for [i 1 :button s] |

setit em: f O

make "right 0

for [ O :i -1] [

make "left righ t

make "right item : :combs

setit em : :combs :left+: ri ght

setit em:i f (item @ ) + (item : :f )*(item : :combs)
]
setit em: :icombs 1

]

outpu t 2 * jtem :butto ns :f
end

It may take some effort to convince yourself that this procedure really computes the
sameresultsasthe other versions! Within the procedure, the array f contains the values
f(0), f (1), ... asthey are computed one by one; the array combs contains one row (at a
time) of Pascalstriangle.

The procedure ®rstputs f(0) into the zeroth position of the f array and the ®rst
row of Pascals triangle (containing just one 1) in the combs array. Then comesa for
loop that computes f (1), then f(2), and soon, until the desired value is reached. An
inner for loop ®llsthe samepurpose asthe sumprods function in the previousversion
of simplex : It computesthe sum of severalterms, not by function composition but by
adding eachterm into the sum separately The instruction
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setit em:i f (item :{@ ) + (item : :f )*(item : :combs)
addsone additional term to the sumeachtime it'scarried out.

The sequential Simplex calculation looks bizarre in Logo, but it' smuch more natural
in Pascal:

funct io n simplex (butto ns:i nte ger): integer ;

var left, right, i, | intege
f, combs: array [0.30 ] of intege r;
begin
flo] = 1;
combs[0] := 1,
for i = 1 to button s do
begin
fi] = 0
right = 0
for j = 0to i-1 do
begin
left = right;
right := combs]j ];
combs[ j] := left+r igh t;
fTi] = A[i] + (f[j] * combs[ j] )
end;
combs[ij = 1
end;
simpl ex = 2 * flbut to ns]
end;

Pascals well suited to this style of programming for severalreasons.One isthat the f[i]
notation for a member of an array is more compact and more readable than Logo'suse
of procedure invocations (calling item to examine an array member and setitem to
modify its value). Another, already mentioned, is that for is built into Pascal. Pethaps
most important is Pascals blockstructure: the keywordsbegin and end can be used to
group what would otherwise be separate instructions into one larger instruction. In
Logo, the instructions that are repeated in a for loop must be part of a list, one of
the inputs to the for procedure; in principle, the entire for invocation is one Logo
instruction line.

Both Logo and Pascalare compromisesbetween the functional paradigm and the
sequential paradigm. (In Logo, turtle graphics programs are most often done sequen-
tially, whereasthe manipulation of words and sentencesis generally done functionally.)
But Logo is much more of a functional languagethan Pascalpartly becauseit supports
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list processing(you can createlistsin Pascalbut it' spainful), and evenmore impor tantly
becausein Logo it's easyto invent higher order functions such as map and cascade .
Pascalprogrammers can't readily invent their own control structures becausethere's
nothing like run or apply in Pascaland the built-in control structures are all sequential
ones. (In addition to for , Pascahasequivalentsto the while anddo.untii  commands
in the Berkeley Logo library) As another example, Logo's ifelse  primitive can be
used either asa command or asan operation, but the Pascalequivalent works only asa
command.

Not all programming languagescompromisebetweenparadigms. It' srare thesedays
to seea purely sequential language, but it usedto be common; both the original Fortran
language and the early microcomputer versionsof BASIC lacked the ability to handle
recursive procedures. Purely functional languagesare not widely used in industry, but
are of interest to many computer scienceresearchers;the bestknown example is called
ML. In apurely functional language,there isno assignmentoperator (like make in Logo)
and no mutators (like setitem or .setfirst ).

There are other programming paradigms besides sequential and functional, al-
though those are the oldest. The sequential paradigm came ®rst becausethe actual
digital computer hardware works sequentially; Fortran, which wasthe ®rst higher level
programming language,wasinitially viewedasmerely an abbreviation for the computer's
hardwareinstruction sequences.*The functional paradigm wasintroduced with Lisp, the
second-oldestprogramming languagestill in use. Although Lisp is not a pure functional
language (it does have assignmentand mutation), its designis ®mly basedon the idea
of functions asthe wayto expressa computation.

Another paradigm that's very popular today is object-orientg@togramming. In this
paradigm, we imagine that instead of having a single computer carrying out a single
program, the computational world includes many independent 2objects? each of which
can carry out programs on its own. Each object includes methodswhich are like local
procedures, and variablesjust like the variableswe've used all along except that each
belongsto a particular object. If one object wantsto know the value of another object's
variable, the ®rst object must send a messag® the second. A messageis a request to
carry out a method, sothe messageghat each object acceptsdepends on the methods
that it knows.

* Today, wethink of programming languagesprimarily aswaysto expressproblems, rather than
aswayso model how computer hardware works. This shift in attitude hasallowed the development
of non-sequential paradigms. We design languagesthat are well matched to the problems we want
to solve,rather than well matched to the hardware we're using.
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Logo hashad a sort of glimmer of the object paradigm for many years,becausemany
dialects of Logo include multiple turtles. To move aturtle, you send it a messageusing
anotation something like

ask 7 [forw ard 100]

to senda messageo turtle number 7. But this notation, eventhough it conveyssome of
the "avor of object-oriented programming, isnot truly representativeof the paradigm. In
areal object system|t would be possiblefor speci®cturtles to havetheir own, specialized
forward methods. Turtle 7, for example, might be a special®dotted turtle® that draws
dotted lines instead of solid lines when it movesfor ward. One Logo dialect, called Object
Logo, doesprovide a genuine object capability.

Object-oriented programming ®ts naturally with the sort of problem in which the
computer is modeling or simulating a bunch of real-world objects;in fact, the paradigm
wasinvented for simulationprograms, used to try to answer questions such as2Will it
eliminate the traf®cjamsif we add another lane to this highway, or should we spend the
money on more frequent bus service instead?° The objectsin the simulation program
are people, cars,buses,and lanes. Another example of a problem that lends itself to the
object paradigm is awindow system,such asthe one in Mac OS or in Microsoft Windows.
Each window is an object; when a window is displayed so asto hide part of another
window, the new window must send a messageo the hidden one telling it not to display
the hidden region.

Somepeople argue that object-oriented programming should be usedfor evey pro-
gramming problem, not becausethe independent object metaphor is alwaysappropri ate
but becauseusing objects helps with information hiding; if every variable belongs to a
speci®cobject, the program is lesslikely to have the kind of bug in which one part of a
program messeap a data structure that'susedin another part. This can be particularly
important, they sayin alarge programming problem in which severalprogrammerswork
on different piecesof the program. When the different programmers' procedures are
put together, con icts canarise,but the object paradigm helpsisolate eachprogrammer's
work from the others. Although this argument hassome merit, I'm cautious about any
claim that one particular paradigm is bestfor all problems. | think programmers should
be familiar with all of the major paradigms and be able to pick one according to the
needsof eachtask.

Another important programmin g paradigm is called logicprogrammingr declarative
programmingln this approach, the programmer doesrit provide an algorithm at all, but
instead lists known factsabout the problem and posesquestions. It' sup to the language
implementation to searchout all the possible solutions to a question. We sawa very
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simpli®edversionof this paradigm in the discussionof logic problems in Chapter 2. Logic
programming is especiallywell suited to databasgroblems, in which we pose questions
such as@Who are all the employeesof this company who work in the data processing
division and have a salary above $40,000?° But, like all the paradigms I've mentioned,
logic programming is universal;any problem that can be solvedby a computer at all can
be expressedasa logic program. Logic programming is quite popular in Japanand in
Europe, but not so much in the United States,perhaps just becauseit wasrit invented
here.

Interactive and Non-interactive Languages

You use Logo by interacting with the language processor You issue an instruction,
Logo doeswhat you've told it and perhaps prints a result, and then you issueanother
instruction. You can preserve a sequence of instructions by de®ning a procedure, in
which casethat procedure can be invoked in later instructions. But you don't have to
de®ne procedures; young children generally start using Logo by issuing primitive turtle
motion commands one at a time. De®ning procedures can be thought of asextending
the repertoire of things Logo knowshow to do for future interaction.

By contrast, you write a Pascalprogram asa complete entity, 2feed® the program to
the Pascallanguage processor all at once, and then wait for the results. Often, when
you type your program into the computer you aren't dealing with the Pascalprocessor
at all; you use another program, atext editor, to let you enter your Pascalprogram into
the computer. Thenyou start up Pascalitself. (Most microcomputer versionsof Pascal
include asimple text editor for program entry, just asLogo includes a procedure editor.)
Typically you store your Pascalprogram asa ®le on a disk and you give the ®le name as
input to the Pascallanguage processor

Keep in mind that it's the processof writing and entering a program that's non-
interactive in Pascal. It' s perfectly possibleto write a Pascalprogram that interacts with
the user once it's running, alternating read and write statements. (However, user
input is one of the things I've left out of my Pascalsubset,asyou'll seeshortly.)

If you wantto write your own Pascalprograms for usewith my compiler, you'll need
awayto create a disk ®le containing your new program, using either Logo's procedure
editor or some separateediting program. The sample Pascalprograms in this chapter
are included along with the Logo program ®lesthat accompanythis book.

Our ®rstexample of a complete Pascalprogram is a version of the Tower of Hanoi
puzzle. | described this problem in the ®rstvolume of this series. The Logo solution
consistsof two procedures:
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to hanoi :number :from :to :other
if equalp :number 0 [stop]

hanoi :number-1 :from :other ‘to
movedis k :number :from :to

hanoi :number -1 :other to  :from
end

to movedi sk :number :from :to
print (sentenc e [Move disk] :number "from :from "to o )
end

To usethese procedures you issuean instruction like

? hanoi 5 "a "b "c

Move disk 1 from a to b
Move disk 2 from a to c
Move disk 1 from b to c
Move disk 3 from a to b
Move disk 1 from a to c

...and soon.

Here is the corresponding Pascalprogram. This program isin the ®letower . (As
you can see, Pascalprograms begin with a programname;in all of the examplesin this
chapter the ®lename is the sameasthe program name, although that isn't arequirement
of Pascal.) Never mind the program details for the moment; right now the point is to
make sure you know how to get the Pascalcompiler to translateit into Logo.

progr am tower;
{This program solve s the 5-disk tower of hanoi problem .}

proce dure hanoi (number:i nteger; fr omo nt 0,0 th er:c har);

{Recur si ve proced ure that solves a subpro bl em of the origi nal problem ,
moving some number of disks, not necessaril y 5. To move n disks , it
must get the topmost n-1 out of the way, move the nth to the targe t
stack, then move the n-1 to the target stack. }

proce dure movedi sk (number:i nt eger ;f ro mont o: char);

{This procedu re moves one single disk. It assumes that the move is
legal, ie., the disk is at the top of its stack and the targe t stack
has no smalle r disks already . Proce dur e hanoi is respon si bl e for

making sure that' s all true.}

begin {moved is k}
write In (‘Move disk ‘',numb er:1, from 'fro m,
end; {movedi sk}

to 'onto )
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begin {hanoi }
if number <> 0 then
begin
hanoi (number -1,from, ot her, onto);
movedis k(number ,f rom,o nt 0);
hanoi (number -1,other ,0 nt o, fr om)
end
end; {hanoi}

begin {main progra m}

hanoi (5,)a', b’ 'c')
end.

Once you have a Pascalprogram in a disk ®le, you compile it using the compile
command with the ®le name asinput:

? compi le "tower

The compiler typesout the program asit compiles it, partly to keep you from falling
asleepwhile it' sworking but alsosothat if the compiler detectsan error in the program
you'll seewhere the error wasfound.

When the compiler has ®nished processingthe souce®le(the ®le containing the
Pascalprogram) it stopsand you seea Logo prompt. At this point the program hasbeen
translated into a simulated machine language. To run the program, say

? prun "tower

Move disk 1 from a to b
Move disk 2 from a to c
Move disk 1 from b to c
Move disk 3 from a to b
Move disk 1 from a to c

...and soon.

The input to the prun (Pascalrun) command is the program namebthe word that
comesafter program at the beginning of the source®le.

The difference between an interactive and a non-interactive language is not just
an arbitrary choice of @user inter face® style. This choice re ects a deeper distinction
betweentwo different waysof thinking about whata computer program is. In Logo there
is really no such thing asa 2program.® Each procedure is an entity on its own. You
may think of one particular procedure asthe top-level one, but Logo doesrit know that;
you could invoke any procedure directly by using an interactive instruction naming that
procedure. Logo does have the idea of a workspace collection of procedures stored
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together in a®lebecausethey are related. But aworkspaceneed not be a tree-structured
hierarchy with one top-level procedure and the others as subprocedures. It can be a
collection of utility procedures with no top-levelumbrella, like the BerkeleyLogo library.
It can be a group of projects that are conceptually related but with severalindependent
top-levelprocedures, like the two memoization examples,the two sorting algorithms, the
tree data base,and other projects in the algs workspaceof Chapter 3.

By contrast, a Pascalprogram is considered a single entity. It alwaysbegins with
the word program and ends with a period, by analogy with an English sentence. (The
subprocedures and the individual statements within the program are separated with
semicolons becausethey are analogousto English clauses.*) It makesno senseto give
the Pascalcompiler a source®le containing just procedures without a main program.

Whydid Logo's designers choose an interactive program development approach,
while Pascalsdesignerschoseawhole-program paradigm? Like all worthwhile questions,
this one has more than one answer And like many questionsin language design, this
one hastwo broad kindsof answer:the answersbasedon the implementation strategyfor
the language and the onesbasedon underlying programming goals.

The mostobviousansweristhat Pascals acompiledanguageand Logo isan interpreted
one. That is, most Pascallanguage processorsare compilersprograms that translate a
program from one language into another, like translating a book from English into
Chinese. Most compilers translate from a source language like Pascalinto the native
machindanguageof whatevercomputer you're using. (My Pascalcompiler translatesinto
asimulatednachine languagethat' sactually processedby Logo procedures.) By contrast,
most Logo versions are interpretersprograms that directly carry out the instructions in
your source program, without translating it to a different (®object®) language.**

To understand whyinterpreters tend to go with interactive languages while compilers
usually imply 2batch mode® program development, think about the 2little person’®
metaphor that's often usedin teaching Logo. If you think of the computer asbeing full
of little people who know how to carry out the various procedures you've written, the
one who'sreally in charge is not the one who carries out your top-level procedure, but

* | say@English® becausel am writing for an English-speakingaudience, but in fact Pascalwas
designedby alargely European committee including native speakersof severallanguages;principal
designer Niklaus Wirth is Swiss.Their languagesall have periods and semicolons,though.

** This is another casein which the sameword hastwo unrelated technical meanings. The use
of 2object® in describing the result of a compilation (object program, object language) hasnothing
to do with object-oriented programming.
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rather the one representing the Logo interpreter itself. If the procedure specialistsare
like circus performers, the Logo interpreter is the ringmaster. The circus metaphor is
actually a pretty good one, becauseon the one hand each performer is an autonomous
person, but at the sametime the performers have to cooperate in order to put on a
show The relevanceof the metaphor to this discussionis that in a compiled language
there is no gringmaster.° The compiler is more closelyanalogousto a bird that hatches
an egg (your program) and then pushesthe new bird out of the nestto fend for itself.
In a compiled language there is no provision for an interactive inter face to which you
can give commandsthat control the running of your program, unlessyour program itself
includes such an inter face.

Saying the same thing in a different way the Logo interpreter is part of the
environment in which any Logo program operates. (That's why Logo can provide a
facility like the run command to allow your program to construct new Logo instructions
asit progresses.) But a Pascalcompiler does its job, translating your program into
another form, and then disappears. Whatever mechanismsare availableto control your
program haveto be built into the program. For example, my Pascalversion of the Tower
of Hanoi program includes the top-level instruction that startsup the solution for ®ve
disks. In the Logo version, that instruction isn't considered part of the program; instead,
you direct Logo interactively to invoke the hanoi procedure.

The distinction betweencompiled and interpreted languagesis not asabsolute asit
once was. There are versionsof Logo in which each procedure is compiled asyou de®ne
it, but it's still possibleto give instructions interactively. (Some such versionsinclude
both a compiler and an interpreter; in others, the @interpreter® just arrangesto compile
each instruction you type asif it were a one-line program.) And many current Pascal
compilers don't compile into the machine language of the host computer, but rather into
an intemediatelanguage called 2P-code® that is then interpreted by another program,
a P-codeinterpreter. P-codeis called an inter mediate language becausethe level of
detail in a P-codeprogram is in betweenthat of a language you'd want to use and that
of the underlying machine language. Its primitives are simple and quick, not complex
control structures like if or for . The advantageof a Pascallanguage processorbased
on P-codeisthat the compiler is potabl®it canwork on anycomputer. All that'sneeded
to start using Pascalon a new computer is a P-codeinterpreter, which is a relatively easy
programming project.

Sofar I've been explaining alanguagedesigndecision (interactive or non-interactive
development) in terms of an implementation constraint (interpreted or compiled). But
it' spossibleto look beyond that explanation to askwhysomeonewould chooseto design
acompiler rather than an interpreter or vice versa.
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The main advantageof a compiler is that the ®nished object program runs fast,
sinceit is directly executed in the native language of the host computer. (An interpreter,
too, ultimately carries out the program in the computer's native language. But the
interpreter must decide which native languageinstructions to execute for a given source
language instruction each time that instruction is evaluated. In a compiled language
that translation processhappens only once, producing an object program that requires
no further translation while it'srunning.) The tradeoff is that the compilation process
itself isslow If you're writing a program that will be usedevery day forever, the compiled
language has the advantagebecausethe development processonly happens once and
then the program need not be recompiled. On the other hand, during program
development the compiled language may be at a disadvantage becauseany little change
in one instruction requires that the entire program be recompiled. (For somelanguages
there are incrementatompilers that can keep track of what part of the program you've
changed and only recompile that part.)

A compiled languagelike Pascal(or Fortran or C), then, makessensein a business
setting where a program is written for practical use, generally using well-understood
algorithms sothat the development processshould be straightforward. An interpreted
language like Logo (or Lisp or BASIC) makes more sensein a research facility where
new algorithms are being explored and the development processmay be quite lengthy,
but the program may never be usedin routine production. (In fact nobody usesBASIC
for researchpurposes, becauseof other weaknesseshut its interactive nature is a plus.)
Another environment in which interaction isimportant is education; acomputer science
student writes programs that may neveractually be run except for testing. The program
is of interest only aslong asit doesnt work yet. For such programs the speedadvantage
of acompiled program isirrelevant.

There are also reasonsthat have nothing to do with implementation issues. I've
spoken earlier of two con'icting views of computer science, which I've called the
softwareengineering viewand the arti®cial intelligence view In the former, the program
development processis seen as beginning with a clear, well-de®nedidea of what the
program should do. This idea is written down as a programspeci®catiotihat forms the
basisfor the actual programming. From that starting point, the program is developed
top-down; ®rstthe main program is written in terms of subproceduresthat are planned
but not written yet; then the lower-level procedures are written to ®Il in the details. No
procedure iswritten until it'sclear how that procedure ®tsinto aspeci®coverall program.
Since Pascals developersare part of the software engineering camp, it's not surprising
that a Pascalprogram takesthe form of an integrated whole in which each procedure
must be insidea larger one, rather than a collection of more autonomous procedures.
By contrast, Logo is a product of the arti®cial intelligence camp, for whom program
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development is a more complicated processinvolving bottom-up as well as top-down
design. Al researchersrecognize that they may begin a project with only a vagueidea of
what the ®nished program will do or how it will be organized. It' sappropriate, then, to
start by writing program fragments that deal with whatever subtasksyou do understand,
then seehow those piecescan ®ttogether to complete the overall project. Development
isn't a straight line from the abstractspeci®cationto the concrete subprocedures;it's a
zigzagpath in which the programmer getsan idea, tries it out, then usesthe resultsasthe
basisfor more thinking about ideas.

Traditionally, an interpreter has been the primary tool to facilitate interactive
program development. Recently though, software developers have brought a more
interactive "avor to compiled languagesby inventing the idea of an integratedievelopment
environmen{(IDE), in which a compiler is one piece of a package that also includes
a language-speci®ceditor (one that knows about the syntax of the language and au-
tomatically provides, for example, the keyword do that must follow a for in Pascal),
online documentation, and a debugggewhich is a program that permits you to follow the
execution of your program one stepat atime, like the step command in BerkeleyLogo.
The idea is to have your cake and eat it too: You use the IDE tools during program
development, but once your program is debugged, you're left with afastcompiled version
that can be run without the IDE.

Block Structure

Sofar we'vebeen looking at how each language thinks about a program asawhole. We
turn now to the arrangement of pieceswithin a program or a procedure.

A Logo procedure startswith atitleline, followed by the instructions in the procedure
bodyand then the end line. The purpose of the title line isto give namesto the procedure
itself and to its inputs.

The structure of a Pascalprogram is similar in someways,but with some complica-
tions. The program startswith aheadetine, very much analogousto the title line in Logo.
The word tower in the header line of our sample program is the name of the program.
Skipping over the middle part of the program for the moment, the part betweenbegin
and end in the lastfewlines isthe statemerart of the program, just asin Logo. The word
end in the Pascalprogram is not exactly analogousto the end line in a Logo procedure;
it'sa kind of closing bracket, matching the begin before it. The period right after the
®nalend iswhat correspondsto the Logo end line.

What makesPascals structure different from Logo'sisthe part I've skipped over, the
declaration of procedures. In Logo, every procedure is a separateentity. In Pascalthe
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declaration of the procedure hanoi , for example, is part of the program tower . This
particular program usesno global variables,but if it did, those variableswould alsohave
to be declared within the program. If the program used global variablesa, b, i , and j
then it might begin

progr am tower;
var a,brr eal;
i,ji nt eger;
proce dure hanoi (number:i nteger; fr omo nt 0,0 th er:c har);

In summary, a Pascalprogram consistsof

the header line

the declaration part (variablesand procedures)
the statementpart

the ®nal punctuation (period)

PwnNpE

But notice that the procedure hanoi , declared inside tower , hasthe samestructure
asthe entire program. It begins with a header line; its declaration part includes the
declaration of procedure movedisk ; it hasa statementpart betweenbegin and end; its
®nal punctuation is a semicolon instead of a period.

What does it meanfor one procedure to be declared inside another? You already
know what a local variable means; if a variable v belongs to a procedure p then that
variable exists only while the procedure is running; at another point in the program
there might be a different variable with the samename. In Pascal,the sameis true for
local procedures. In our example program, the procedure movedisk existsonly while
procedure hanoi isrunning. It would be an error to try to invoke movedisk directly
from the main program.

The header line for a procedure can include namesfor its inputs, just asthe title
line of aLogo procedure namesits inputs. A useful bit of terminology isthat the variable
namesin the procedure header are called formal parametert® distinguish them from the
expressionsthat provide particular input valueswhen the procedure is actually invoked;
the latter are called actualarguments.The words 2parameter® and 2argument® are both
usedfor whatwe call an ginput® in Logo.*

* I'm misleading you alittle bit by calling it a®header line.° Like any part of a Pascalprogram,
the header can extend over more than one line, or can be on the sameline with other things. The
end of the header is marked with a semicolon. In Pascala line break is just like a spacebetween
words. However, there are conventions for properly for matting a Pascalprogram. Even though
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The sequenceof header, declarations, statements,and punctuation is called a block.
Pascalis called a blockstructuredlanguage becauseof the wayblocks can include smaller
blocks. Another aspectof block structure is Pascals use of compoundstatements. A
sequenceof the form

begin state ment ; statem ent ; state ment end

is called acompound statement. An example from the tower program is

begin
hanoi (number-1,fro m,ot her,0 nto);
movedis k(number, fr omo nt 0);
hanoi (number-1,0th er,onto,f rom
end

(Notice that semicolonsgo betweestatementswithin this sequence;none is needed after
the laststatementof the group. This syntacticrule is basedon the analogybetweenPascal
statementsand English clausesthat | mentioned earlier.) For example, Pascalincludes a
conditional statementwhoseform is

if condit ion then statem ent

The astatement® part can be a single simplestatement, like a procedure call, or it can
be a compound statement delimited by begin and end. Becausethe general term
aplock structured language®refersto any syntacticgrouping of smaller units into alarger
one, including compound statements,you may hear the word 2block® usedto refer to a
compound statementeventhough that'snot the of®cial Pascalmeaning.

StatementTypes

In Logo we don't talk about different kinds of statementslike compound, simple, and
soon. Evey Logo instruction (well, all but to ) is a procedure invocation. If , for
example, is a procedure whose®rstinput istrue or false and whosesecondinput isa
list containing instructions to be carried out if the ®rstinput istrue . In Pascalhere are
severaldifferent kinds of statements,eachwith its own syntax.

the Pascalcompiler doesn't care about spacingand line breaks, people alwaysdo it asl've shown
you here, with subordinate parts of the program indented and each statementon a separateline.
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You know about compound statements. You've seenone example of if , which is
one of severalstructuredstatementsin Pascal.Other examplesinclude

while condi tio n do state ment ;
repea t stateme nt s until conditi  on

while x < 0 do
begin
incre ase(Xx);
write  In (x)
end;

repea t
incre ase(x);
write In (x)
until X >= 0;

These are like the while and do.until tools in Berkeley Logo. While , like if |,
requires a single statement (which can be a compound statement between begin and
end) after the do. However, the wordsrepeat anduntil  implicitly delimit acompound
statement, soyou can put more than one statement betweenthem without using begin
and end. Another example isfor , which you'll seein usein amoment. Continuing the
analogywith English grammar, a compound statementis like a compound sentencewith
severalindependent (or coordinate) clauses;a structured statementis like a complex
sentence,with a dependent (or subordinate) clause. (If you alwayshated grammar, you
canjust ignore this analogy)

There are basically only two kinds of simple statement: the procedure call, which
you've already seen, and the assignmenstatement used to give a variable a new value.
This latter is Pascals version of make in Logo; it takesthe form

varia bl e := expres si on
slope := ychange /x change

AsI've already mentioned, the variable must have been declared either in a procedure
heading or in a var declaration. (Assignment is represented with the two-character
symbol:= because= by itself meansequalp rather than make.)

| saythere are 2basically® only two kinds becauseeach of these has some special
caseghat look similar but follow different rules. For example, printing to the computer
screenis done by what looks like an invocation of write (analogous to type in Logo)
or writeln  (3write line,° analogousto print ). But theseare not ordinar y procedures.
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Not only do they take a variable number of arguments, but the arguments can take a
specialform not ordinarily allowed. In the movedisk procedure in the tower program,
one of the argumentsto writeln  is

number: 1

The 2:1 ° here means@using one print position unlessmore are neededto ®tthe number.®

Pascalprint formatting is designedto emphasizethe printing of numbers in columns, so
the default isto print each number with afairly large number of characters,with spaces
at the left if the number doesnt have enough digits. The exact number of characters
dependson the type of number and the dialect of Pascalbut 10 is a typical number for

integers. So

write In (1,2,3, 4);
write In (1000,2 000, 3000,4 000);

will give a result looking something like this:

1 2 3 4
1000 2000 3000 4000

In movedisk | had to say®:1 ° to avoid all that extra space.

What are the pros and cons of using a variety of syntax rules for different kinds
of statements? One reason for the Pascalapproach is that differencesin meaning can
be implicit in the de®nitions of different statementtypesinstead of having to be made
explicit in aprogram. Don't worry;you're not expectedto understand whatthat sentence
meant, but you will assoon asyou seean example. In Logo we say

if :x < 10 [increm ent "X]
while [:x < 10] [incre ment

"]
Why is the predicate expression:x < 10 in a quoted list in the caseof while but
not for if ? If wantsthe expressionto be evaluated once, befordf is invoked. The
actual input to if is not that expressionbut the value of the expression, either true or
false . While , on the other hand, wantsto evaluatethat expressionrepeatedly. If Logo
evaluatedthe expressionahead of time and gavewhile an input of true or false it
wouldn't be able to know when to stop repeating.

The fact that if wantsthe condition evaluatedonce but while wantsto evaluateit
repeatedly has nothing to do with the syntaxof Logo; the sameis true in Pascal.But in
Pascalyou say
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if x<10 then incre ment (Xx);
while x<10 do increm ent (x);

In Logo the fact that if 's condition is evaluatedin advancebut while 'sisn't is made
explicit by the use of square brackets. In Pascalit's just part of the semantice®nitions
of the if and while statements. (Syntaxis the form in which something is represented,;
semantics the meaning of that something.)

One more example: Beginning studentsof Logo often havetrouble understanding
whyyou say

make "new :old

to assignthe value of one variable to another variable. Why is the ®rst quoted and the
seconddotted? Of course you understand that it's becausethe ®rstinput to make is the
nameof the variable you want to set, while the secondis the valuethat you want to give
it. But in Pascalthis distinction is implicit in the semantic de®nition of the assignment
statement; you just say

new = old

Sincebeginning Logo studentshavetrouble with quotesand dotsin make, you might
think that the Pascalapproach is better. But beginning Pascalstudentshaveatrouble of
their own; they tend to get thrown by statementslike

X = X+1

This doesrit look quite asbad asthe BASIC or Fortran version in which the symbol for
assignmentis just an equal sign, but it' s still easyto get confused becausethe symbol&x°
meanstwo very different things in its two appearanceshere. In the Logo version

make "X x+1

the explicit difference in appearancebetween"x and :x worksto our advantage.

Which waydo you ®nd it easierto learn something: Do you want to start with a
simple, perhaps partly inaccurate understanding and learn about the dif®cult special
casedater, or do you prefer to betold the whole truth from the beginning? I've posedthe
guestion in a waythat showsmy own preference, I'm afraid, but there are many people
with the opposite view

The issueabout whether or not to make the semanticsof someaction implicit in the
syntax of the language is the most profound reason for the difference between Logo's
single instruction syntaxand Pascals collection of statementtypes,but there are other
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implications as well. One virtue of the Pascalcompound statement is that it makes
for short, manageable instruction lines. You've seenlLogo procedures in these books
in which one 2line® goeson for three or four printed lines on the page, e.g., when
the instruction list input to if contains severalinstructions. It's a particularly painful
problem in the versionsof Logo that don't allow continuation lines.

On the other hand, Logo's syntacticunifor mity contributes to its extensibilityln the
example above,if isalogo primitive, whereaswhile isalibrary procedure written in
Logo. But the difference isn't obvious;the two are usedin syntacticallysimilar ways.You
can't write control structures like while in Pascalbecausethere's nothing analogousto
run to allow a list of instructions to be an input to a procedure, but evenif you could, it
would haveto take the form

while (condi tio n, st at ement)

becausethat'swhat a procedure call looks like. But it'snot what a built-in Pascalcontrol
structure looks like.

Shufing aDeck Using Arrays

It' stime for another sample Pascalprogram. Program cards is a Pascalversion of the
problem of shufing a deck of cardsthat we discussedin Chapter 3. It includes local
variables,assignmentstatements,and the for structured statement. It alsowill lead us
into someadditional language designissues.

progr am cards;
{Shuff le a deck of cards}

var ranks :array [0.51 ] of intege r;
suits :arra y [0.51 ] of char;

iiint  eger;

proce dure showdeck;
{Print the deck array s}

begin {showd eck}

for i = 0 to 51 do
begin
if i mod 13 = 0 then writel n;
write  (ranks[ i] :3,s uit s[i] );
end;
write In ;
write In

end; {showde ck}
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proce dure deck;
{Creat e the deck
var

i,ji nte ger;

suitn ames: packed array

begin {deck}
suitn ames =
for i =
for j =
begin
ranks[
suits[
end;
write In ('The
showdeck
end; {deck}

13*j+i]
13*j+i]

initi

proce dure shuffl e;
{Shuff le the deck
var rank, i,
suit: char;

begin
for

{shuff
| =
begin
jo=
rank = ranks[
ranks[ i] =
ranks[ j] =
suit = suits]
suits[ 1] =
suits[ j] =
end;

write In ('The shuff
showd eck
end; {shuffl e}

le }

begin
deck;
shuff le
end.

{main progra m}
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51 downto 1 do {For

rando m(i+1 );

in order }

[0..3] of char;

'HSDC';
0 to 12 do
0 to 3 do

= i+
= suitha mes j]

al deck:' );

mly}

i nteger;

each card in

a rando m card
hange ranks}

{Pick
{Interc

il

ranks[ |I;
rank;

i] ; {Interc hange suits}

suits[  j];
suit

le d deck:' );

Chapted

the deck}

before it}

Programmindg.anguageDesign



Experienced Pascalprogrammers will notice that this program isn't written in the
most elegant possible Pascalstyle. This is partly becauseof issuesin Pascalthat | don't
want to talk about (records) and partly becauseof issuesthat | dowant to talk about in
the next section (scope).

Here'swhat happenswhen you run the program:

? prun “cards
The initi  al deck:

IH 2H 3H 4H 5H 6H 7H 8H 9H 10H 11H 12H 13H
1S 25 35S 4S5 55 6S 7S 8S 9S 10S 11S 12S 13S
1D 2D 3D 4D 5D 6D 7D 8D 9D 10D 11D 12D 13D
1C 2C 3C 4C 5C 6C 7C 8C 9C 10C 11C 12C 13C

The shuff le d deck:

2D 11D 6S 9D 6C 10H 8D 11C 3D 4C S5H 4S 1D
5C 5D 6D 9S 4D 8C 13S 13D 10C 9H 10D 5S 12D
13H 9C 3C 1S 10S 4H 12S 11S 12H 11H 2H 3H 1H
13C 84 7C 2C 1C 7S 6H 25 7D 8S 12C 3S 7H

The Pascalfor is somewhatlike the Berkeley Logo for in its semantics,although
of coursethe syntaxis quite different. The stepvalue must be either 1 (indicated by the
keywordto ) or -1 (downto ). Bythe way if you've been wondering why | changed one
of the variable namesin the Tower of Hanoi program from to in the Logo version to
onto in the Pascalversion,it' shecauseto isareseredwordin Pascaland can't be usedas
the name of anything.

The Pascalstandard doesnot include arandom function. Most practical versionsof
Pascaldo provide a random number generator of some sort; since there's no standard,
I've chosento implement the kind that's most useful for the kind of programming I'm
interested in, namely the Logo random that takesan integer argument and returns an
integer betweenzero and one lessthan the argument.

Lexical Scope

Program cards hasthree procedures: showdeck , deck , and shuffle . Each of these
is declared directly in the top-level program. However, showdeck is not invokeddirectly
attop level; it' susedby the other two procedures. (This is one of the questionable bits of
programming stylel've put in for the sakeof the following discussion;ordinarily | think
I'd haveput the statementsthat invoke showdeck in the main program block.)
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If you read the program carefully you'll seethat showdeck usesa variablei but
doesnot declare that variable.* (When avariableis usedbut not declared within acertain
procedure, that use of the variable is called a freereferenceA use of a variable that is
declared in the sameblock is called a boundreference.) There are three variablesnamed
i in the program: one in the outer block, one in deck , and one in shuffle . When, for
example, the main program callsdeck and deck callsshowdeck , which variablei does
showdeck use?

In Logo the answerwould be that showdeck usesthe i belonging to deck, the
procedure that invoked it. That's becauselLogo follows the rules of dynamicscope:A
free reference to a variable is directed to the variablesof the procedure that invoked the
current one, then if necessay to the variablesof the procedure that invoked that one,
and soon up to the global variables. (Dynamic scopeis discussedmore fully in the ®rst
volume of this series.)

In Pascal,showdeck usesthe i belonging to the main program. That's because
a free reference to a variable is directed to theblockwithin whichthe current proceduravas
declaredhen to the block surroundin g that one, and soon up to the outermost program
block. This rule is called lexical scope. The set of blocks surroundin g a given block,
smaller to larger, is its lexicalenvironmentThe lexical environment of showdeck is

{show deck, cards}
The lexical environment of movedisk in the tower program is

{move di sk, hanoi, tower}

The setof procedure invocations leading to a given procedure is its dynamicenvironment.
A procedure's dynamic environment isn't alwaysthe same;for example, the dynamic
environment of showdeck is sometimes

{show deck, deck, cards }

* Actually, the Pascallanguage requires that the variable used in a for statement must be
declared in the same procedure in which the for appears; program cards is not legal Pascal
for that reason. What'sthe purpose of that restriction? Supposethat this procedure wasinvoked
from within another for loop in another procedure, and both usethe samevariable; then both
procedures would be trying to assigncon’icting valuesto that variable. Berkeley Logo's for
automatically makesits variable local to the for procedure itself, for the samereason. But my
Pascalcompiler lets us get awaywith breaking this rule, and I've done it deliberately to make a
point.
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and sometimes

{show deck, shuffle , cards}

The word 2lexical® is the adjective form of lexiconwhich meansadictionar y.° It' susedin
this computer sciencecontext becausethe lexical context of a procedure hasto do with
where it' sde®ned, just aswords are de®nedin adictionary. The word 2dynamic® means
in motion;it's used becausethe dynamic context of a procedure keepschanging asthe
program runs.

What are the reasonsbehind the choice of lexical or dynamic scope?This is another
choice that wasoriginally made for implementation reasons. It turns out to be easy
for an interpreter to use dynamic scope, but for a compiler it's much easierto use
lexical scope. That's becausethe interpreter makesthe decision about which variable
to use while the program is running and the dynamic environment is known, but the
compiler hasto translate the program beforat is run. At 2compile time® there isn't one
®xed dynamic environment, but there is a single, already-known lexical environment.
Originally, interpreted languageslike Logo, Lisp, and APL all used dynamic scope,while
compiled ones like Fortran and Pascalused lexical scope. (There waseven a period of
time when Lisp systemffered both an interpreter and a compiler, and the behavior of
the sameprogram wasdifferent depending on whether you compiled it or interpreted it
becauseof different scoperules.)

More recent dialectsof Lisp, suchasCommon Lisp and Scheme,havebeen designed
to uselexical scopeevenwhen interpreted. Their designersthink lexical scopeis better
for reasonsthat don't depend on the implementation technique. One reasonis that
dynamic scopeallowsfor programming errors that don't arisewhen lexical scopeis used.
In Logo, supposeyou write a procedure that makes a free reference to some variable
v. What you intended, let's say wasto use a global variable by that name. But you've
forgotten that your procedure is sometimesinvoked by another procedure that you wrote
two weeksago that happens to have an input named v. It can be very hard to ®gure
out why your procedure is suddenly getting the wrong variable. With lexical scope,it's
much easierto keep track of the context in which your procedure is de®ned, to make
sure there are no local variablesv in the lexical environment.

It's possible to argue in favor of dynamic scope also. One argument is that in a
lexically scoped language certain kinds of tool procedures can't be written at all: the
oneslike while or for that take an instruction list asinput and run the list repeatedly.
Supposeyou write a procedure in Logo that contains an instruction like

while [:deg rees < 0] [make "degre es :degre es+360]
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What variable degrees do you want this instruction to use? Presumablyyou mean the
samevariable degrees that is usedby other instructions in the sameprocedure. But if
Logo used lexical scope,then while wouldn't have accesgo the local variablesof your
procedure. (It's possible to design other features into a lexically scoped language to
get around this limitation, but the necessay techniques are more complicated than the
straightfor ward wayyou can write while in Logo.)

Another argument for dynamic scope, with particular relevance to Logo, is that
dynamic scope®tsbhetter with the expectations of an unsophisticated programmer who
hasrit thought about scope at all. One of the design goals of Logo is to be easyfor
such beginners. Until now we'vebeen talking about scopein terms of naming con’icts:
what happens if two variables have the samename. But supposeyou write a program
with a bunch of procedures, with a bunch of distinct variable names used asinputs. It
makeslife very simple if all those variablesare availablewheneveryou wantthem, soyou
don't haveto think in such detail about how to get a certain piece of infor mation down
the procedure invocation chain to a subprocedure. If some variablesare accessibleto
subproceduresbut others aren't, that's one more mystery to make programming seem
dif®cult. In particular, dynamic scope can simplify the debugging of a Logo program.
If you arrange for your program to pause at the moment when an error happens, then
you can enter Logo instructions, with all of the local variablesof all pending procedure
invocations available, to help you ®gure out the reason for the error. Debuggers for
lexically scopedlanguagesrequire a more complicated debugging mechanismin which
the programmer must explicitly shift focusfrom one procedure to another.

In the situations we've seen,lexical scopealwaysactsasa restrictioron the availability
of variablesto subprocedures. That is, a procedure's lexical environment is alwaysa
subsetof its dynamic environment. (Suppose procedure a includes the de®nition of
procedure b, which in turn includes the de®nition of c. So the lexical environment
of c is{c,b,a} . You might imagine that c's dynamic environment could be {c,a}
if procedure a invoked c directly, but in fact that'sillegal. Justasa can't useb'slocal
variables,it can't useb'slocal procedures either. The reasonthe dynamic environment
can be different from the lexical one at all is that two procedures can be part of the
sameblock, like showdeck and deck in the cards program.) In Lisp, it's possiblefor
aprocedure to retur n anotheprocedurasits outputbnot just the name of the procedure
or the text of the procedure, aswe could do in Logo, but the procedure itself, lexical
environment and all. When such a procedure is later invoked from some other part of
the program, the procedure's lexical environment may not be a subsetof its dynamic
environment, and so lexical scopegivesit accessto variablesthat it couldn't use under
dynamic scoperules. That'sa powerful argument in favor of lexical scopefor Lisp, but it
doesnit apply to Pascal.
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One specialscoperule in Pascalappliesto procedures declared in the sameblock:
The one declared later caninvoke the one declared earlier, but not the other wayaround.
In the cards program, deck can call showdeck but showdeck can't call deck . There
isno deep reasonfor this restriction; it's entirely for the bene®tof the compiler. One of
the design goalsof Pascalwasthat it should be easyto write a compiler that goesthrough
the source program once, from beginning to end, without having to back up and read
part of the program twice. In particular, when the compiler seesa procedure invocation,
it must already know whatinputs that procedure requires; therefore, it must havealready
read the header of the subprocedure. Usually you can get around this restriction by
rearranging the procedures in your program, but for the times when that doesn't work
Pascalprovides a kludge that lets you put the header in one place in the source ®le and
defer the restof the procedure until later.

Typed Variables

Berkeley Logo hasthree data types:word,list, and array. (Numbers are just words that
happen to be full of digits.) But avariablein Logo doesnot haveatype associatedwith it;
any datum can be the value of any variable.

Pascalhas lots of types, and every variable belongs to exactly one of them. In the
sampleprograms sofar we've used ®vetypes:char integerarray of char array ofintegerand
packedrrayofchar When avariable is declared, the declaration sayswhattype it is.

The selection of data typesis the areain which my Pascalcompiler is most lacking;
I've implemented only a few of the possibletypes. I'll describe the onesavailablein my
compiler in detail and give hints about the others.

The fundamental typesout of which all others are built are the scalartypes that
representasingle value,asopposedto an aggregatelike an array or alist. Pascahasfour:

integer  apositive or negativewhole number (e.g., 23)
real anumber including decimal fraction part (e.g.,-5.0)
char asingle character (e.g.,'Q" )

Boolean true or false

Pascalalso has severalkinds of aggregatetypes. The only one that I've implemented is
the array, which is a ®xed number of unifor m elements. By 2unifor m°® | mean that all
members of the array must be of the sametype. Full Pascalallowsthe membersto be of
anytype, including an aggregatetype, aslong asthey're all the same,soyou could say

var a : array [1.10 ] of array [1..4] of integ er;
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to getan array of arrays. But in my subsetPascakthe membersof an array must be scalars.
This restriction is not too severebecausePascalrrayscan have multipleindicesjnstead of
the aboveyou can usethe equivalent

var a : array [1.10 , 1.4] of intege r;

This declaration createsatwo-dimensionalarraywhosemembershavenameslike a[3,2]

The notation 1..10 is called a range;it indicates the extent of the array. Berkeley
Logo arraysordinarily startwith index one, soaLogo instruction like

make "ten array 10

is equivalent to the Pascaldeclaration

var ten:a rray [1.10 ] of something

except that the Logo array need not have unifor m members.* (Also, a subtle difference
isthat the Logo array is an independent datum that can be the value of a variable just as
anumber can be the value of avariable. The Pascalarray is the variable; you can change
the contents of individual membersof the array but it' smeaninglessto speakof changing
the value of that variable to be something other than that array.)

In Pascalan index range doesrit have to be numbers; you can use any scalartype
exceptreal:

var frequ ency : array [a'. z'] of intege r;

might be used in a program that counts the frequency of use of letters, such as a
cryptography program. The members of this array would be used by referring to things
like frequency['w'] . (In Pascaldocumentation there is a word for 2scalartype other
than real®: It' scalled an ordinal type.)

A packedarray is one that's represented in the computer in a waythat takesup as
little memory aspossible. Ordinar y arraysare stored soasto make it asfastaspossibleto
examine or changean individual element. The distinction mayor may not be important
for a given type on a given computer. For example, most current home computers have
their memory organized in byteshat are justthe right sizefor a single character. On such

* The Berkeley Logo array primitive can take an optional secondinput to specifya dif ferent
starting index.
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a computer, an array of char and a packed array of char will probably be represented
identically. But one of my favorite larger computers, the Digital Equipment Corporation

PDP-10,had its memory organized in wordsof 36 bits, enough for ®ve7-bit characters
with one bit left over. A packed array of char, on the PDP-10,would be represented with

®vecharacters per word; an ordinary array of char might store only one character per
word, wastingsome spacein order to simplify the task of ®nding the nth character of the
array.

My compiler, which is meant to be simple rather than ef®cient, ignores the packed
declaration. The reason| usedit in the cards program is to illustrate arule of Pascal:
The statement

suitn anes := 'HSDC'

assignsa constantstring to the array variable suitnames , and such assignmentsare
allowed only to packed arraysof char. Also,the sizeof the array must equal the length of
the string. If suithnames werean array of length 10, for example, I'd have had to say

suitn ames = 'HSDC

®lling up the unused part of the array explicitly with spaces.

In an assignmentstatement, the type of the variable on the left must be the sameas
the type of the expressionon the right. An assignmentcan copy one array into another
if it involvestwo variablesof exactly the sametype:

var ab:a rray [3.17 ] of real
a:=m>b

but except for the caseof packed arrays of char mentioned above there is no wayto
represent a constant array in a Pascalprogram. If you want an array of all the prime
numbers lessthan 10 you haveto initialize it one member at atime:

var prime s : array [1.4 ] of intege r;

prime s[ 1]
prime s[ 2]
]
]

prime s[ 3
prime s[ 4

AN
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In scalarassignmentsaslight relaxation of the rulesis allowedin that you mayassign
an integer value to a real variable. The value is converted to a real number (e.g., 17
to 17.0 ). The opposite is not allowed, but there are two built-in functions trunc (for
atruncate®) and round that canbe usedto convert areal valueto an integer. Trunc cuts
off the fraction part, sotrunc (4.99 ) is4. Round rounds to the nearestinteger.

Pascalprovides the usual in®x arithmetic operations +, -, *, and /, following the
usual precedence rules, just asin Logo. The result of any of these is integer if both
operands are integer, otherwise real, except that the result of / (division) is always
real. There are integer division operations div (integer quotient) and mod (integer
remainder); both operands to these must also be integers. The relational operators =
(like equalp in Logo), < (lessthan), > (greater than), <= (lessthan or equal to), >=
(greater than or equal to), and <> (not equal to) take two real or integer operands and
yield a Boolean result. There are alsoBoolean operators and, or , and not , just like the
Logo onesexcept that they usein®x syntax:

(x <0) and (y <= 28)

Additional Typesin Standad Pascal

Standard Pascal,but not my version, includes other aggregatetypes besidesthe array.
One such type is the record;a record is a non-unifor m aggregate, but the 2shape® of
the aggregate must be declared in advance. For example, you can declare a record
containing three integers and an array of 10 characters. In the cards program, instead
of two separatearraysfor ranks and suits| could have said

var cardd eck: array [0..51 ] of record
rank: int eger;
suit:  char
end;

Then to refer to the rank of card number 4 1'd say
cardd eck[ 4] .ra nk

and that would be an integer. A pointeiis avariable whosevalueisthe memory addressof
arecord; pointer variablescan be usedto implement dynamic data structures like Logo
lists by building explicitly the collections of boxes and arrows illustrated in some of the
pictures in Chapter 3. But it's hard to build anything in Pascalthat's quite like Logo
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lists, even using pointers, becausewhat's in each box hasto belong to some particular
predeclared type.

Real Pascalalsoincludes userde®nedtypes. There is atype declaration that goes
before the var declaration in ablock:

type string = packed array [1..10 ] of char;

Variable declarations can then usestring  asthe type of the variable being declared. In
fact, standard Pascakequireshe useof named typesin certain situations. For example, in
aprocedure header the formal parametersmust be given a named type (either a built-in
scalartype like integer or a de®nedtype like string ); sincel havent implemented
type my compiler allows

proce dure paul (words :p acked array [1..1 0] of char);

although standard Pascaldoesnit allow such a header.

You can also de®ne subrangeypes:

type diefac e = 1..6;

This type is really an integer, but it's constrained to have only valuesin the given range.
This particular one might be usedfor a variable whosevalueis to represent the result of
rolling asix-sideddie. Finally, there are enumeratety/pes:

type Beatle = (John, Paul, George, Ringo );

This type is usedfor a variable that representsone of a small number of possiblethings.
In reality it'salsoakind of integer; the word John represents0, Paul is1,and soon. In
fact, it's only during the compilation of the program that Pascalremembers the names
of the possiblevalues;you can't read or print these variablesduring the running of the
program.

Critique of Typed Variables

Why would anyone want to use a subrange or other restricted type? If the program
works using a variable of type dieface , it would work just aswell if the variable were of
type integer . The only difference is that using a subrangetype is slower becausethe
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program hasto check (at run time) to make sure that any value you try to assignto that
variableisin the approved range.

According to Pascalenthusiasts,the virtue of restricted types,like the virtue of typed
variablesin the ®rstplace, isthat their usehelps catch program bugs. For example, in the
cards program, procedure shuffle  hasvariablesi and | that are usedto index the
arraysranks and suits . How do we know there isn't an error in the program so that
one of those variablesis given a value that isn't a valid index for those arrays? Such an
error would be caught when we usethe index variable to try to refer to an array element
that doesnt exist, but it'seasierto debug the program if we get the error messageat the
moment when the variable is assignedthe incorrect value. Sol should havedeclared

var i, : 0..51;

instead of using integer . (Of course one reason| didn't use a subrange type is that |
didn't implement them in my compiler!)

The trouble is that strict typing of variablesis an unnecessay pain in the neck.*
Take this businessof array index bounds. Here is a possiblepiece of Pascalprogram:

i = 0;
while i <= 51 do
begin
write In (ranks[ ] :3 ,suits[ i );
i = il
end

There'snothing wrong with this. It will print the value of eachmember of the two arrays,
starting from index 0 and continuing through 51. However, at the end of the while
statement, the variablei hasthe value52. This is notan error; the program doesnot try
to refer to member 52 of the arrays. But if we declared i asa subrangetype the waywe
ashould,® the program will give an error messageand die. This particular example could
be rewritten using for instead of while to avoid the problem, but it turns out that there
are many algorithms that jump around in an array in which the index variable sometimes
takeson avalue just outside the bounds of the array. Somesort algorithms, for example,
are like that.

* | know | said | wasrit going to try to convince you which language is better, but on this
particular point | really think the Pascalpeople don't havealeg to stand on.
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Typed variables work against program robustness. (A robustprogram is one that
keepscalm in the face of bad data or other user error, rather than dying abruptly.) For
example, supposewewantto ®nd the sum of abunch of numbers. Somehuman being is
going to type thesenumbers into the computer, one atatime. We don't know in advance
how many there are, sowe let the person type done when done. Sincethe typistis only
human, rather than a computer, we want to make sure the program doesn't blow up if
he accidentally typessomething other than a number or done. Here'sone wayto do it
in Logo:

to addnumbers

print [Ente r the numbers, one per line. ]
print [Type the word 'done ' when done.]
print se [The sum is] addnumbersl O

end

to addnumbersl :sum

local m&e "next readnu mber

if emptyp :next [outpu t :sum]
outpu t addnumber s1 :sum+ :n ext
end

to readnu mber

local mé&e "input readl is't

if emptyp :input [outp ut readnu mber ]

if equalp :input [done ] [output []]

if  number p first inpu t [output  first linput ]
print [Plea se type numbers only.]

outpu t readnum ber

end

If the usermakesatyping mistake,the program saysso,ignores the bad input, and keeps
going. Now, how shall we write this in Pascal?Into what type of variable should we read
each number from the keyboard? If we pick integer , then anyentry of a non-number
will incite Pascalto print an error messageand terminate the program. Instead we can
readthe keyboardentryinto anarray of char , one characteratatime. Then anything
the user typesis okay, but we can't do arithmetic on the resultbwe can't add it into the
accumulated sum. We can read it aschar sand then write a procedure that knows how
to look at a string of digits and compute the number that those digits represent. But this
is not the sort of thing that we should need to do ourselvesin a high-level programming
language.
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Why should a programmer haveto decide in advancewhether or not the numbers
that a program will manipulate are integers? In Logo | can write a general numeric
procedure like this one:

to square X
outpu t :x * X
end

but in Pascall need one for eachkind of number:

funct io n RealSqu ar e(x:real ): real;
begin

RealS quare = x * X
end;

funct io n IntSqua re (xiinte ger): integ er;
begin

IntSq uare = Xx * X
end;

Why pick on the distinction between integer and non-integer values? Why not positive
and negative values,or odd and even values? The historical answeris that computer
hardware usestwo different representations for integer and real numbers, but so what?
That doesnt mean the distinction is relevant to the particular program I'm writing.

The language ML, which | mentioned earlier asan example of a pure functional
language, tries to provide the best of both worlds on this issue. It does require that
variableshave types, asin Pascal,to help catch programming errors. But two features
make ML'stype systemmore usablethan Pascals. One isthe provision of uniontypeslt's
possibleto saythat a particular variable must contain either anumber or the word done,
for example. (Pascalhas something like this, called variants, but they're less exible.)
Second,the ML compiler usestypeinferencea technique by which the compiler can often
®gureout the appropriate type for avariable without an explicit declaration.

Proceduresand Functions

In Logo adistinction is made betweenthose procedures that output avalue (operations)
and those that don't (commands). Pascalhasthe same categories, but they're called
functionsand procedure®spectively
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A function is a block just like a procedure block except for the minor changes
needed to accommodate the fact that the function produces a value. First of all, the
function header hasto saywhat the typeof the result will be:

funct io n whateve r (arguments ) : integ er;

The function's type must be a scalay not an aggregatetype. This restriction is in the
standard only to make life easierfor the compiler, and some versionsof Pascaldo allow
array-valued(or record-valued, etc.) functions.

The other difference is that in the statement part of a function block we have to
tell Pascalwhat the value will be. That is, we need something equivalent to output in
Logo. Pascals convention is that somewherein the block an assignmentstatement must
be executed that hasthe name of the function asits left hand side. That is, the function
name is used in an assignmentstatement asthough it were a variable name. (However,
the name must not be declared asa variable.) This notation may be a little confusing,
becauseif the samename appearson the right side of the assignmentstatement, it signals
arecursiveinvocation of the function. Perhapsan example will make this clear.

Program multi is a Pascalversion of the memoized multinomial function from
Chapter 3. In the Logo version,t(n, k) wasmemoized using the property name k on the
property list named n. In the Pascalversion, since we have multi-dimensional arrays,it is
straightfor ward to usea two-dimensional array and store t(n, k) in memo[n,k] .

progr am multi;
{Multi nomial expans io n problem }

var memo: array [0..4, 0..7] of integ er;
i integer

funct ion t(nkint eger) : integer ;
funct ion realt (nki nteger) : integ er;

{witho ut memoizat io n}

begin {realt }
if k = 0 then
realt = 1
else
if n = 0 then
realt = 0
else
realt = t(nk-1)+t(n-1,k)
end; {realt}
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begin {t}
if memo[n, k] < 0 then
memo[n,k ] := realt (nk);
t := memoln, K]
end; {t}

begin {main progra m}
{init iali zat io n}
for i = 0 to 4 do
for j = 0 to 7 do
memo[i,j ] = -1;

{How many terms in (a+b+c+d )5\?}
write In (t(4,7)):
end.

The assignmentstatementslike
realt = 0

are the ones that control the valuesreturned by the functions. These assignment
statementsare not exactly like output in Logo becausethey do not causethe function

to return immediately. They act just like ordinary assignments,asif there were actually
a variable named realt or t; when the statement part of the function is ®nished,
whatevervalue wasmost recently assignedto the function name is the one that's used
asthe return value. (In fact the functions in program multi are written so that only
one such assignmentis carried out, and there are no more statementsto execute after
that assignment. That's a pretty common programming style; it's rare to change the
assignmentto the function name once it'sbeen made.)

Apart from arbitrar y syntacticdetails, Pascals designwith respectto procedures and
functions issimilar to Logo's,sol can't askwhythe two languagesmade different choices.
It' s probably just aswell, since you shouldn't get the impression that Pascalis the exact
opposite of Logo in every way Instead we could compare thesetwo languageswith Lisp,
in which there are only operations, or most versionsof BASIC, in which there are only
commands. But | don't have the spaceto teach you enough about those languagesto
make such a comparison meaningful.
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Call by Value and Call by Reference
Consider this Logo procedure:

to increm ent :var
make :var (thing :var )+1
end

? make "baz 23
? incre ment "baz
? print  :baz

24

The input to increment isthe nameof a variable that you want to increment. A similar
technique is used, for example, in the push and pop library procedures, which take the
name of a stackvariable asinput. The reasonthis technique is necessay is that we want
the procedure to be able to modify the variablebto assignit a new value.

The sametechnique won't work in Pascal.For one thing, the associationof a name
with avariable only existsat compile time. Once the compiled program is running, the
variableshave no names, only addressesn computer memory. Also, increment takes
advantage of dynamic scope becausethe variable it wantsto modify isn't its own, but
rather avariable accessibleto the calling procedure.

Here'show you do it in Pascal:
proce dure increm ent(var viinteg er);
begin
Vv = v+l
end;

What's new here is the reserved word var in the argument list. This word indicates that
v is a variableparametemrdinar y ones are called valueparametersincrement  would be
usedin aprogram like this:

progr am whatzi t;

var gub:i nteger;
begin

gub = b5;
incre ment (gub);

end.
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Supposeincrement  had been written without the word var in its header. In that
case,when the statementincrement ( gub) wasexecuted here's what would happen.
First, the actual argument to increment (namely gub) would be evaluated. The value
would be 5, sincethat' sthe value of the variable gub. Then that valuewould be assigned
to the local variable v in increment . Then the instruction part of increment  would
be run. The assignmentstatementthere would change the value of v from 5to 6. Then
increment  would be ®nished,and its local variable v would disappear. All of this would
haveno effect on the variable gub. This ordinar y interpretation of v is called call byvalue
becausewhat gets associatedwith the name v is the value of the actual argument, 5 in
this example, regardlessof how that 5 wasderived. For example, the instruction in the
main program could havebeen

incre ment (2+3);

and it wouldn't have mattered.

Making v a variable parameter instead of a value parameter changesthe operation
of the program substantially When increment isinvoked, the actual argument mustbe
avariable name, not an arbitrar y expression. Pascaldoesnot ®nd the value of the actual
argument and passthat value along to increment ; instead, the formal parameter v
becomesanothenameforthesamevariablenamed in the actual argument. In this example,
v becomesanother name for gub. Sothe assignmentstatement

v = v+l
isn't really about the local variable v at all; it' sanother wayto say
gub := gub+l

and so it doesaffect the variable in the calling block. This use of variable parametersis
called call byreferendaecausethe formal parameter (v) referso another variable.

One way to think about call by reference is that it provides, in effect, a sort of
limited dynamic scope. It's a wayfor a superprocedure to allow a subprocedure access
to one selected variable from the superprocedure's lexical environment. Becausethis
permission is given to the subprocedure explicitly, call by reference doesnit give rise to
the possible naming bugs that argue againstdynamic scopein general. Also, dynamic
scopeasusedin Logo hasthe problem that you haveto be careful not to allow a formal
parameter name to be the same asthe name of a variable you want to use from the
superprocedure's environment. For example, in the Logo version of increment , what
if you wanted to useincrement to increment avariable named var ? If youtryto say
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incre ment "var

it won't work, becauseincrement will end up trying to increment its own formal
parameter. (This is whythe inputs to someof the BerkeleyLogo librar y procedures have
such long, obscure names.) But the Pascalincrement would have no trouble with a
variable named v in the calling procedure.

On the other hand, call by reference is a little mysterious. If you've understood all
of the above,and you know exactly when you should sayvar in aformal parameter list
and when you shouldn't, you're doing better than most beginning Pascalstudents. In
Logo there is only one rule about passinginputs to procedures;to make something like
increment  work, you explicitlypassthe nameof a variable asinput.

Call by reference is generally used when a subprocedure needsto change the value
of a variable in a superprocedure. But there is also another situation in which some
people useit. Supposeyou want to write a procedure that takes a large array as an
argument. If you makethe array avalue parameter, Pascalill allocate spacefor the array
in the subprocedure and will copy each member of the array from the superprocedure's
variable into the subprocedure's variable asthe ®rststepin invoking the subprocedure.
This time-consuming array copying can be avoided by declaring the array asa variable
parameter, thereby giving the subprocedure direct accesgo the superprocedure's array.
Pascalenthusiasts consider this use of call by reference cheating, though, becauseit
createsthe possibility that the subprocedure could accidentally change something in the
superprocedure's array. Call by valueis safer from this point of view

Parametersin Logo: Call by Binding

Does Logo use call by value or call by reference for passingarguments to procedures?
The of®cial textbook answeris 2call by value? but | ®nd that misleading, becausethose
two categoriesreally make senseonly in a language with a particular idea of what a
variableis. A Logo variable is different from a Pascalvariable in a subtle way If you can
understand this difference between the two languages,you'll have learned something
very valuable.

In Logo, the world is full of data (words, lists, and arrays). These data may or may
not be associatedwith variables. For example, when you enter an instruction like

print  butla st butfir st [Yes, this is a list eviden tl y.]
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three different lists are involved: the one you typed explicitly in the instruction and two
smaller lists. None of these three lists is the value of any variable. A variableis an
association(called a binding) betweena name and a datum. If you enter the instruction

make "langs [Logo Lisp APL]
we saythat the name langs is boundto the indicated list. If you then do
make "mylan gs :langs

wesaythat the name mylangs isbound to the samalatum aslangs . We're dealing with
one list that hastwo names.

nanme |l angs
val ue 1
Logo Li sp APL
name |nyl angs
val ue

In Pascala variable is not a binding in this sense. A Pascalvariable is the datum it
contains. If you havetwo array variables

var this, that array [1.1 0] of integ er;

and you do an assignmentlike
this := that;

then there are two separatarraysthat happen to have equal valuesstored in them. The
samething is true, although it's lessobviously meaningful, about scalars. If integer
variablesi andj both havethe value 10, then there are twodifferentintegerghat happen
to have the samevalue. That's not the waya mathematician usesthe word 2integer®;
to a mathematician, there is only one 10. But to a Pascalprogrammer, an integer isn't
something like 10;an integer is abox, and in the box there might be something like 10.

In Logo, avariable assignment(that is, an invocation of make) changesthe binding
of the given variable name sothat that name is now associatedwith a different datum. In
Pascala variable assignmentchangesthe value of thedatumthat is unalterably associated
with the named variable.
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The of®cial textbook story is this: A Logo variable is a box, just asa Pascalvariable
isabox. The difference is that what goesin the box, in Logo, is a pointerto the datum
of interest. (A binding, of®cially isthe connection betweenthe variable's name and its
box. Sothere are two levelsof indirection in ®nding what we ordinarily think of asthe
value of a variable: First the binding getsus from the name to a boxba location in the
computer's memoryband then in that box we ®nd a pointer, which getsus to another
location in memory, which holds the actual infor mation we want. In this model, call by
reference can easily be described by sayingthat two different names are bound to the
samebox.) From this point of view it makessenseto saythat Logo usescall by value,
becausethe @value®in question is the pointer, which isindeed copied when a procedure
is called.

But ordinarily we don't think of the value of a Logo variable asbeing a pointer; we
think that the value of the variable is a word, a list, or an array. From that point of view
parameter passingin Logo actslike call by reference in some waysbut like call by value
in other ways.For example, call by value makesa copy of the datum being passed.Logo
does not copy the actual datum, so in that respectit's like call by reference. On the
other hand, assigninga newvalueto a Logo formal parameter doesnot changethe value
of any variablesin the calling procedure; in that way Logo works like call by value. On
the third hand, if the datum to which the formal parameter is bound is a mutabledata
structure, suchasan array, a Logo subprocedure canchangethe value of avariablein the
calling procedure, not by assigninga new valueto the formal parameter name (changing
the binding), but byinvoking setitem on the shareddatum (altering the bound datum
itself).

The chart on the next page is a graphic representation of the ideas in the last
paragraph. The three columns represent Pascalcall by value, Pascalcall by reference,
and Logo. In each casethe main program hastwo arraysnamed actual and other ;
it then invokes a procedure proc using actual asthe actual argument providing the
valuefor proc 'sformal parameter formal
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Pascalcall by value Pascalcall by reference

progr am pgm; program pgm;
type pair = array [0..1] type pair = array [0..1]
of integ er; of integ er;
var actua |, oth er: pair; var actua |, ot her: pair;
proce dure proc(f ormd: pair ); procedu re proc( var forma |. pair );
begin begin
body body
end end
begin begin
actua I[ 0] = 3; actual[ 0] := 3;
actua I[ 1] := 4 actual[ 1] := 4
other [0] := 5; other[0 ] = 5;
other [1] := 6; other[l ] = 6;
proc( actu al) proc(ac tu al)
end. end.
Logo

make "actua | {3 4}@0
make "other {5 6}@0
proc ‘:actua |

to proc :forma |
body
end

The ®rstrow of the ®gure showsthe situation when proc is entered, before its body is
executed. The secondrow showswhat happensif proc contains an assignmentof other
to formal |, i.e.,

forma | := other
in either Pascalversion or

make "forma | :othe r

in the Logo version. The third row showswhat happens if, instead, proc contains an
assignmentof just one member of the array; i.e.,

forma I[ 1] := other [1]
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in either Pascalversion or

setit em 1 :forma | (item 1 :other )

in the Logo version. Your goal isto seewhat happensto actual in eachcasewhen proc
is ®nished.

Our ®nal Pascalprogram example, showing the useof call by reference, is aversion
of the partition sort from Chapter 3 that usesthe technique of exchanging two array
members when appropri ate to divide the array into two partitions 2in place® (without
requiring the allocation of extra arraysto hold the partitions). This program is adapted
from JonBentley'sversionin Programmingearl{Addison-Wesley 1986). It' smuch closer
in styleto the real quicksort than my list-basedversion.

In the partition sort program of Chapter 3, | had to put alot of effort into preventing
a situation in which every member of the list being sorted ended up on the sameside
of the partition value. The quicksort solution starts by choosing some member of the
array asthe partition value and excluding that member from the partitioni ng process.
As a result, the worst possible caseis that the n members of the array are divided into
the partitioning member, a partition of sizen - 1, and a partition of sizezero. If we're
unlucky enough to hit that caseevery time, we'll havean O(n?) running time, but not an
in®nite loop.

How do we choose the partitioni ng member? It turns out that just picking one at
random is surprisingly successful;sometimesyou get a very bad choice, but usually not.
But in this program I'm using a popular method that tends to work a little better (that
is, to give more balanced partition sizes): The program ®ndsthe ®rst member of the
unsorted array, the lastmember, and the one halfwayin between,and choosesthe median
of thesethree valuesbthe one that' s neither the largestnor the smallest.

Once the partitionin g member hasbeen chosen, the goal is to rearrange the array
membersinto an order like this:

£p P °p

If other members of the array have the same value as the one we've chosen as the
partitioning member, it doesnt really matter in which partition they end up. What
does matter is that before doing the partitioning, we don't know where in the array
the partitioni ng member will belong, so how can we keep from bumping into it as
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we rearrange the other members? The solution is that the partitioning member is
temporarily kept in the leftmost possible position; the other members are partitioned,
and then the partitioning member is swappedback into its proper position.

The partition works using two index variablesi and j , which start at the leftmost
and rightmost ends of the part of the array that we're sorting. (Remember that this
algorithm usesrecursivecallsto sort each partition, sothat might not be all 100 members
of the full array) We movei toward the right, and j toward the left, until we ®nd two
membersout of place. That is, welook for a situation in which data[i]  is greater than
the partitioning member and data]j] is smaller than the partitionin g member. We
then interchange those two membersof the array and continue until i andj meetin the
middle. Procedure exch hastwo variable parametersand exchangestheir values.

Program psort illustrates a fairly common but not obvious technique: the array
data contains 100%real® membersin positions 0 to 99 but alsohasafence® or 2sentinel®
member (with index 100) just sothat the program doesnit haveto make a special case
check for the index variablei reaching the end of the array. The value of data[100]
is guaranteed to be greater than all the numbers that are actually being sorted. Having
this extra member in the array avoidsthe need for an extra comparison of the form

if i > upper then

and thereby helps make the program alittle faster.

progr am psort;
{parti ti on sort demo}

var data: array [0..10 O] of integ er;
i integer ;

proce dure showdata ;
{print the array}

var i integer ;

begin {showd at a}

for i = 0 to 99 do
begin
if i mod 20 = O then writel n;
write (datai ] 3)
end;
write In ;
write In

end; {showda ta}
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funct io n median (lower, upper:i nteger):integ er;
{find the median of three value s from the data array}

var mid: integer ;

begin
mid := (lower+ upper) div 2;
if (data]l ower] <= datajm id]) and (data[mi d] <= datafup per] ) then
median = mid

else if (data] lo wer] >= data] mid]) and
(data] mid] >= dataJup per] ) then
median = mid
else if (data] mid] <= datallo wer] ) and
(data[] lo wer] <= data] upper] ) then
media n = lower
else if (data] mid] >= datallo wer] ) and
(data[] lo wer] >= data] upper] ) then
media n = lower
else median := upper
end;

proce dure sort (lower ,u pper:in te ger);
{sort part of the array }

var key, ,j; inte ger;

proce dure exch (var a,b:i nte ger);
{excha nge two integ er s}

var temp:i nteger;

begin {exch}

temp = a;

a = b;

b = temp
end; {exch}

206 Chapted Programmindg.anguageDesign



begin {sort}
if upper > lower then

begin
exch (data]l ower], dat a[ medi an(lower, upper)]);
key := data[ lo wer] ;
i = lower ;
j = upper +1;
repeat
o= i+l
until data[i ] >= key;
repeat
j o= j-1

until  data]j ] <= key;
while (i <=j) do

begin
exch (data[ i] , data]] );
repeat
= i+l
until data[i ] >= key;
repeat
j o= j-1
until data]j ] <= key
end;

exch (data] lo wer] , data]] );
sort (lower ,j -1);
sort (i,upp er)
end
end; {sort}

begin {main progra m}

data] 100] := 200;
for i = 0 to 99 do
data[ i] := rando n(100);
write In ('Data before sortin g:');
showd at a;
sort (0,99 );
write In ('Data after sorting :' );
showdat a
end.
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