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2 Pascal programs

0. Preface

This is a colleclion ol a wide variely of Pascal programs. They range in complexily
from simple examples used in inlroductory courses to illustrate design principles and
language fealures to intricate examples discussed in courses on algorithms and dala
slructures. The programs, however, are grouped according to subject maller ralher
lhan complexily. Many are taken from the literature listed below, where they are
explained and analyzed in detail.

The main purpose of this hooklet is to provide the teacher of programming with a
condensed collection of exemplary programs and thereby to exhibit a preferred siyle
of programming using a structured language. Al the same time, the booklet may serve
as a guide in inventing other, perhaps similar exercises. Lastly, it may be a helpiu!
reference to some widely used, fundamental algorithins, formulaled in detail in a
widely available language.

References
N. Wirth, Systematic programming. Prenlice-Hall, Inc. 1973.

-- Algorithms + dala slructures = programs. Prentice-Hall, Inc. 1975,
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1. Integer arithmetic

1. Raise integer to a positive power.

Repeat reading pairs of integers, unlil you
encounter a 0.

Indicate invariant of loop.

PROGRAM power(input, output);
VAR a, b: integer;

FUNCTION power (x,n: integer): integer;
VAR w,z,i: inleger;
BEGIN w := x; i:i=n; z := 1;
WHILE i # 0 DO
BEGIN (* z*wti = xtn *)
IF odd(i) THEN z := z*w;
w = sqr(w); i:= i DIV 2
END;
power = z
END (* power *) ;

BEGIN read(a);
WHILE a # 0 DO
BEGIN read(b); writein(a, b, power(a,b));
read{a) .
END
END .

2. Divide an inleger by a natural number, using operations of addition, subtraclion,
doubling and halving only. Repeat reading pairs of integers, until you encounter a 0.

For each pair, print dividend, divisor, quolient, and remainder. Indicate invariani of
loop.

PROGRAM divide(input, output);
VAR ab,qr: integer;

PROCEDURE divide (x,y: inleger; VAR z,a: integer);
VAR q,r.w: integer;
BEGIN r := x; w = y; q:= 0O;
WHILE w <= r DO w = 2*w;
WHILE w # y DO
BEGIN (* x =q*w +r*) w:=wDIV 2 q:= 2
IF w <= r THEN
BEGIN r = r-w; q := q+1
END
END
Z=g,a:=7r
END (*divide*)

BEGIN read(a);
WHILE a # 0 DO
BEGIN read(b); divide(a,b,q,r); writeln{a, b, a, r);
read(a)
END
END .



4 Pascal programs

3. Compute the greatest common divisor (ged) and the lowest common multiple (lcm)
of two nalural numbers by using addilion and sublraction only. Note that ged(m,n) *
lecm(m,n) = m*n, Repeat reading pairs of integers, until you encounter a 0 For each
pair, print the arguments, the gcd and lhe fcm. Indicate the toop invariant.

PROGRAM gcdlem(input, output);
VAR a,b,c,d: integer;

PROCEDURE gcd(x,y: integer; VAR u,v: integer);
VAR ab,c,d: integer;
BEGINa:= x;c:=x; bi=yidi=y
WHILE a # b DO :
BEGIN (*gcd(ab) = ged{x,y) AND a*d + b'c = 2°x'y*)
IFa>bTHEN
BEGIN a := a-b; ¢ = ¢+d
END
ELSE
BEGIN b := b-a; d :
END
END ;
U= a; v:= (c+d) DIV 2
END (*gcdmult*) ;

d+c

W

BEGIN read(a);
WHILE a # 0 DO
BEGIN read(b); gcd(a,b,c.d); writeln(a, b, ¢, d);
read(a)
END
END .

4. Compute the greatest common divisor (gcd) of two natural numbers. Use addition,
subtraclion, doubling and halving only.

PROGRAM binarygcd(output);
VAR ab: integer;

FUNCTION gcd {x,y: integer): integer;
VAR uv,d, abk: integer;
BEGIN u:= x; vi=y;a:=0;b:i=0;
WHILE NOT odd(u) DO
BEGIN u := u DIV 2; a = a+1
END ;
WHILE NOT odd(v) DO
BEGIN v := v DIV 2; b := b+1
END ;
IF a<b THEN k := a ELSE k := b;
d:=u-v
WHILE d # 0 DO
BEGIN REPEAT d := d DIV 2 UNTIL odd(d);
v = -d ELSE u = d;

IF d<0 THEN
di=u-v
END ;
WHILE k>0 DO
BEGIN u := 2'u; k = k-1
END;
gced = u

END ;
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BEGIN read(a);
WHILE a # 0 DO
BEGIN read(b); writeln(a, b, gcd(a,b)); read(a)
END

END .

5. Compute the largest integer less or equal to the square root of a given integer
(due to Hoare).

PROGRAM isart(input,cutput);
VAR n,a2,b2,ab,t: integer;
BEGIN read(n);
WHILE n >= 0 DO
BEGIN a2 := 0; ab := 0; b2 := 1; writeln(" n =", n);
WHILE b2 <= n DO b2 := 4*b2; -
WHILE b2 # 1 DO
BEGIN (* a2+2*ab+b2 > n, 0 <= a2 <= n, sqr(ab) = a2*b2 *)
ab := ab DIV 2; b2 := b2 DIV 4; t := a2 + 2*ab + b2;

IFt <= n THEN
BEGIN a2 := {; ab := ab + b2;
END
END ;
writeln(a2,ab,b2); read(n)
END

END .
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2. Integer arithmetic and arrays

1. Find all integers belween 1 and 1000 whose squares are palindromes.

1112 = 121, 2212 = 484,

PROGRAM palindromes(output);
VAR i,j,l,nr,s: integer;
p: boolean;
d: ARRAY [1..10] OF integer;
BEGIN n :=
REPEAT n : 1 s
REPEATI = r
di1] == s -
UNTIL s
i:=1,j:
HEPEAT p: d[l] dlil;
=ity joi= -
UNTIL (i>=j) OR NOT m
IF p THEN writeln(n,n*n)
UNTIL n = 1000
END .

i: O

11013
-l-u

',
Div
v

“’n W

1
10*r;

Won

0
5

2. Compute and print magic squares of order 3, 5, 7, ...

PROGRAM magicsquare(oulput);
CONST lim = 11;
VAR i,j,x,nx,nsq,n: integer;
m: ARRAY [1.iim,1..lim] OF integer;

PROCEDURE getsquare;
-BEGIN x := 0; nsq := sgr(n);
iw= (n+1) DIV 2; j = n+1;
REPEAT nx = x + n;j = j-1;
x 1= x+1; mlif] = %
REPEAT iz i+1;IFi>nTHEN :=
= j+1; IF])nTHEN] 1;
x = x+1; mfi,j] = x
UNTIL X = nx
UNTIL x = nsq
END (*getsquare*) ;

v

PROCEDURE printsquare;
BEGIN
FORi:= 1 TO n DO
BEGIN FOR j:= 1 TOn DO write(m[i,j]: 6);
writeln
END ;
wrileln )
END (*prinisquare*) ;

BEGIN N = 3
REPEAT gelsquare; prinlsquare; n := n+2
UNTIL n > fim

END .

Examples:
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3. Compute a table of positive and negative powers of 2. Exponents range from 1 to,
say, 64. Do not truncate any digits!

PROGRAM powersoftwo(output);
CONST m = 31; n = 100; (* m = n*log(2) *)
VAR exp,ijl: integer;
c,r.b: integer;
d: ARRAY [0.m] OF integer; (*positive powers*)
f: ARRAY [1 .n] OF mleger (*negative powers*)
BEGIN | : = 1; d[0] :=
FOR exp 1 TO n DO
BEGIN (* compute and print 2**exp *) ¢ := 0;
FORi:=0TO | DO
BEGIN t := 2*d[i] + c;
IFt>=10 THEN
BEGIN d[i] := t-10; ¢ :=

END
ELSE
BEGIN d[i] := t; c:= 0O
END
END ;
IF ¢ > 0 THEN
BEGIN 1 := l+1; d[l] := 1
END ;
FOR i := m DOWNTO | DO write(" ");
FOR i := | DOWNTO 0 DO write(d[i]:1);
write(exp:5, " .");

(*compute and print 2“( exp) *)
FORj:= 1 TO exp-1 DO
BEGIN r := 10°r + ([j];
f[j] == r DIV 2; r = r - 2*([j]; write(f[j]:1)
END ;
ifexp] := 5; writeln("5"); r := 0
END
END .
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4. Compute a lable of exact fractions 1/2, 1/3, ..., 1/64. If the fraction has a period,
print an apostrophe in front of its first digit and truncate after its last digit.

PROGRAM I[ractions(oulput);
(* fractions to the base b *)
CONST b = 10; max = 64,
VAR it,nqr: integer;
a, f: ARRAY [0.max] OF integer;
BEGIN FOR n : 2 TO max DO
BEGIN | : = 1
FOR i : 0 TO n-1 DO a[i] :=
REPEAT 1:= 1+1; afr] = |
ra=bnqi=rDVri=r-gtnI[i] =
UNTIL a[r] # ©;
write(n, " ", ".");
FOR i:= 1 TO a[r]-1 DO write(f[i]:1);
IF a[r] > 1 THEN write{"""");
FOR i := a[r] TO 1 DO write(f[i]:1);
writein
END
END .

5. Compute the harmonic function H(n) = 14+ 1/2 + 1/3 + .

accuracy.

PROGRAM harmonic(input,output);
CONST lim = 100;
VAR ik,m,n,c,r,q,sum: integer;
d,s: ARRAY [0.lim] OF integer;
BEGIN read(m,n);
IF (m>0) AND {m<lim) THEN
BEGIN d[0] := 0; s[0] :=
FOR i:= 1 TO m DO s[i] :
FOR k := 2 TO n DO
BEGIN {*compute 1/k)* r := 1;
FOR i:=1TO m DO
BEGIN r := 10*r; q := r DIV k; r := r-g*k; d[i] :=
END ;
IF (10‘r DIV k) >= 56 THEN d[m] := d[m]+1 (*round)*
write(" 0."); (*intermediate output*)
FOR i := 1 TO m DO write(d[i]:1);
writeln;
(*compute s := s + 1/k)* ¢ := 0;
FOR i := m DOWNTO 0 DO
BEGIN sum := s[i]+d[i]+c;
IF sum >= 10 THEN
BEGIN sum := sum-10; ¢ := 1

]

END
ELSE ¢ = O;
s[i] := sum
END

END ;
wrlle(" ", s[0]:1, ")
FOR i := 1 TO m DO wnte(s[ J:1);
writein
END
END .

+ 1/n with m digits
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6. Compute a table of the first n prime numbers. Print m numbers per line.

PROGRAM primes(output);
CONST n = 1000; n1 = 33; m = 20; (*n1 ~ sqri(n)*)
VAR ik,x,inclim,square,l: integer;
prim: boolean;
p,v: ARBAY [1..n1] OF integer;
BEGIN | := 0;
X = 1;inc = 4; lim := 1; square := 9;
FOR i:= 3 TO n DO
BEGIN (*find next prime*)
REPEAT x := x+inc; inc := 6-inc;
IF square <= x THEN
BEGIN tim := lim+1;
v[lim] := square; square := sqr(p[iim+1])
END ;
k := 2; prim := true;
WHILE prim AND (k<lim) DO
BEGIN k := k+1;
IF v[k] < x THEN v[Kk] := v[k] + 2*p[k];
prim := x # v[k]
END
UNTIL prim;
IF i <= n1 THEN p[i] := x;
write(x:6); 1 := I+1;
IF 1 =m THEN
BEGIN writeln; | := 0
END
END ;
writeln
END .
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7. Compute a table of lhe first n prime numbers. Print m numbers per line. Use the
method of the sieve of Eratosthenes.

PROGRAM primes(output);
CONST m = 100; n = 10000; m = 20; h = 58;
VAR x, inc, ik, x1,x2, lim, square, a,b,l: integer;
p.v: ARRAY [1.m] OF integer;
sieve: SET OF 0..h;
BEGIN | := 0;
x = 1;inc := 4; lim := 1; square != 9;
x1 := 0; x2 := 0 sieve := [O.h];
pl1] = 2; p[2] = 3
FOR i := 3 TO n DO
BEGIN (*lind next prime)*
REPEAT x := x+ing; inc := 6-inc;
IF x >= square THEN
BEGIN lim := lim+1; a := square; b 1= 2*p[lim];
WHILE a < x2 DO
BEGIN sieve := sieve - [a-x1]; a := a+b
END ;
v[lim] := a; square := sqr(p[lim+1])
END ;
IF x >= x2 THEN
BEGIN (*consliruct new sieve)*
x1 := x2; x2 = x2+h; sieve := [0..h];
FOR k := 3 TO lim DO
BEGIN a := v(k]; b := 2*p[k];
WHILE a < x2 DO .
BEGIN sieve := sieve - [a-x1]; a := a+b
END ;
vik] := a
END
END .
UNTIL x-x1 IN. sieve;
IF i <= m THEN p[i] := x;
write(x:6); 1 := I+1;
IF1=mTHEN
BEGIN writeln; 1 := 0
END
END ;
writeln
END .
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3. Real (floating point) arithmetic

1. Compute the sum 1 - 1/2 + 1/3 - 1/4 +
1. proceed strictly from lelt to right,

2. sum positive and negative terms separately,

3. proceed strictly from right to left,
4. as in 2., but from right 1o left.
Explain the differences in the results.

PROGRAM sum10000{output);

CONST n = 10000;

VAR i. inleger; x, y, s1, 82p, s2n: real;
BEGIN i := 1;

s = 0; 82p := O sQn =0;

REPEAT x := 1.0/i; y := 1. 0/(|+1),
sti=s1 +x -~y
S2p = S2p + X; s2n = S2n + y;
iz i+2

UNTIL i > m;

write (s1, s2p-s2n);

I:=n

sl := 0; 82p := G; s2n :

REPEAT x := 1.0/(i-1);
sl =581 +x-vy

52p = 82p + X; $2n = 82n + y;
=12

UNTIL | = 0;

writeln(s1, s2p-s2n)

END .

2. Muttiply lhe complex number z

= 5/13 + 12/13i

.. = 1710000 in four diflerent ways:

50 times with the complex

number w = (0.6 + 0.8i). Pnnl intermediate products and the square of their absolute
value. Note that |z| =

Iw| =

PROGRAM complexmull{output);
CONST u = 0.6; v = 0.8;
VAR i,j: inleger; x,x1.y: real;

BEGIN x := 6/13; y := 12/13;
FORi:=1TO 50 DO
BEGIN FOR j := 1 TO 10 DO

BEGIN (' (x+iy) 1= (x+iy) * {u+iv) *)
X1 = x*u = y*v; y = ytu + x*v;) X
END ;
writeln(x,y,sqr(x)+sar(y))
END
END .

=l

11
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3. Compule the Fibonacci numbers F(1) ... F(N) in two different ways:
1. By repeated addition according to F(n) = F(n-1) + F(n-2), F(0) = F(1) = 1,
2, Using the formula F(n) ~ (phitn)/sqrt(5), where phi = {1+sqri(5))/2.
Terminate as soon as the two results differ.

PROGRAM fibonacci({output);
CONST root5 = 2.236068;
VAR i, ib0, fibt, [ib3, t: integer;
phi,fib2: reat;
BEGIN phi := (1.0+roolt5)/2;
i:=0; fibO := 1; fib1 := 0; fib2 := 1.0 / rool5;
REPEAT i := i+1;
t:= fibO+fib1; fibO := fibt; fib1 = V;
fib2 := fib2 * phi; fib3 := trunc(fib2 + 0.5);
writeln(i, fib1, fib3)
UNTIL fib1 # fib3
END .
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4. Analytic functions and iteration
CONST eps = 1E-8;

FUNCTION sqrt (x:real): real;
VAR a,c: real; (* 0<x<2 *)
BEGIN a := x; ¢ := 1.0-x; (* abs(c)<1 *)
REPEAT (* at2 = b*(1-c) => (a‘*(1+c/2))12 = b*(1-c)*(1+c/2)12 =
b*(1-0.75%*(ct2) - 0.25*(ct3)) *)
a:=a*'(1.0 + 0.5%c);
(* ar2 = b*(1-0.75%(c12) - 0.25*(c13)) =
= b*(1-(ct2)*(0.75 + 0.25%c) *)
sar(c) * (0.75 + 0.25%c);
(* at2 = b*(1-c) *)
UNTIL abs(c) < eps;
sgrt := a
END ;

C:

FUNCTION log (x: real): real;
VAR ab,s: real; (" 1<=x<2 %)
BEGIN a := x; b = 1.0; 5 := Q;
REPEAT (* log(x) = s + b*log(a), b<=1, 1¢=a<2 *)
a = sqr(a);  (* log(x) = s + b*log(sqgri(a)), 1<=ad4 ")
b = 0.5%b; (* tog(x) = s + b’log(a) *)
IF a >= 2.0 THEN
BEGIN (* 2<a<4 *) 5 := s+b (* log(x) = s + (1-b)*tog(a) *);
a:= 0.5%a
END
UNTIL abs(b) < eps;
log i=s
END ;

FUNCTION recip (x: real): real;
VAR a,c: real; (* 0<x<2 %)
BEGIN a := 1.0; ¢ = 1.0 - x;
REPEAT (* a*x = 1-g, abs(c)<1 *)
a:= a*(1.0+c); (* x*a = (1-¢)*(1+c) = 1 - c12 *)
¢ = sgr(c); (* x*a = 1-¢c *)
UNTIL abs(c) < eps;
recip :=a (" recip = 1/x *)
END ;
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Compute anafytic functions as truncated sums. Determine the recurrence relations of
their terms.

PROGRAM recurrence(input,output);
VAR i,n: inleger; x,y,s,t: real;

BEGIN
writeIn(" exp"}; n = 5,
REPEAT read(x); y := 1.0; i := 0} t := 1.0;
REPEAT i := |+1 l =t x/i;

yi=y+t
UNTIL y+t = y;
writeIn{x,y,i); n := n-1
UNTIL n = O;

writeln(" sin"); n =
REPEAT read(x), y:
+2;

i= 18 = sqri{x); t =
REPEAT i :=

t's/((i—1)"i);

%

5
l

yi=y + t

UNTIL y+t = y;

writeln(x,y, i DIV 2); n:= n-1
UNTIL n = O;

writeln("” cos"); n := 5;
REPEAT read(x), y 1=
REPEAT i := i+2; t :
yi=y + t
UNTIL y+t = y;
writeln{x,y, i DIV 2); n := n-1
UNTIL n = O;

W

10 1z 0; s = sgr(x); t
= -t ((|1)|),

1.0;

wrilein(" arcsin"); n := 5;
REPEAT read(x); y = x; i:= 1; 8 = sgr(x); t := x;
REPEAT i := i+2; t := I"s*sqr(i-2)/((i-1)*i);
yi=y +t
UNTIL y+t = y;
writetn(x,y, i DIV 2); n = n-1
UNTIL n = O;

writeln(" arctan™); n := 5
REPEAT read(x), y o= x; 0= 1; 5= sqr(x); t o= x;
REPEAT i := i+2; t:= - ‘(1 2)/i;
yi=y+ t
UNTIL y+t = y;
wrileln(x,y, i DIV 2); n =z n~1
UNTIL n = O;

writeln{" In"}; n = &;

REPEAT read(x); x = x-1.0; y 1= x; L= x; i 1= 1;
REPEAT i := i+1; t := ~t*x*(i-1)/§;

yi=y+t

UNTIL y+t = v;
writein(x+1.0, y, i); n = n-1

UNTIL n = O;

END .
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5. Text processing

1. Plot the function f(x) = exp(~x) * cos(2*pi*x} with your line printer in the range x
= 0 .. 4. Use 32 lines for the unit coordinale.

PROGRAM printerplot(output);
CONST xscale = 32;
yscale = 50; yshifl = 65,
lwopi = 6.2831833071798;
VAR ik,n: integer;
X,y: real;
BEGIN n := 0; (* n = x position *)
REPEAT x := n / xscale;
y = exp(-x)*cos(x*lwopi); k := round(y*yscale};
i:=0; write(" "); (* i=no of chars in line ")
IF k < 0 THEN
BEGIN write(" ": yshiflt+k); write(”*");
k= -k-1; IF k > O THEN write(" "k);

write("]")

END ELSE

BEGIN write(” ™ yshiit);
IF k >0 THEN

BEGIN write("]"); k = k-1;
IF k > 0 THEN write(" "k)

END ;
write("*")

END ;

writeln; n = n+1

UNTIL n > 96
END .

2. Read a text and count the number of words wilh length 1, 2, ... , 20, and those with
length greater than 20. Words are separated by blanks or ends of lines.

PROGRAM wordlengths(input,output);
VAR ik: inleger;
ch: char;
count: ARRAY [1..21] OF integer;
BEGIN
FOR i := 1 TO 21 DO count[i] := O;
WHILE NOT eof(input) DO
BEGIN read(ch);
IF ("a"<=ch) AND (ch<="z") THEN
BEGIN (*new word)* k := 0;
REPEAT k := k+1; read(ch)
UNTIL (ch<"a") OR ("z"<ch) ;
IF k > 20 THEN Kk := 21;
counl[k] := count{k] + 1
END
END ;
writeln;
writeln(" length count");
FOR i:==1TO 21 DO writeln(i,count[i])
END .
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3. Read a text and produce a copy with flushed left and right margins. Place a fixed
number of characiers (say, length = 72) in each line, and distribute blanks as word
. separators accordingly.
PROGRAM edit(input,output);
CONST length = 72;
VAR ch: char;
imkJlim: integer;
line: ARRAY [1..138] OF char;
index: ARRAY [1.. 68] OF integer;

PROCEDURE setline;
VAR ijh,s: integer;
spaces, q,l,r: integer;
BEGIN IF m=0 THEN
BEGIN (*word is fonger than line)* m := 1; index[m] := lim
END ;
j 1= O; write(™ "), (*printer control)*
IFm > 1 THEN
BEGIN spaces := lim - index[m];
q := spaces DIV (m-1); r := spaces - (m-1)*q;
1= (m~r) DIV 2; r:= l+r; (*distribute spaces)*
i= 0 .
REPEAT i := i+1; s := index[i];
REPEAT j := j+1; write(line[j])
UNTIL j = s;
FOR h := 1 TO q DO write(" ");
IF (1<=i) AND (i<r) THEN write(" ");
UNTIL i = m-1
END ;
s = index[m} -1;
REPEAT j := j+1; write(line[j])
UNTIL j = s;
j = 0; writeln;
FOR h := index[m]+1 TO lim DO
BEGIN j := j+1; line[j] := line[h]
END ;
k:=jm:=0
END (*setline)* ;

BEGIN lim := length+1;
k := 0; (*k = no. OF characters IN line)*
m:=0; (*m = no. OF complete words IN line)*
WHILE NOT eof(input) DO
BEGIN read(ch);
IF ch # " " THEN
BEGIN (*next word)*
REPEAT k := k+1; line[k] := ch; read(ch);
IF k = lim THEN setline
UNTIL ch = " %
k := k+1; line(k] =" "}
m := m+1; index[m] := k;
IF k = lim THEN selline
END
END ;
write(" ");
FOR i := 1 TO k DO write(line[i]);
writeln
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4. Read a text and replace any sequence of one or more blanks by a single blank.

PROGRAM crunch(input,outpul);
CONST blank = " ™,
VAR ch: char;
BEGIN
WHILE NOT eof(input) DO
BEGIN read(ch); write(blank); (*printer control*)
WHILE ¢h = blank DO read(ch);
WHILE NOT eoln(input) DO
BEGIN
REPEAT write(ch); read(ch)
UNTIL ch = blank;
wrile(blank);
WHILE (ch=blank) AND NOT eolin(input) DO read(ch)
END ;
writeln; read(ch)
END
END .
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5. A record company conducls a poll to evaluale its products. The most popular hits
are to be broadcast in a hit parade. The polled population is divided into four
categories according to sex and age (teenager <= 20, adult > 20). Each person is
asked to list five hits, identified by their number belween 1 and, say, 50. The resuit
of the poll is presented as a file; each record lists a respondent's name, first name,
sex, age, and his choices ordered according to priority. A program is o compule the
following data:

1. A list of hits ordered according to popularity. Each entry consists of the hit
number and the number of votes it received. Hits not mentioned are omitted.

2. Four separate lists with names and first names of all respondents who had
mentioned in first place one of the three hits most popular in their calegory.

PROGRAM hitparade(poll ,output);
CONST n = 50; (* number of hits *) )
TYPE sex = (male, female); .
hitno = 1 .. n;
query = RECORD
name, firstname: alfa;
s sex;
age: 0 .. 99;
choice: PACKED ARRAY [1.5] OF hitno
END ;
VAR ik,max: integer;
b: boolean;
total: ARRAY [hitno] OF integer;
count: ARRAY [sex,boolean,hitno] OF inleger;
poll: FILE OF query;

PROCEDURE [indnames(x: sex; y: boolean);
VAR ijk: integer;
selection: SET OF hitno;
BEGIN seleclion := []; reset(poll);
writeln(" ~=w=mm e e e ")
(* find 3 hits most lrequently listed in this group *)
FORi:==1TO 3D
BEGIN max := 0;
FOR j:= 1 TO n DO
IF max < counl[x,y,j] THEN
BEGIN max := count[x,y,j}; k := j
END ;
selection := selection + [k]; count[x,y,k] := 0O
END ;
(* list persons with one of these hits as first choice *)
WHILE NOT eof(poll) DO
BEGIN
WITH polit DO
IF s = x THEN
IF (age >= 20) = y THEN
IF choice[1] IM selection THEN
writeIn(" ",name,” " firstname);
get(poll)
END
END (*findnames®*) ;

BEGIN reset(poll);
FORi:=1TOnDO
BEGIN total[i] := 0;
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counl[male,true,i] := 0; count[female,true,i] := O
=0

count[male,jalse,i] := O; count[ female,false,i]
END ;
(* collect counts *)
WHILE NOT ecof(poll) DO
BEGIN
WITH pollt DO
FORi:= 1 TO 5 DO
BEGIN b := age >= 20; k := choice[i];
count[s,b,k] := couni[s,bk]} + 1
END ;
get(poll)
END ;
(* compute lotals *)
FORi:= 1 TO n DO
total[i] := count[male,true,ij + count[female,true,i]
+ countmale,faise,i] + count{lemale,false,i];
page(output);
writeln(" report on hit popularity poll”);
writeIn(" list of hits ordered after popularity");
writeln("” hit frequency"”);
REPEAT max := 0; k := O;
FORi:=1TO n DO
IF max < lolal[i] THEN
BEGIN max := total[i]; k := i
END ;
IF max > O THEN
BEGIN total[k] := 0; writein(k, max)
END ;
UNTIL max = 0;
writeln(" namelists separate by sex and age");
writeln(" men "); findnames(male,lrue);
writeln(" women"); findnames(female, true);
writeln(" boys "); findnames(male,lalse);
writeln(" girls"); findnames(female,false);
wrileln(" end of report™)
END .
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6. Recursion

1. Compute all nl permutations of the integers 1 ... n

PROGRAM permute(output);
CONST n = 4;
VAR i: integer;
a: ARRAY [1..n] OF integer;

PROCEDURE print;

VAR i mleger
BEGIN FOR i := 1 TO n DO write(a[i]:3);
writeln

END (*print*) ;

PROCEDURE perm(k: integer);
VAR i,x: integer;
BEGIN
IF k = 1 THEN print ELSE
BEGIN perm(k 1);
FOR i:=1TO k-1 D
BEGIN x := a[i]; a[l] a[k]; a[k] :=

k-1);
perm(: a[)i]; a[i] = a[k]; alk] =

W

END
END
END (*perm*) ;

BEGIN
FOR i:= 1 TO n DO a[i] :
perm(n)

END .
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2. Convert expressions from infix to postfix form. Each expression is written on a
separate line. Expressions have the following syntax:

expression = term {{"+"["=") term).
term = factor ("*" faclor}.
factor =

letter | (" expression ")".
PROGRAM postfix(input,output);
VAR ch: char;
PROCEDURE expression;
VAR op: char;
PROCEDURE factor;
BEGIN IF ch = "(" THEN
BEGIN read(ch); expression; read(ch) (* ) *)
END ELSE

BEGIN write(ch); read(ch)
END
END (* factor *) ;
PROCEDURE term;
BEGIN factor;
WHILE ch = "*" DO
BEGIN read(ch); factor; write("*")
END
END (* term *) ;
BEGIN term;
WHILE (ch="+") OR (ch="-") DO

BEGIN op := ch; read(ch); term; write(op)
END

END (* expression *) ;
BEGIN

WHILE NOT eof(input) DO
BEGIN write(" "); read(ch); expression; writeln; readin
END

END .



22 : Pascal - programs

3. Plot Hilbert curves of orders 1 .. n. Plot procedure produces output for the
Tekironix 4010 terminal. Dala are represented as 12-bil byles: a call of procedure
p12 appends a byte lo the output file.

PROGRAM hilbert({pf,output);
CONST n = 4; hO = 512;
VAR ih,x,y,x0,y0: integer;
cc, wc, buf: integer;
pl: FILE OF integer;  (*plot file*)

PROCEDURE p12(u: inleger);
BEGIN buf := buf * 4096 + u; cc := cc + 1;
IF cc = 5 THEN
BEGIN pf+ := buf; put(pf);
wc := we+1; buf = 0; cc := O;
IF we = 31 THEN
BEGIN pft := 0; put(pf); we := O
END
END
END (*pi2*);

PROCEDURE plot;
VAR u,v: integer;

BEGIN y := x DIV 32; v := y DIV 32;
p12(40b+v); p12(140b+y-32*v);
p12{40b+u); p12(100b+x-32'u);

END (*plot*) ;

PROCEDURE setplot;
BEGIN p12(35b); piot
END ;

PROCEDURE startplot; .
BEGIN cc := 0; wc := 0; buf := 0; rewrite(pf)
END ;

PROCEDURE endplot;

BEGIN x := 0; y := 767; selplot; p12(37b);
REPEAT p12(0) UNTIL cc = 0

END ;

PROCEDURE b(i: integer); FORWARD;
PROCEDURE c(i: integer); FORWARD;
PROCEDURE d(i: integer); FORWARD;

PROCEDURE a(i: integer);
BEGIN IF i > O THEN
BEGIN d(i-1); x := x-h; plot;
a(i-1); y := y-hi plot;
a(i-1); x := x+h; plot;
b(i-1)
END
END ;

PROCEDURE b;
BEGIN IF i > O THEN
BEGIN c(i-1); y := y+h; plo};
b(i-1); x := x+h; plot;
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b(i-1); y := y-h; plot;
afi-1)
END
END ;

PROCEDURE c;
BEGIN IF i > 0 THEN
BEGIN b(i-1); x := x+h; plot;

c(i~1); y := y+h; plot;
c(i-1); x := x-h; plot;
d(i-1)
END
END ;
PROCEDURE d;
BEGIN IF i > 0 THEN
BEGIN a(i-1); y := y~-h; plot;
d(i-1); x := x-h; plot;
d(i-1); y := y+h; plot;
c(i-1)

END
END ;

BEGIN startplot;
i:=0;h:=hO;x0:=hDIV2+h y0 := h DIV 2;
REPEAT (*plot hilbert curve OF order i*)
i=i+1; h:= hDIV 2
X0 = x0 + (h DIV 2); yO := yO + (h DIV 2);
x 1= x0; y := yO; setplot;

endplot
END .
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4. Plot Sierpinski space-filling curves using their recursive pattern. Plol routine is
identical to the one used in the preceding program.

PROGRAM sierpinski(pf,output);
CONST n = 4; h0 = 512;
VAR i,hx,y,x0,y0: integer;

cc, we, buf: integer;

pf: FILE OF integer; (*plot file*)

PROCEDURE p12(u: inleger);
BEGIN buf := buf * 4096 + u; cc := cc + 1;
IF cc = 5§ THEN
BEGIN pf1t := buf; put(pf);
wce = wec+1; buf := 0; cc := O;
IF we = 31 THEN
BEGIN pft := 0; put(pf); we := O
END
END
END (*p12*) ;

PROCEDURE plot;
VAR u,v: integer;

BEGIN u := x DIV 32; v := y DIV 32;
p12(40b+v); p12(140b+y-32*v);
p12(40b+u); p12(100b+x-32*u);

END (*plol*) ;

PROCEDURE selplol;
BEGIN p12(35b); plot
END ;

PROCEDURE startplot;
BEGIN cc := O; we := 0; buf := 0; rewrite(pf)
END ;

PROCEDURE endplot;

BEGIN x := 0; y := 767; setplol; p12(37b);
REPEAT p12(0) UNTiLcc =0

END ;

PROCEDURE b(i: integer); FORWARD;
PROCEDURE c¢(i: integer); FORWARD;
PROCEDURE d(i: integer); FORWARD;

PROCEDURE a(i: integer);
BEGIN IF i > O THEN
BEGIN a(i~1); x := x+h; y
b(i-1); x := x + 2*h; plol;
d(i-1); x := x+h; y := y+h; plot;
a(i-1)
END
END ;

PROCEDURE b;
BEGIN IF i > O THEN
BEGIN b(i-1); x := x-h; y = y-h; plot;
cli-1); y 1= y - 2*h; plot;
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afi-1); x := x+h; y := y-h; plot;
b(i-1)
END
END ;

PROCEDURE c¢;
BEGIN IF i > O THEN
BEGIN c(i-1); X := x-h; y := y+h; plot;

d(i-1); x 1= x - 2*h; plot;
b(i-1); x = x-h; y := y-h; plot;
c(i-1)
END
END ;

PROCEDURE d;
BEGIN IF i > O THEN

BEGIN d{(i-1); x = x+h; y := y+h; plot;
a(i-1); y := y + 2 h, plot
c(i-1); x := x-h; y := y+h; plot;
d(i-1)

© END
END ;
BEGIN startplot;
i:=0;hi=hO DIV 4; x0 := 2*h; yO := 3*h;
REPEAT i := i+1; x0 := xO-h;
h = h DIV 2; yO := yO+h;
= x0; y := y0; setplot;

a(l), = x+h; y = y-h; plot;
b(i); x := x-h; y := y-h; plot;
c(i); x := x-h; y 1= y+h; plot;
d(i); x := x+h; y := y+h; plot;
UNTIL i = n;
endplot

END .
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7. Sorting arrays
Reference: N.Wirlh, Algorithms + Dala Struclures = Programs, Prentice-Hall, Inc., 1975

PROGRAM sort(output);
CONST n = 266; nn = 512;
TYPE index = 0..nn;
ilem = RECORD key: integer;
(*other fields defined here*)
END ;

VAR i : index; r: integer,;
a: ARRAY [-15..nn] OF item;
z: ARRAY [ 1..n] OF integer;

PROCEDURE test(t: alfa, PROCEDURE sort);
VAR i,z: integer;
BEGIN write(" ", t);
FOR i:= 1 TO n DO afi]key :=
= clock; sort; write(clock-z);
FOR i:= 1 TO n DO a[i]key := z[i]; .
= clock; sort; write(clock-z);
FOR i:= 1 TO n DO a[i].key := n-i;
= clock; sort; writeln(clock-z);
END (*test*) ;

PROCEDURE straightinsertion;
VAR i,j: index; x: item;
BEGIN
FORi:=2TO nDO
BEGIN x := a[i]; a[0] = x; j:
WHILE x.key < a[j]key DO
BEGIN afj+1] := aljl; j = i-
END ;
afj+1] :=
END
END ;

i-1;

W

PROCEDURE binaryinsertion;
VAR i,jl,r,m: index; x: item;
BEGIN
FOR i:= 2 TO n DO
BEGIN x := ali]; I = 1;r = i-1;
WHILE | <= r DO
BEGIN m := (l+r) DIV 2;
IF x.key < alm}.key THEN r := m-1 ELSE | := m+1;
END ;
FOR j := i-1 DOWNTO | DO a[j+1] := afj];
all] := x;
END
END ;
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PROCEDURE shellsorl;
CONST t =
VAR ijk,s: |ndex, x:item; m: 1.t
h: ARRAY [1..t] OF integer:;
BEGIN h[1] 9; h[2] := 5; h[3] := 3; h[4] := 1;
FOR m:== 1 TOt DO

BEGIN k : h[m], s = -k (*sentinel position*)
FOH i=k+1 TO n DO
BEGIN x := a[i]; j := i-k;

IFSOTHENs--ks +1; als] := x

WHILE x.key < a[j].key DO
BEGIN alj+k] := alj]; j := j
END ;
a[j+k] =
END
END ;
END ;

PROCEDURE straightselection;
VAR ijk: index; x: item;
BEGIN FOR i := 1 TO n-1 DO
BEGIN k := i; x:= a[i];
FOR j :=z i+1 TO n DO
IF a[j].key < x.key THEN
BEGIN k := j; x := a[j]
END ;
a[k] = a[l], ali] := x;

END ;

PROCEDURE heapsort;
VAR I index; x: item;

PROCEDURE sift;
LABEL 13;
VAR ij: index;
BEGIN i := I; j == 2% x := a[i];
WHILE j <= r DO
BEGIN IF j < r THEN
IF a[jlkey < a[j+1].key THEN j o= jet;
IF x.key >= afj]. key THEN GOTO 13;
a[l] =alilii= 4 j= 20

13: a[t]
END ;

BEGIN t:= (n DIV 2) + 1; r := n;
WHILE | > 1 DO
BEGIN | := I-1; silt
END ;
WHILE r > 1 DO
BEGIN x := a[l_| a[1] = a[r]; a[r] :=
r=r-1; silt
END
END (*heapsort*) ;
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PROCEDURE buhblesort;
VAR i,j: index; x: item;
BEGIN FOR i := 2 TO n DO
BEGIN FOR j := n DOWNTOQ i DO
IF a[j-1].key > a[j].key THEN
BEGIN x := a[j-17]; a[j-1] := a[jT; a[j] := x;
END ;
END
END (*bubblesort*) ;

PROCEDURE bhubblex;
VAR jkI: index; x: item;
BEGIN {1 := 2;
REPEAT Kk := n;
FOR j := n DOWNTO | DO
IF afj-1].key > a[j].key THEN
BEGIN x := alj-1]; ali~1] := a[j); a[i] := x;
K=}
END ;
I := k+1
UNTIL I > n
END (*bubblex*) ;

PROCEDURE shakersort;
VAR jktbr:index; x:item;
BEGIN1:=2;r=nmk:=n
REPEAT
FOR j := r DOWNTO | DO
IF alj-1].key > a[jl.key THEN
BEGIN x := a[j-1]; alj-1] := a[j]; a[j] := x;
k:=j
END ;
1= k+1;
FOR j:=1 TOr DO
IF afj-1].key > a[j]l.key THEN
BEGIN x := a[j-1]; a[j-1] := a[j]; a[il :
k= j
END ;
r=k-1;
UNTIL I > r
END (*shakersort*) ;

“

X3



Sorting arrays 29

PROCEDURE quicksort; (*recursive*)

PROCEDURE sort(l,r: index);
VAR ij: index; x,w: item;
BEGINl: hijwi=mr
= a[(14r) DIV 2];
REPE
WH!LE alilkey < x.key DO i :=
WHILE x.key < a[j].key DO j :=
IF i <=j THEN
BEGIN w := a[i]; a[n] alil; afjJ := w;
i i+t iz =1
END
UNTIL i > j;
IF 1 < j THEN sorl(l,j);
IF i < r THEN sorl(i,r)
END ;

BEGIN sort(1,n)
END (*quicksort*) ;

PROCEDURE quicksort1; (*non-recursive*)
CONST m = 12;
VAR i,jlr: index;
x,w: item;
s:0..m
slack: ARRAY. [1.m] OF
RECORD lr: index END ;
BEGIN s := 1; stack[1].l := 1; stack[1]r: n;
REPE/\T (’take lop request from stack‘)
| := stack[s].); r := stack[s].r; s := s-1;
REPEAT (‘Spht a[l] calr]®
=1 X = a[(lrr) DIv 27;
REPEAT
WHILE a[il.key < x.key DO i
WHILE x.key < a[jJ.key DO j
IFi<=jTHEN
BEGIN w = a[|] a[n'] = alj]; afi] :=
iz i+t =
END
UNTIL i > j;
IFi<r THEN
BEGIN (*stack request to sort right partntlon )
s 1= s+1; stack[s].l := i; stack[s].r :
END ;

i+1;
-1

oW

ri=]
UNTIL | >=
UNTIL s =
END (*quicksort'*) ;
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PROCEDURE mergesort;
VAR i,jk\t: index;
h,m,p,q,r: integer; up: boolean;
(*note that a has indices 1..2*n*)
BEGIN up := true; p := 1;
REPEAT h:i= 1, m:=n

IF up THEN

BEGIN i := 1;j:=n, k := n+1; 1 := 2*n
END ELSE

BEGIN k := 1; 1 := 1 i := n+1; j:= 2°n
END ;

REPEAT (*merge a run from i and j to k*)
{*q = length of i-run, r = length of j-run*)
IFm> pTHEN q := p ELSE q:= m; m = m-q;
IFm> pTHENTr:= p ELSE r :=m; m = m-r;
WHILE (q#0) AND (r#0) DO
BEGIN (*merge*)
IF ali].key < a[j]).key THEN
BEGIN a[k] := ali]; k := k+h; i := i+1;q = g-1;
END ELSE
BEGIN a[k] := a[j]; k := k+h; j = j~1; r = r-1;
END
END ;
IF g = 0 THEN
BEGIN (*copy tail of j-run®)
WHILE r # 0 DO
BEGIN a[k] := a[j]; k := kah; j = j=1; r = r=1;
END
END ELSE
BEGIN {*r = 0, copy tail of i-run*)
WHILE g # 0 DO
BEGIN afk] := a[i]; k := k+h; i := i+1; g = g-1;
END .
END ; '
ha=-hti=kki=0hl=t
UNTIL m = O;
= NOT up; p = 2*p
UNTIL p >=m;
IF NOT up THEN
FOR i := 1 TO n DO ali] := afi+n]
END (*mergesort®) ;

BEGIN i := 0; r := 54321;
REPEAT iz i+t
(131071 r) MOD 2147483647 zZ[i] =
UNTIL i=n
test("str insert”, straightinsertion);
test("bin insert”, binaryinsertion);
test("shell sort”, shellsort);
lest("slr select”, straightselection);
test("heapsort ", heapsort);
test("bubblesort”, bubblesort);
test("bubblesort”, bubblex);
lest("shakersort”, shakersort);
test("quicksort ", quicksort);
test("quicksort1"”, quicksortt);
test("mergesort ", mergesort);
END .
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8. Sequential sorting
1. Nalural merge sort with 3 files (lapes) and 2 phases.

PROGRAM mergesort(input,output);
TYPE item = RECORD key: integer
(*other fields defined here*)
END ;
lape = FILE OF item;
VAR c¢: tape; n: bul: item;

PROCEDURE list(VAR f: tape);
VAR x: ilem;
BEGIN reset(f);
WHILE NOT eof(f) DO
BEGIN read(f,x); write(output, x.key: 4)
END '
writeln
END (*list*) ;

PROCEDURE naturaimerge;
VAR I: integer; (*no. of runs merged*)
eor: boolean; (*end-of-run indicator*)
a,b: tape;

PROCEDURE copy(VAR x,y: tape);
VAR buf: item;
BEGIN read(x, buf); write(y,buf);
IF eof(x) THEN eor := true ELSE eor := buf.key > xt.key

PROCEDURE copyrun(VAR x,y: tape);
BEGIN (*copy one run from x to y*)
REPEAT copy(x,y) UNTIL eor

END ;

PROCEDURE distribute;
BEGIN (*from ¢ to a and b*)
REPEAT copyrun(c,a);
IF NOT eof(c) THEN copyrun(c,b)
UNTIL eol(c)
D .

’

PROCEDURE mergerun;
BEGIN (*from a and b to c*)
REPEAT
IF atkey < bt.key THEN
BEGIN copy(a,c);
IF eor THEN copyrun(b,c)
END ELSE
BEGIN copy(b,c);
IF eor THEN copyrun(a,c)
END
UNTIL eor
END ;

PROCEDURE merge;
BEGIN (*from a and b to ¢*)
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REPEAT mergerun; | := 1+1
UNTIL eof(a) OR eof(b);
WHILE NOT eoaf(a) DO
BEGIN copyrun(a,c); 1 := 1+1
END ;
WHILE NOT eof(b) DO
BEGIN copyrun(b,c); | = 1+1
END ;
list(c)

END ;

BEGIN
REPEAT rewrite(a); rewrite(b); reset(c);
dislribute;
resel{a); reset(b); rewrite(c);
| := 0; merge;
UNTIL Y = 1
END ;

BEGIN (*main program. read input sequence ending with 0*)
rewrite(c); read(buf.key);
REPEAT write(c, buf); read(buf.key)
UNTIL bufkey = 0;
list(c);
naturalmerge;
list(c)
END .
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2. Sequential sorling by n-way mergesort. In each phase, data are merged from n/2
files and distributed onto the other n/2 files. The program starls with the generation
of a single file with random numbers.

PROGRAM balancedmerge(oulput);
CONST n = 6; nh = 3; (*no. of tapes*)
TYPE item = RECORD

key: integer

D .

tape = FILE OF item;
tapeno = 1.n;

VAR leng, rand: integer; - (*used to generate file*)
eotl: boolean;
buf: item;
fO: tape; (*10 is the input tape with random numbers*)
i ARRAY [1.n] OF tape;

PROCEDURE list(VAR f: tape; n: tapeno);
VAR z: integer;
BEGIN writeIn(" tape", n:2); z := 0;
WHILE NOT eof(f) DO
BEGIN read(f, buf); write(output, buf.key: 5); z := z+1;
IF z = 25 THEN
BEGIN writeln{output); z := O;
END ;
END ;
IF z # 0 THEN writeln(output); resel(f)
END (*list*) ;

PROCEDURE tapemergesort;
VAR i,jmxtx: tapeno;
k1,k2,l: integer;
X, min: integer;
l, ta: ARRAY [tapeno] OF tapeno:
BEGIN (*distribule initial runs to t[1] .. I[nh]*)

FOR i := 1 TO nh DO rewrite{f[i]);

ji= nh; | := 0;

REPEAT IF j < nh THEN j := j+1 ELSE ji= 1,
(*copy one run from 0 to tape i)
1= 1+1;

REPEAT read(f0, buf); write(f[j], buf)
UNTIL {buf.key > fO1.key) OR eof(f0)

UNTIL eof(f0);

FOR i:= 1 TO n DO t[i] := i;

REPEAT (*merge from t{1] ... t{nh] to toh+1] ... t{n]*)
IF 1 < nh THEN k1 := | ELSE ki := nh;
(*k1 = no. of inpul lapes in this phase*)
FOR i:= 1 TO k1 DO

BEGIN reset(f[t[i]]); HisKi[t[i]], i) tafi] := 1[i]
END ;

=0;  (*I = number of runs merged*)
= nh+1; (*i = index of oulput lape*)
REPEAT (*merge a run from t[1] ... ([k1] TO i1
k2 := k1; I := [+1; (*k2 = no. of active input tapes*)
REPEAT (*select minimal element*)

i =1, mx = 1; min := ([la[1]]* key;

WHILE i < k2 DO

BEGIN i := i+1; x := {[ta[i]]t key;

I:
j:
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IF x < min THEN
BEGIN min = x; mx =i
END

END ;

"ta[mx] has minimal element, move it to t[j]*)
read(f[ta[mx]], buf); eot := eof(ftaflmx]]);
write(f[{[i1], buf);

IF eot THEN

BEGIN rewrite(f[talmx]]); (*eliminate tape*)
talmx] := ta[k2]; ta[k2] := tafk1];
ki := ki-1; k2 := k2-1

END ELSE

IF buf.key > f{ta[mx]]t.key THEN

BEGIN tx := ta[mx]; ta[mx] := ta[k2]; ta[k2] := 1%

k2 := k2-1

END

UNTIL k2 =
Fj<n THEN] = j+ i ELSE] nh+1
UNTIL k1 =
FORi:= 1 TO nh DO
BEGIN tx := t[i]; t[i] := ti+nh]; tLi+nh] :=
END
UNTIL | =
reset(f[t[ﬂ]), list(fLt[1]7, tL11):  (*sorted oulput is on t[1]*)
END (*tapemergesort®) ;

BEGIN (*generate random file fO*)
leng := 200; rand := 7789; rewrite(f0);
REPEAT rand := (131071°rand) MOD 2147483647;
buf.key := rand DIV 2147484; write(f0, buf); leng := leng - 1
UNTIL leng = O;
reset(f0); list(f0,1);
tapemergesort;
END .
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3. Polyphase sort program. There are n-1 source files for merging and a single
outpul file. The deslination of the merged data changes, when a certain number of
runs has been distributed. This number is computed according to a Fibonacci
distribution.

PROGRAM polysort(output);
CONST n = 6; (*no. of tapes*)
TYPE item = RECORD
key: integer
END ;
tape = FILE OF ilem;
tapeno = 1..n;
VAR leng, rand: integer; (*used to generate file*)
eot: boolean;
buf: item;
[0: tape; (*10 is the input tape wilth random numbers*)
f: ARRAY [1..n] OF tape;

PROCEDURE list(VAR f: tape; n: tapeno);
VAR z: integer;
BEGIN z := 0; '
writeIn(" tape”, n:2);
WHILE NOT eof(f) DO
BEGIN read(f, buf); write(oulput, buf.key: 5); z := z+1;
N

IF z =25 THE
BEGIN writeln(output); z := 0
END ;
END ;
IF z # 0 THEN writeln(output); reset(f)
END (*list*) ;

PROCEDURE polyphasesort;
VAR i,jmx,tn: tapeno;

k, level: integer;

a, d: ARRAY [tapeno] OF integer;
(*a[j] = ideal number of runs on tape j*)
(*d[j] = number of dummy runs on tape j*)

dn, x, min, z: inleger;

last: ARRAY [tapeno] OF integer;
(*last[j] = key of tail item on tape j*)

t,la: ARRAY [tapeno] OF tapeno;
(*mappings of tape numbers*)

PROCEDURE selecltape;
VAR i: tapeno; z: integer;
BEGIN
IF d[j] < d[j+1] THEN j := j+1 ELSE
BEGIN IF d{j] = O THEN
BEGIN level := leve! + 1; z := a[1];
FORi:= 1 TO n-1 DO
BEGIN d[i] := z + a[i+1] - ali}; ali] := z + a[i+1]
END
END ;
ji= 1
END ;
dfj] := dli] -1
MND ;
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PROCEDURE copyrun;

BEGIN (*copy one run from 0 {o lape j*)
REPEAT read(f0, buf); write(f[j], buf);
UNTIL eof(fO) OR (buf.key > fOt.key);
lastfj] := bufkey

END ;

BEGIN (*distribute initial runs*)
FORi:=1TO n-1 DO .
BEGIN a[i] := 1; d[i] := 1; rewrite(f[i])
END ;
level := 1;j := 1; a[n] := 0; d[n] = O;
REPEAT selecttape; copyrun
UNTIL eof(f0) OR (j=n-1);
REPEAT selecttape;
IF last[j] <= 101 key THEN
BEGIN (*continue old run*)
copyrun;
IF eof({0) THEN d[j] := d[j] + 1 ELSE copyrun
END
ELSE copyrun
UNTIL eof(fQ);
FOR i := 1 TO n-1 DO reset(i[i]);

FORi:= 1 TO n DO I[i] := i
REPEAT (*merge from {[1] ... {{n-1] to t[n]*)
z := a[n-1}; d[n] := O; rewrite(f[t[n]]);
writeln(" level”, level:4, " tape"”, {[n]:4);
FOR i := 1 TO n DO writeIn(t[i], alil, d[i]);
REPEAT k := 0; (*merge one run*)
FORi:== t TO n-1 DO
IF d(i] > 0 THEN d[i] := d[i]-1 ELSE
BEGIN k := k+1; ta[k] := t[i]
END ;
IF k = 0 THEN d[n] := d[n] + 1 ELSE
BEGIN (*merge one real run from t[1] ... t{k]*)
REPEAT i := 1; mx := 1;
min := f{ta{ 1]]* key;
WHILE i < k DO
BEGIN i := i+1; x := f[ta[i]]t.key;
IF x < min THEN
BEGIN min := x; mx := i
END
END ;
(*talmx] contains minimal element, move it to {[n]*)
read(f[ta[mx]], buf); eot := eof(f[ta[mx]]);
write(f{{[n]], buf);
IF (buf.key > f[talmx]]+.key) OR eot THEN
BEGIN (*drop this tape*)
ta[mx] := ta[k]; k := k-1
END
UNTIL k=0
END ;
z = z-1
UNTIL z = O;
reset(I{{[n]]); list(Ltn]], t[n]); (‘rotate tapes*)
tn = [n];dn = din]; z := a[n-1];
FOR i := n DOWNTO 2 DO
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BEGIN t[i] := t[i-1]; d[i] := d[i-1]; a[i] := ali-1] - z
END ;

1] :=tn; d[1] := dm; a[1] = z;
(*sorted output is on t[1]*)
level := level - 1
UNTIL level = O;
END (*polyphasesort*) ;

BEGIN (*generale random file*)
leng := 200; rand := 7789;
REPEAT rand := (131071 *rand) MOD 2147483647;
buf.key := rand DIV 2147484; write(f0, buf); leng := leng - 1
UNTIL leng = O
reset(f0); list(f0,1);
polyphasesort;
ND .
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9. "Problem solving"”, backtracking.

1. Find all setlings of 8 queens on an 8x8 chess board such that no queen checks
another queen. [see also, Comm. ACM 14, 4, 221-27 (April 74}].

PROGRAM eightqueens(output);
VAR i : inleger;
a: ARRAY [ 1.8 ] OF boolean;
b ARRAY [ 2. 16} OF boolean;
. ARRAY [ 7..7 ] OF boolean;
: ARRAY [ 1.8 ] OF integer;
safe baolean;

PROCEDURE print;
VAR k: integer;

BEGIN write(" "),
FOR k := 1 TO 8 DO write(x[k]:2);
writeln

END ;

PROCEDURE irycol(j : integer);
VAR i integer;

PRQCEDURE setqueen;
BEGIN ali] := false; b[i+j] := false; c[i-j] := false
END ;

FPROCEDURE removequeen;
BEGIN a[i] := true; bli+i] := true; c[i-j] := lrue

END ;
BEGIN i := G;
REPEAT i := i+1; sale := a[i] AND b[i+j] AND c[i-j];
IF safe THEN

BEGIN setqueen; x[j] :=
IF j < 8 THEN trycol(ln) ELSE print;
removequeen
END
UNTIL i =8
END;

BEGIN FOR i := 1 TO 8 DO a[i} := true;
FOR i := 2 TO 16 DO b[i] := true;
FOR i := -7 TO 7 DO c[i] := true;
trycol(t);

END.
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2. Find sequences of digits 0, 1, 2 and of lengths 1 ... 90, such that they contain no
two adjacent subsequences that are equal.

PROGRAM sequence012(output);
CONST maxlength =
VAR n: integer;
good: boolean;
s: ARRAY [1.maxlength] OF integer;

PROCEDURE printsequence;
VAR k: integer;

BEGIN write(” ");
FOR k := 1 TO n DO write(s[k]:1);
writeln

END (*printsequence*) ;

PROCEDURE changesequence;
BEGIN IF s[n] = 3 THEN
BEGIN n := n-1; changesequence
END ELSE s[n] := succ(s[n])
END (*changesequence®) ;

PROCEDURE try;
VAR il,nhalf: integer;

BEGIN IF n <= 1 THEN good = rue ELSE
BEGIN | := 0; nhalf := n DIV
REPEAT b= I+t 0= 0

(* compare l'uls of lenglh | for equahly *)
REPEAT good := s[n-i] # s[n-l-i]; i = i+1
UNTIL good OR (i=l)
UNTIL NOT good OR (I>=nhalf);
END
END (*try*);

BEGIN n := O;
REPEAT n := n+1; s[n] := 1; try;
WHILE NOT good DO
BEGIN changesequence; try
END ;
printsequence
UNTIL n = maxlength
END .
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3. Find the smallest posilive inleger thal can be represented as the sum of to cubes
(integers raised to the third power) in two different ways.

PROGRAM sumofcubes(output);
VAR i, ih, il, min, a, b, k: integer;
j» sum, pwr: ARRAY [1..200] OF integer;

(* pwrlk] = power of k, sum[k] = p[k] + pLilk11,
ilk] = columnindex of last considered candidate in row k,
ih = rowindex of highest considered row,
il = rowindex of least still relevant row *)
BEGIM i := 1;il := 1; th = 2
LY == 15 pwr[1] = 1; sum[ 1] :
i(2] := 1; pwr[2] := 8 sum[2] :
REPEAT
min = sum[il]; a := i; b := j[i];
(* now gel next sum in row’i *)
IF j[i] =i THEN
BEGIN (* there is none left *) il := il+1;
END ELSE
BEGIN IF j(i] = 1 THEN
BEGIN (* the new min was from the first column, now add
a new row belore laking the new sum from the old row *)
ih := ih + 1; pwr[ih] := ih*ih*ib;
i[ih] := 1; sumlin] := pwrlin]+1;
END ;
ili := ili1+1; (* next candidate in row i *)
sumfi] := pwril + pwr(j[i]]
END ;
(* now find minimal candidate in rows il .. ih *)
=il ko= ity
WHILE k <= ih DO
BEGIN IF sum[k] < sum[i] THEN i := k; k := k+1
END )
UNTIL sum[i] = min;
writeln(min,a,b,iifi1)
D.

2
9;
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4. Find a path of a knight on a chess board which covers all 64 squares.

PROGRAM knightstour(outpul);
CONST n = 5; nsq = 25;
TYPE index = 1..n;
VAR i,i: index;
q: boolean;
s: SET OF index;
ab: ARRAY [1..8] OF integer;
h: ARRAY [index, index] OF integer;

PROCEDURE try(i: integer; x,y: index; VAR q: boolean);
VAR kuv mleger, q1: boolean;
BEGIN k :
REPEAT k = k+1; g1 := false;
Uiz X + a[k]; v :: y + b{k];
IF (u IN s) AND (v IN s) THEN
IF h{u,v] = 0 THEN
BEGIN h[u,v] := i
IF i < nsq THEN
BEGIN try(i+1,u,v,91);
IF NOT g1 THEN h{uyv] := 0
END ELSE q1 := true

END
UNT!L qt OR (k=8);
=ql

END ( try*) ;

BEGIN s := {1,2,34,5];
af1} := 25 0[1] = 1
af2] := 1;b[2]:= 2
a[3] = -1; b[3] := 2
af4] = -2; b[4] := 1
a[5] := -2; b[6] := -1;
al6]) := -1; bl6] := -2;
af7] := 1, b[7] := ~2;
a[8] := 2; b[8] = -1;

FOR i := 1 TO n DO
FOR j:= 1 TO n DO h[i,j} := 0;
h[1,1] = 1; try(2,1,1,q);
IF g THEN :
FORi:=1TO n DO
BEGIN FOR j := 1 TO n DO write(h[i,j]:5);
writeln
END
ELSE writeln(" no solution ™)
END .
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5. Find a solution to the stable marriage problem. n men and n women slale their
preferences of partners. Find n pairs such that no man would prefer o be married to
another woman who would also prefer him lo her partner. A set of pairs is called
stable, if no such cases exist [see also Comm. ACM 14, 7, 486-92 (July 71)].

PROGRAM marriage(input,output);

CONST n = 8;

TYPE man = 1.n; woman = 1.n; rank = 1.n;

VAR m: man; w: woman; r: rank;
wmr: ARRAY {man, rank] OF woman;
mwr: ARRAY [woman, rank] OF man;
rmw: ARRAY [man, woman] OF rank;
rwm: ARRAY [woman, man] OF rank;
x:  ARRAY [man] OF woman,

ARRAY [woman] OF man;

single: ARRAY [woman] OF boolean;

PROCEDURE print;
VAR m: man; rm, rw: integer;
BEGIN rra := 0; rw := 0;
FOR m:= 1 TO n DO
BEGIN write(x[m1:4);
rm := rm + rmwimx[m]]; rw = rw + rwm[x[m],m]
END ; :
writeIn(rm:8,rw:4);
END (*print*) ;

PROCEDURE try(m: man);
VAR 1: rank; w: woman;

FUNCTION stable: boolean;
VAR pm: man; pw: woman;
i, lim: rank; s: boolean;
BEGIN s := true; i = 1;
WHILE (i<r) AND s DO
BEGIN pw = wmr[m,i]; i = i+1;
IF NOT single[pw] THEN s := rwm[pw,m] > rwm[pw,y[pw]]
END ;
iz 1;0im = rwmw,m];
WHILE (i<lim) AND s DO

BEGIM pm := mwr[w,i]; i = i+,

IF pm < m THEM s := rmw[pmw] > rmw{pmx[pm]]
END ;
stable := s

END (*test*);

BEGIN (*try*}
FOR r:= 1 TO n DO
BEGIN w = wmr[m,r];
IF single[w] THEN
IF stable THEN
BEGIN x{m] := w; y[w] = m; single[w] := false;
IF m < n THEN try(succ(m)) ELSE print;
singlefw] := true
END
END
END (*try*) ;
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BEGIN writeln("1");
FOR m := 1 TO n DO
FOR r:=1TO n DO
BEGIN read(wmr[m,r]); rmw{m,wmr[m,r]] :
END ;
FOR w := 1 TO n DO
FOR r:= 1 TO n DO
BEGIN read(mwr{w,r]); rem{w,mwr[w,r]] :
END ;
FOR w := 1 TO n DO single[w] := true;
try(1)
END .
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6. Find an oplimal seledlion of objects from a given set of n objects under a given
constrainl. Each objec! is characterised by two properties v (for value) and w (for
weight). The optimal selection is the one with the largest sum of values of its
members. The constraint is that the sum of their weighls must not surpass a given
limit fimv. The algorithm is called branch and bound.

PROGRAM selection(input,output);
CONST n = 10;
TYPE index = t..n;

object = RECORD v,w: integer END ;
VAR i: index;

a: ARRAY [index]} OF object;

limw, totv, maxv: integer;

wl, w2, w3: inleger;

s, opts: SET OF index;

z: ARRAY [boolean] OF char;

PROCEDURE try(i: index; tw,av: integer);
VAR av1: integer;
BEGIN (*try inclusion of object i*)
IF tw + a[i].w <= limw THEN
BEGIN s := s + [i];
IF i < n THEN try(i+1, tw+a[i].w, av) ELSE
IF av > maxv THEN
BEGIN maxv := av; opls := §
END ;
s:=s = [i]
END ;
(*now try without object i*) avi := av - alil].v;
IF avt > maxv THEN
BEGIN IF i < n THEN try(i+1, tw, avl) ELSE
BEGIN maxv := avi; opts = s
END
END
END (*try*)

BEGIN totv := 0;

FORi:=1 TO n DO
WITH a[i] DO
BEGIN read(w,v); tolv := totv + v
END ;

read(w1,w2,w3);

z[true] := "t z[false] = " "}

wrile(" weight ");

FOR i := 1 TO n DO write(ali].w:4);

writeln; write(" value ")
FOR i := 1 TO n DO write(a[i].v:4);
writeln;

REPEAT limw := w1; maxv := 0; s := []; opts := [];
try(1,0,totv);
write(limw); )
FOR i:= 1 TO n DO write(" ", z[i IN opls]);
writeln; w1 = wi + w2
UNTIL w1 > w3
END .
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10. List and tree structures, pointers.

i. A procedure search is to locale records with a given key in an ordered list. If the
key is not present, then a new record is lo be inserted so that the ordering of keys is

maintained. Use a sentinel at the end of the list.

PROGRAM list{input,output);
TYPE ref = tword;
word = RECORD key: integer;
count: integer;
next: ref
END ;
VAR k: integer; root, senlinel: ref;

PROCEDURE search(x: integer; VAR root: ref);
VAR wi1,w2,w3: ref;
BEGIN w2 := root; wi = w2t.next; sentinelt.key := x;
WHILE wttkey < x DO
BEGIN w2 := wi; wl = w2t.next
END ;
IF (w1t.key = x) AND (w1 # sentinel) THEN
wit.count := wit.count + 1 ELSE
BEGIN new(w3); (*insert w3 belween w1 AND w2*)
WITH w3t DO
BEGIN key := x; count := 1; next := wi
END ;
w2t.next ;= w3
END
END (*search*} ;

PROCEDURE printlist(w,z: ref);
BEGIN WHILE w # z DO
BEGIN wrilein{wt.key, wt.count);
w = wt.next
END
END (*printlist*) ;

BEGIN new(root); new(sentinel); roolt.next := sentinel;

read(k);
WHILE k # 0 DO
BEGIN search(k, root); read(k)
END ;
printlist(root t.next,sentinel)
END .
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2. Instead of keeping the list ordered according to keys, reorder it as follows: Afler
each search, the accessed record is moved lo the top of the list. In this case,
repeated accesses {o the same element will bé very fast. Use a sentinel at the end
of the list.

PROGRAM lisi(input,output),
TYPE ref = tword,;
word = RECORD key: integer;
count: integer;
next: ref
END ;
VAR k: integer; root, sentinel: ref;

PROCEDURE search(x: integer; VAR root: ref);
VAR wi,w2: ref;
BEGIN w1 := rool; sentinelt.key = x;
IF w1 = senlinel THEN
BEGIN (*first element*) new(root);
WITH roott DO
BEGIN key := x; count := 1; next := sentinel
END
END ELSE
IF wit.key = x THEN wif.count := wit.count + 1 ELSE
BEGIN (*search*)
REPEAT w2 := wi; wi = w2t.next
UNTIL witkey = x;
IF w1 = sentinel THEN
BEGIN (*insert*)
w2 := rool; new(root);
WITH roott DO
BEGIN key := x; count := 1; next := w2
END
END ELSE
BEGIN (*found, now reorder*)
wit.count := wit.count + 1;
w2+.next ;= wilt.next; wit.next := root; root = wi
END
END
END (*search*) ;

PROCEDURE prinllist(w,z: ref),
BEGIN WHILE w # z DO
BEGIN writeIn{wt.key, wt.count);
w = wt.next
END
END (*printlist*) ;

BEGIN new(sentinel); root := senlinel;
read(k);
WHILE k # 0 DO
BEGIN search(k, root); read(k)
END ;
printlisi(root,sentinel)
END .
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3. Read a sequence of relations defining a directed, finite graph. Then establish
whether or not a partial ordering is defined. If so, print the elements in a sequence
showing the partial ordering. (Topological sorting).

PROGRAM topsorli(input,output);
TYPE lref = tleader;
tref = ttrailer;
leader = RECORD key: integer;
count: inleger;
trail: tref;
next: Iref;
END ;
trailer= RECORD id: Iref;
next: tref
END ;
VAR head, tail, p,q: Iref;
1: tref; z: integer;
x,y: integer;

FUNCTION {w: integer): Iref;
(*reference to leader with key w*)
VAR h: Iref;
BEGIN h := head; taiit.key := w; (*sentinel*)
WHILE ht.key # w DO h := ht.nex{;
IF h = tail THEN
BEGIN (*no element with key w in the list*)
new(tail); z := z+1;
ht.count := 0; ht.trail ;= NIL; ht.next := tail
END ; .
l:=h
END ("1} ;

BEGIN (*initialise list of leaders with a dummy*)
new(head); tail := head; z := O;

(*input phase*) read(x);

WHILE x # 0 DO

BEGIN read(y); writeln(x,y);
p = Kx) q:= )
new(l); tr.id := q; tr.next = pt.trail;
pt.trail := t; gt.count ;= gt.count + 1;
read(x)

END ;

(*search for leaders with count = 0*)

p := head; head := NIL; '

WHILE p # tail DO

BEGIN q := p; p := pt.next

IF qt.count = O THEN

BEGIN qt.next := head; head := q
END ;

END ;

(*output phase*) q = head;
WHILE g # NIL DO
BEGIN writeln{qt.key); z := z=1;
t = gt.traili g = gt.nexy
WHILE t # NiL DO
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BEGIN p := tt.id; pt.count := pt.count - 1,
IF pt.count = O THEN
BEGIN (*insert pt in g-list*)
ptanext:i=q; g:=p

END ;
t = tt.next
END
END ;

IF z # O THEN writeIn(" this set is not parlially ordered")
END .
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4. Inserlign .a.nd deletion in a binary tree. Read a sequence of integers. A positive
integer signifies that it should be inserted in an ordered binary tree as the key of a

node. A negative integer signifies that a node with ils absolule value as key should
be searched and deleted.

PROGRAM tree(input,output);
TYPE ref = tword;
word = RECORD key: integer;
count: integer;
left, right: ref;
END ;
VAR root: ref; k: integer;

PROCEDURE printtree(w: ref; It integer);
VAR i: integer;
BEGIN IF w # NIL THEN
WITH wt DO
BEGIN printtree(left, 1+1);
FOR i := 1 TO | DO write(" ")
writeln(key);
printtree(right, 1+1)
END
END ;

PROCEDURE search(x: integer; VAR p: ref);
BEGIN
IF p = NIL THEN
BEGIN (*word is not in tree; insert it*)
new(p);
WITH pt DO
BEGIN key := x; count := 1; left := NIL; right := NIL
END
END ELSE
IF x < ptkey THEN search{x, pt.left) ELSE
IF x > pt.key THEN search(x, pt.right) ELSE
pt.count := pt.count + 1
END (*search®) ;

PROCEDURE delete(x: integer; VAR p: ref);
VAR q: ref;

PROCEDURE del(VAR r: ref);

BEGIN IF rt.right # NiL THEN del(r+.right) ELSE

BEGIN gt .key := rt.key; gqt.count := rr.count;
q:=r; ri=rtleft

END

END ;

BEGIN (*delete*)
IF p = NIL THEN writetn(" waord is not in tree") ELSE
IF x < pt.key THEN delete(x, pt.left) ELSE
IF x > pt.key THEN delele(x, pt.right) ELSE
BEGIN (*deletc pt*) q:=p;
IF gt.right = NIL THEN p := gt.efl ELSE
IF gt.eft = NIL THEN p := gt.right ELSE del(gt.left)
(*dispose(q)*)
END
END (*delete?) ;
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BEGIN root := NiL; read(k);
WHILE k # 0 DO
BEGIN IF k > O THEN
BEGIN writeln(" insert”, k); search(k,root)
END ELSE
BEGIN writein(" delete”,-k); delele(-k,root)
END ;
printtree(root,0); read(k)
END ;
END .,
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5. Insertion and deletion in a AVL-balanced lree. In the previous program, the binary

Iree may grow in all sorls of shapes -- if the inserled keys are ordered upon arrival
In the following program, a balance is

the “tree" even degenerales into a linear list.
aintained, such lhat at each node lhe heights of ils two subtrees differ by at most 1

PROGRAM baltree(input,output);
TYPE ref = tword;
word = RECORD key: integer;
count: inleger;
left, right: ref,

bal: -1..+1
END ;
VAR root: ref; h: boolean; k: integer;
PROCEDURE printtree(w: ref; I: integer);
VAR i: integer;
BEGIN IF w # NiL THEN
WITH wt DO
BEGIN printtree(left, 1+1);
FOR i:= 1 TO | DO write(" ")

writeln(key:5, bal:3);
printtree(right, 1+1)

END
END ;
PROCEDURE search(x: integer; VAR p: ref; VAR h: boolean)
VAR p1,p2: ref, (*h = false*)
BEGIN
IF p = NIL THEN

BEGIN (*word is not in tree; insert it*)
new(p); h := true;
WITH pt DO
BEGIN key = x; count = 1;
left := NIL; right := NIL; bal := 0
END
END ELSE
IF x ¢ ptkey THEN
BEGIN search(x, pt.left, h);
(*left branch has grown higher™)

IF h THEN
CASE pt.bal OF
BEGIN pt.bal := 0; h := false
END ;
0: pT.bal = -1
-{: BEGIN (*rebalance*) p1 := pt.leff;
IF p1t.bal = -1 THEN
BEGIN (*single LL rotation*)
=P

pt.left ;= pitright; p1t.right :
pt.bal := 0; p := pl

END ELSE

BEGIN (*double LR rotation*) p2 := plt.right;
pit.right := p2t.lefl; p2t.left := p1;
ptleft ;= p2t.right; p2t.right := p;
IF p2t.bal = -1 THEN pt.bal := +1 ELSE pt.bal := O
iF p2+.bal = +1 THEN pit.bal := -1 ELSE ptt.bal := O,

p = p2
END ;
pt.bal := = false

END
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END
END ELSE
IF x > pt.key THEN
BEGIN search(x, pt.right, h);
IF h THEN (*right branch has grown higher*)
CASE pt.bal OF
-1: BEGIN pt.bal : h := false
END ;
0: pt.bal = 41
1: BEGIN (*rebalance®) p1 := pt.right;
IF ptt.bal = +1 THEN
BEGIN (*single RR rotation*)
pt.right := ptt.left; pitlieft = p;
pt.bal := 0; p := pi
END ELSE
BEGIN (*double RL rotation*) p2 := ptt.lefl;
p1tleft := p2t.right; p2¢.right := pt;
pT right := p21t.left; p2+.left := p;
IF p2t.bal = +1 THEN pt.bal := -1 ELSE p+t.bal

= = 0
IF p2r.bal = -1 THEN pit.bal := +1 ELSE ptt.bal :=

p = p2
END ;
pt.bal := 0; h := false
END i
END

END
ELSE
BEGIN pt.count := pt.count + 1; h = false
END

END (*search*) ;

PROCEDURE delete(x; integer; VAR p: ref; VAR h: boolean);
VAR q: ref,  (*h = false")

PROCEDURE balance1(VAR p: ref; VAR h: boolean);
VAR p1,p2: rel; b1,b2: -1..41;

BEGIN (*h = true, left branch has become less high*)
CASE pt.bal OF

-1: pt.bal = 0;
0: BEGIN pt.bal ;= +1; h := false
END ;

1: BEGIN (*rebalance*) p1 := pt.right; b1 := p1t.bal;

IF b1 >= 0 THEN

BEGIN (*single RR rotation*)
ptright := pitleft; pit.left := p;
IF b1 = 0 THEN
BEGIN pt.bal := +1; ptt.bal := ~1; h := false
END ELSE
BEGIN pt.bal := O; pit.bal := 0
END ;
p = pt

END ELSE

BEGIN (*double RL rotation*)
p2 := pitlell; b2 = p2+.bal;
pit.left := p2t.right; p2t.right := p1;
pr.right := p2t.lelt; p2t.left = p;
IF b2 = +1 THEN pt.bal := -1 ELSE pt.bal := O;
IF b2 = -1 THEN ptt.bal := +1 ELSE pit.bal := O;
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p = p2; p2thal := 0
END
END
END
END (*balancel*) ;

PROCEDURE balance2(VAR p: ref; VAR h: boolean);
VAR p1,p2: ref; b1,b2: -1..+1;
BEGIN (*h = true, right branch has become less high*)
CASE pt.bal OF
1; pt.bal := O
0: BEGIN pt.bal := -1; h := false
END ;
-1 BEGIN (*rebalance*) p1 = pt.left; b1 = pit.bal
IF b1 <= 0 THEN
BEGIN (*single LL rolation®*)
pt.left := p1tright; p1toright :=
IF b1 = 0 THEN
BEGIN pt.bal := -1; pit.bal := +1; h := false
END ELSE
BEGIN pt.bal := 0; pit.bal := 0
END ;
p = pl
END ELSE
BEGIN (*double LR rotation*)
p2 := pit.right; b2 = p2+t.bal;
pi1t.right := p2+.left; p2t.left :
ptleft := p2t.right; p2t.right :
IF b2 = -1 THEN pt.bal := +1 ELSE pt.bal :

p1;

H w

IF b2 = +1 THEN pit.bal := -1 ELSE p1+t. bal = O;
p i= p2; p2t.bal :=
END
END
END

END (*balance2*) ;

PROCEDURE del{VAR r: ref; VAR h: boolean);
BEGIN (*h = false*)
IF rt.right # NIL THEN
BEGIN del(rt.right,h); IF h THEN balance2(r,h)
END ELSE
BEGIN qt.key := rt.key; gt.count := rt.count;
r .= rt.left; h := true
END
END ;

BEGIN (*delete*)

IF p = NIL THEN
BEGIN writeln(" key is not in tree"); h := false
END ELSE

IF x < ptkey THEN
BEGIN delele(x,pt.tefth); IF h THEN batancei(p,h)
END ELSE

IF x > ptkey THEN
BEGIN delete(x,pt.right,h); IF h THEN balance2(p,h)
END ELSE

BEGIN (*delete-pt*) q :=p;
IF gt.right = NIL THEN
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BEGIN p := gt.lelt; h = true
END ELSE

IF gt.left = NIiL THEN
BEGIN p = qt.right; h = frue
END ELSE

BEGIN del{qt.left,h); .
IF h THEN balancel(p,h)

END ;

(*dispose(q)*)

END
END ('delete*) ;

BEGIN read(k); root := Nit;
WHILE k # 0 DO
BEGIN IF k >= 0 THEN
BEGIN writeIn(” insert”, k); search( k,root,h)

END ELSE .
BEGIN writeln(" delete",~k); delete(-k,root,h)
END ;
printtree(root,0); read(k)
END ;

END .
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6. Iqserl and delele elements in a B-tree of page size 2n. Read a sequence of keys;
positive values denote insertion, negative ones deletion. Print the resulting B-tree
alter each operation.

PROGRAM Btree(input,output);
CONST n = 2; nn = 4; (*page size*)
TYPE ref = tpage;

item = RECORD key: integer;

p: ref;
count: integer,;
END ;
page = RECORD m: O..nn; (*no. of items*)
pO: ref;
e : ARRAY {1..nn] OF item;
END ;

VAR root, q: ref; x: integer;
h: boolean; u: item;

PROCEDURE printtree(p: ref; I: integer);
VAR i: integer;
BEGIN IF p # NIL THEN

WITH pt DO .

BEGIN FOR i = 1 TO | DO write(" B H
FOR i := 1 TO m DO write(e[il.key: 4);
writeln;

printtree(po,l+1);
FOR i := 1 TO m DO printtree(e[i].p, I+1)
END
END ;

PROCEDURE search(x: integer; arefl;

VAR h: hoolean; VAR v: item);
(*search key x on B-tree with root a; it found, increment counter. Otherwise
insert an item with key x and count 1 in tree. If an item emerges to be passed
to a lower level, then assign it to v; h := "tree a has become higher"*)

VAR k,lr: integer; q: ref; u: item;
PROCEDURE insert;

VAR i integer; b: ref;
BEGIN (*insert u to the right of at.e[r]*)

WITH at DO
BEGIN IF m < nn THEN
BEGIN m := m+1; h := [alse;
FOR i := m DOWNTO r+2 DO e[i] := efi-1];
e[r+1] = u
END ELSE

BEGIN (*page at is full; split it and assign the emerging
item lo v*) new(b);
IF r {<=n THEN
BEGIN IF r = n THEN v := u ELSE
BEGIN v := e[n];
FOR i := n DOWNTO r+2 DO e[i] := e[i-1];
ef(r+1] = u
END ;
FOR i := 1 TO n DO bt.e[i] := at.eli+n];
END ELSE
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BEGIN (*insert u in right page®) r = r-n; v := e[n+1];
FOR i:= 1 TO r-1 DO bt.e[i] := at.e[i+n+1];

bt.e[r] = u;
FOR i := r+1 TO n DO bt.efi] := at.e[i+n]
END ;
m := n; bt.m := n; bt.p0 = v.p; v.p = by
END

END (*WITH*)
END (*insert*) ;

BEGIN (*search key x on page at; h = false*)
IF a = Nil. THEN
BEGIN (*item with key x is not in tree*) h := true;
WITH v DO
BEGIN key := x; count := 1; p := NIL
END
END ELSE
WITH at DO
BEGIN t := 1; r := m; (*binary array search")
REPEAT k := (l+r) DIV 2;
IF x <= e[k].key THEN r := k-1;
IF x >= e[k].key THEN ) := k+1;
UNTILr C I;
iF I-r > 1 THEN
BEGIN (*found*) e[k].count := e[k].count + 1; h := false
END ELSE
BEGIN (*item is not on this page*)
IFr =0 THEN g := pO ELSE ¢ := e[r].p;
search(x,q,h,u); IF h THEN insert
END
END
END (*search’) ;

PROCEDURE delete(x: integer; a: ref; VAR h: boolean);

(*search and delete key x in B-lree a; if a page underfiow is necessary,
balance with adjacent page if possible, otherwise merge; h := "page a.is
undersize"*)

VAR iklr: integer; q: ref;

PROCEDURE underflow(c,a: ref; s: integer; VAR h: boolean);
(*a = underllow page, ¢ = ancestor page*)
VAR b: ref; ik,mb,mc: integer;
BEGIN mc := ct.m; (*h = lrue, at.m = n-1*)
IF s < m¢c THEN
BEGIN (*b := page to the right of a*) s := s+1;
b := ct.e[s]p: mb = btm; k := (mb-n+1) DIV 2;
(*k = no. of items available on adjacent page b*)
at.e[n] := ct.e[s]; ar.e[n].p := bt.p0;
IF k > O THEN
BEGIN (*move k items from b to a*)
FOR i := 1 TO k-1 DO at.c[i+n] := bt.e[i];
ct.els] = btr.e[k]; ct.e[s]p = by;
bt.p0 = bt.e[k].p; mb := mb-k;
FOR i:= 1 TO mb DO br.e[i] := br.eli+k];
bt.m := mb; at.m := n-l+k; h := false
END ELSE
BEGIN (*merge pages a and b*)
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FOR i := 1 TO n DO at.e[i+n] := br.e[i};

FOR i := s TO mc-1 DO ct.e[i] = cr.eli+1];
at.m := nn; ct.m = me-1; (*dispose(b)*)
END
END ELSE

BEGIN (*b := page lo the left of a*)
Fs =1 THEN b := ct.p0 ELSE b := ct.e[s-11p;
mb = bt.m + 1; kK := (mb-n) DIV 2;

IF k > O THEN

BEGIN (*move k items from page b to a*)
FOR i := n-1 DOWNTO 1 DO at.e[i+k] := ar.e[i];
ar.e[k] := ct.e[s]; ar.e[klp := ar.p0; mb = mb-k;
FOR i := k-1 DOWNTO 1 DO at.e[i] := bt.efi+mb];
at.p0 := br.e[mblp;
ct.e[s] = br.e[mb]; crels]lp = &
bt.m := mb-1; at.m = n-1+k; h := false

END ELSE .

BEGIN (*merge pages a and h*)
pt.e[mb] := ct.e[s]; br.e[mblp := at.p0;
FOR i := 1 TO n-1 DO bt.e[i+mb] = atelil;
bt.m := nn; ¢t.m := mc-1; (*dispose({a)*)

END .
END

END (*underflow*) ;

PROCEDURE del(p: ref; VAR h: boolean);
VAR q: rel; (*global ak*)
BEGIN
WITH pt DO
BEGIN ¢ := e[ml.p;
I q # N THEN
BEGIN del{a,h); IF h THEN underflow(p,q,m,h}
END ELSE
BEGIN pt.e[m].p := ar.e[kl.p at.e[k] := pr.e[m];
m := m-1; h = m<n
END
END
END (*del*) :

BEGIN (*delete*)
IF a = NIL THEN
BEGIN writeln(" key is not in tree”); h = false
END ELSE
WITH at DO
BEGIN | := 1; r:= m; (*binary array search®)
REPEAT k := {l+r) DIV 2;

IF x <= e[k].key THEN r := k-1;

IF x >= e[k]key THEN | := k+1;
UNTIL T > 1}
IF r=0 THEN g := pO ELSE q := e[r]lm
IF t-r > 1 THEN

BEGIN (*lound, now delete e[k]*)
IF q = NIL THEN
BEGIN (*a is a terminal page*) m := m-1; h = m<n;
FOR i:= k TO m DO e[i] := eli+1};
END ELSE .
BEGIN del(q,h); IF h THEN underflow(a,q,r,h)
END
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END ELSE
BEGIN delete(x,q,h); IF h THEN underllow(a,q,r.h)
END
END
END (*delete®) ;

BEGIN root ;= NIL; read(x);
WHILE x # 0 DO
BEGIN writeln(" search key", x);
search(x,root,hu);
IF h THEN
BEGIN (*insert new base page’) g := rool; new(root);
WITH roott DO
BEGIN m := 1; p0 :=q; ef1] = u
END
END ;
printtree(root,1); read(x)
END ;
read(x);
WHILE x # 0 DO
BEGIN writeln(" delete key", x);
delete(x,rooth);
IF h THEN
BEGIN (*base page size was reduced’)
IF roott.m = O THEN -
BEGIN q := root; root := qt.p0; (*dispose(q)*)
END ;
END ;
printiree(root,1); read(x)
END
END .
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7. Find lhe optimatly structured binary search tree for n keys. Known are the search
frequencies of the keys, b[i] for key[i], and lhe [frequencies of searches with
arguments that are not keys (represented in the lree). ali] is the frequency of an
argument lying between key[i-1] and key[i]. Use Knulh's algorithm, Acta Informatica
1, 1, 14-25 (1971). The following example uses Pascal keywords as keys.

PROGRAM optimaltree(input,output);
CONST n = 31; ("no. of keys*)
kin = 10; (*max keylength*)
TYPE index = 0..n;
alla = PACKED ARRAY [1 kin] OF char;
VAR ch: char;
k1, k2: integer;
id: alfa; (*identifier or key®)
but: ARRAY [1.kin} OF char;  (*character buffer*)
key: ARRAY [1..n] OF alfa;
ij,k: integer;
a: ARRAY [1..n] OF integer;
b: ARRAY [index] OF inlteger;
p,w: ARRAY [index,index] OF integer;
r: ARRAY [index,index] OF index;
suma, sumb: integer;

FUNCTION baltree(i,j: index): integer;
VAR k: integer;
BEGIN k := (i+j+1) DIV 2; r[i,j] := k;
IF i >= j THEN baltree := b[k] ELSE
baltree := baltree(i,k-1) + ballree(k,j) + w[i,j]
END (*baltree*) ;

PROCEDURE opttree;
VAR x, min: integer;
i,i,),h,m: index;
BEGIN (*argument: w, result: p,r*)
FOR i := 0 TO n DO pfi,i] = wli,il; (*width of tree h = 0*)
FOR i := 0 TO n-1 DO (*width of tree h = 1*)
BEGIN j +1;
plidl = pliil + il L0l =]
END ;
FOR h := 2 TO n DO (*h
FOR i := 0 TO n-h DO (*i
BEGIN j := i+h; (*j
m := r[i,j-17; min = p[iim-1] + p[m
FOR k := m+1 TO r[i+1,j] DO
BEGIM x := p[ik-1] + p[k,il;
IF x < min THEN
BEGIN m = k; min = x
END
END ;
D[irj] = min + W[Irj]v r[ij] :=
END ;
END (*opllree*) ;

W

= width of considered tree *)
left index of considered tree *)
right index of considered tree *)

[mil;

PROCEDURE printiree;
CONST 1w = 120; (*line width ol prinler*)
TYPE ref = tnode;
lineposilion = O..lw;
node = RECORD key: alla;
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pos: lineposition;
left, right, link: ref
END ;
VAR root, current, next: ref;
0,91,q2: ref;
i integer;
k: integer;
u, ut, u2, ud, ud: lineposition;

FUNCTION tree(i,j: index): ref;
VAR p: ref;
BEGIN IF i = j THEN p := NIL ELSE
BEGIN new(p);
pt.left ;= tree(i, r[ij]-1);
pt.pos := trunc((lw-kin)*k/(n-1)) + (kin DIV 2); k = k+1;
pt.key = key[r[iil);
pt.right := tree(r[ijl, i)
END ;
tree = p
END ;

BEGIN k := 0; root := tree(O,n);
current := root; roott.link := NiL;
next := NIL;
WHILE current # Nil. DO
BEGIN (*proceed down; first write verlical lines*)
FORi:==1TO 3 DO
BEGIN u := O; g := current;
REPEAT ut := gt.pos;
REPEAT write(" "); u := u+1

UNTIL u = uft;
write(":"); u := u+1; q := qt.link
UNTIL g = NIL;
writeln
END ;

{*now print master line; descending from nodes on current list
collect their descendants and form next list*)
q := current; u := O;
REPEAT unpack(qt.key, buf, 1);
(*center key about pos*) i = kin;
WHILE buf[i] =" " DO i:=i-1;
u2 = qt.pos - ({i-1) DIV 2); u3 := u2+i;
ql := gt.left; g2 := gtright;
IF q1 = NIL THEN u1 := u2 ELSE
BEGIN ul := gqit.pos; gqlt.link := next; next := q1
END ;
IF g2 = NIL THEN u4 := u3 ELSE
BEGIN u4 := g21.pos+1; q21.lirk := next; next := g2
END ;
i:=0;
WHILE u < u1 DO BEGIN write(" ™); u := u+1 END ;
WHILE u < u2 DO BEGIN write("-"); u := u+1 END ;
WHILE u < u3 DO BEGIN i := i+1; write(bul[i]); u := u+1 END ;
WHILE u < u4 DO BEGIN write("-"); u := u+1 END ;

q := qt.link
UNTIL g = NIL;
writeln;

(*now invert next list AND make it current list*)
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current := NIL;
WHILE nexl # NIi. DO
BEGIN g := nexl; next := qt.link;
qgt.link := current; current := q
END
END
END (*printtree*) ;

BEGIN (*initialize table of keys. and counters®)

key[ 1] := "ARRAY "; key[ 2] := "BEGIN ; key[ 3] := "CASE ";
key[ 4] := "CONST "; key[ 6] :="DIV ™, key[ 6] := "DOWNTO ";
key[ 7] := "DO ", key[ 8] := "ELSE ", key[ 9] := "END %
key[10] := "FILE ",  key[11] := "FOR " key[12] := "FUNCTION °
key[13] := "GOTO " key[14] := "F = key[ 157 = "IN
key[16] := "LABEL ", key[17] := "MOD ", key[18] := "NIL ™
key[ 19] := "OF ", key[20] := "PROCEDURE "; key[21] := "PROGRAM *;
Kkey[22] := "RECORD "; key[ = key[24] := "SET
key[25] := "THEN "; key{ = key[27] = "TYPE ",
key[28] := "UNTIL "; key 1= key[30] := "WHILE *;
key[31] = "WITH ™

FOR i := 1 TO n DO
BEGIN a[i] := 0; b[i]:=0
END ;
b[0] := 0; k2 := kin;
(*scan input text and determine a and b*)
WHILE NOT eof(input) DO
BEGIN read(ch);
IF ch IN ["a".."z"] THEN
BEGIN (*identilier or key*) ki1 := O;
REPEAT IF k1 < kln THEN
BEGIN k1 := k1+1; buf[k1] :=
END ;
read(ch)
UNTIL NOT (ch IN ["a"."z", "0".."9"]);
IF k1 >= k2 THEN k2 := k1 ELSE
REPEAT bul[k2] := " "; k2 := k2-1
UNTIL k2 = ki;
pack(bul,1,id);
=1 j=n
REPEAT Xk := (i+j) DIV 2;
IF key[k] <= id THEN i
IF key[k] >= id THEN j
UNTIL i > j;
IF key[k] = id THEN a[k] := a[k] + 1 ELSE
BEGIN k := (i+j) DIV 2; b[k] := b[k]+1
END ;
END ELSE
IF ch = """ THEN
REPEAT read(ch) UNTIL ch = """ ELSE
IF ¢ch = "(*" THEN
REPEAT read(ch) UNTIL ch = "*)"
END ;
writen(" keys and frequencies of occurrence:");
suma ;= 0; sumb = b[0];
FORi:= 1 TO n DO
BEGIN suma := suma+ali}; sumb := sumb+b[i];
writeln(b[[i-1], a[i], " ", key[i])
END ;

k+1;
k-1;

Wi
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writein(b[n]);
writeln(®  --=--m memee- "%
writeln(sumb, suma);

(*compute w from a and b*)
FORi:== 0 TO n DO
BEGIN w[i,i] := b[i];
FOR j := i+1 TO n DO wfi,j] := w[ij-1] + a[j] + b[j]
END ;
writein;
write{" average path length of balanced lree =");
writeln(baltree(0,n)/w[0,n]:6:3); printtree;

opttree;

writeln;

write(” average path length of optimal tree =");
writeln(p[O,n]/w[0,n]:6:3); printtree;

(*now consider keys only, setting b = 0*)
FOR i := 0 TO n DO
BEGIN wli,i} := 0;
FOR j := i+1 TO n DO w[i,j] = w[ij-1] + a[j]
END ;.
opliree;
writeln;
writeln(" optimal tree considering keys oniy");
printtree
END .
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11. Cross reference generators

1. Read a lext and generate a cross reference table of all words, i.e. sequences of
characlers that begin with a letter and consist of lelters and digits only. Blanks, ends
of lines, and special characlers are considered to be separators. Use a binary tree to
store the words encountered.

PROGRAM crossref(f,output);

CONST c¢1 = 10; ("length of words®)
c?2 = 8; (*numbers per line*)
c3 = 6; ("digits per number®)
c4 = 9998; (*max line number*)

TYPE alfa = PACKED ARRAY [1..c1] OF char;

wordref = tword;
itemref = titem;
word = RECORD key: alfa;
first, last: itemref;
left, right: wordref
END ;
item = PACKED RECORD
Ino: 0..9999;
next: itemref
END ;
VAR root: wordref;
Ik.k1: integer;
n: integer, (*current fine number*)
id: alfa; :
f: text;
a: ARRAY [ 1..c1] OF char;

PROCEDURE search(VAR w1: wordref);
VAR w: wordref; x: itemref,;
BEGIN w := wi;
IF w = NIL THEN
BEGIN new(w); new(x);
WITH wt.DO
BEGIN key := id; left := NIL; right = NiL;
first := x; last := x
END ;
xt.0no := n; xt.next ;= NIL; wi = w
END ELSE i
IF id < wt.key THEN search{wr.left) ELSE
IF id > wt.key THEN search(w*.right) ELSE
BEGIN new(x); xt.Ino := n; xt.next = NIL;
wt.laslt.next := x; wt.last = x
END -
END (*search®) ;

PROCEDURE printiree(w: wordref);

PROCEDURE prinlword(w: word);
VAR I: inleger; x: itemref;
BEGIN write(" ", w.key);

x = w.fiirst; | := O;
REPEAT IF | = ¢2 THEN
BEGIN writeln;

| 7= 0; write(" "ic1+1)
END ; . '
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) = 1+1; wrile(xt.In0:c3); x := xt.next
UNTIL x = NIL;
writein
END (*printword*) ;

BEGIN IF w # NIL THEN
BEGIN printtree(wt.left);
printword(wt); printtree(w t.right)
END
END (*printiree*) ;

BEGIN root := NIL; n := 0; k1 := ci;
page(output); reset(f);
WHILE NOT eof(f) DO
BEGIN IF n = ¢4 THEN n := 0;
n = n+1; write(n:c3); (*next line*)
write{(" "); .
WHILE NOT eoln(f) DO
BEGIN (*scan non-empty line*)
IF £t IN ["a"."z"] THEN
BEGIN k := 0;
REPEAT IF k < ¢1 THEN
BEGIN k := k+1; a[k] := fr;
END ; .
write(ft); get(f)
UNTIL NOT (ft IN ["a".."z","0".."9"]);
IF k >= k1 THEN k1 := k ELSE

REPEAT a[k1] := " " k1 := ki-1
UNTIL k1 = k;
pack(a,1,id); search(root)

END ELSE

BEGIN (*check for quote or comment*)
IF ft = """ THEN

REPEAT write(ft); gel(f)
UNTIL ft = """ ELSE
IF f+ = "[" THEN
REPEAT write(ft); get(f)
UNTIL f+ = "}";
write(ft); get(f)
END
END ;
writeln; gel(f)
D .

'

page(output); printtree(root);
END .
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2. Cross reflerence generator as above, but using a hash table instead of a binary tree
to store the words encountered.

PROGRAM crossrelf(f,output);

LABEL 13;

CONST ¢t = 10; (*lenglh of words*)
c2 = 8, (*numbers per line*)
c3 = 6; ('digits per number*)
c4 = 9999; (*max line number*)
p = 997, (*prime number*)
free = "

TYPE index = 0..p;
itemref = titem;
word = RECORD key: alfa;

first, last: itemref,
fol: index

END ;
item = PACKED RECORD
Ino: 0..9999;
next: ilemref
END ;
VAR i, top: index;
kk1: integer; .
n: integer; (*current line number*)
id: alla;
f: text;
a: ARRAY [1..c1] OF char;
letters, ietdigs: SET OF char;
t: ARRAY [0..p] OF word; (*hash table*)

PROCEDURE search;
VAR h,d,i: index;
x: itemref; f: boolean;
(*global variables: t, id, top*)
BEGIN h := ord(id) DIV 4096 MOD p;
(*Pascal-6000 defines ord on packed character array of length 10.
Division is needed because division operates on 48 bits only! *)
f:= false; d = 1;
new(x); xt.Ino := n; xt.next := NIL;
REPEAT
IF t{h].key = id THEN
BEGIN (*found®) f := true;
t[h].Jastt.next := x; i[h]last := x
END ELSE ;
IF tfh].key = free THEN
BEGIN (*new entry*) I := true;
WITH t[h} DO
BEGIN key := id; first := x; last := x; fol := top
END ;
top := h
END ELSE
BEGIN (*collision*) h := h+d; d := d+2;
IF h >= p THEN h := h-p;
IF d=p THEN
BEGIN writeln(" table overflow"); GOTO 13
END
END
UNTIL f



66 Pascal programs

END (*search*) ;

PROCEDURE printtable;
VAR i,j,m: index;

PROCEDURE printword(w: word);
VAR I: integer; x: itemref,;
BEGIN write(" ", w.key);
x = w.first; | := O;
REPEAT IF | = ¢2 THEN
BEGIN writeln;
| := 0; write(" ™ct+1)
END ;
= I+1; write(xt.In0:c3); x := xt.next
UNTIL x = NIL;
writeln
END (*printword*) ;

BEGIN i := top;
WHILE i # p DO
BEGIN (*scan linked list and find minimal key*)
m =0 j = t[i].fol;
WHILE j # p DO
BEGIN IF t[j].key < i{m].key THEN m := j;
j = tfj].fol
END ;
printword(tfm]);
IF m # i THEN
BEGIN t[m].key := t[i]key;
t{m].first := t[i].first; \{m].)ast := t[i].last
D ;
i = t{il].lol
END
END (*printtable*) ;

BEGIN n := 0; k1 := c1; top := p; reset(f);
FOR i := 0 TO p DO I[i].key := free;
letters := ["a".."z"],; letdigs := letlers + ["0".."9"];
WHILE NOT eof(f) DO
BEGIN IF n = ¢4 THEN n := 0;

n := n+1; write{me3); (*next line*)
write(" ");
WHILE NOT eoln(f) DO
BEGIN (*scan non-empty line*)
IF ft IN tetters THEN
BEGIN k := 0; '
REPEAT IF k < ¢1 THEN
BEGIN k := k+1; a[k] := fr;
END ;
write(ft); get(f)
UNTIL NOT (fr IN letdigs);
IF k >= k1 THEN k1 := k ELSE
REPEAT a[k1] = " "; ki := k1-1

UNTIL kt = k;
pack(a,1,id); search;
END ELSE

BEGIN {*check for quole or comment*).
IF ft = """ THEN
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REPEAT write(ft); get(f)

UNTIL f+ = """ ELSE
IF f+ = "{" THEN

REPEAT write(ft); gel(f)

UNTIL f+ = "}
write(ft); get(f)
END
END ;
writeln; get(f)

END ;

13: page; printtabie
END .

67
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12. Syntax analysis

Skeleton compiler which checks the syntax of ils input text according to the following
grammar. Principle is lop-down, recursive descent with one symbol lookahead. (see
also N.Wirlh, Algorithms + Dala Struclures = Programs, Ch. 5, Prenlice-Hall, Inc. 1975)

program = block "." .
block = [ "CONST" ident "=" number {"," ident "=" number} ";"]
[ "VAR" ident {"," ident} "}
{ "PROCEDURE" ident ™;" block ";"} statement .
statement = [ ident ":=" expression | "CALL" ident |
"BEGIN" statement {";" statement} "END" {
"IF" condilion "THEN" slatement |
"WHILE" condition "DO" statement ] .
condition = "ODD" expression |
expression ("="|"J"|"<""<E""D "> =") expression .
expression = ["+"|"-"] term [("+"]"-") term].
term = factor (("*"|"/") factor}.
factor = ident | number | "(" expression ")" .

PROGRAM PLO(input,output);

LABEL 99;

CONST norw = 11; (*no. of reserved words*)
txmax = 100; (*length of idenlifier lable*)
nmax = 14; (*max. no of digits in numbers*)
al = 10; (*lenglh of identifiers*)
chselsize = 128; (*lor ASCIl character set*)

TYPE symbol =

(nul,idenl,number,plus,minus,times,slash,oddsym,
eql,neq,Iss,leq,gtr.geq,Iparen,rparen,comma,semicolon, ¢
period,becomes,beginsym,endsym,ifsym,thensym,
whilesym.dosym,callsym,conslsym,varsym,procsym);

alfa = PACKED ARRAY [1.al] OF char;

object = (constant,variable,prozedure);

VAR ch: char; (*last character read*)
sym: symbol; (*last symbol read*)
id: alfa; (*last identifier read*)
num: inleger; (*lasl number read®)
cc: integer; (*character count*)

ll: integer; (*line length*)
kk: integer;

line: ARRAY [1..81] OF char;
a: alfa;

word: ARRAY [1..norw] OF alfa;
wsym: ARRAY [1.norw] OF symbol;
ssym: ARRAY [char] OF symbol;
lable: ARRAY [0..txmax] OF
RECORD name: alfa;
kind: object
END ;
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PROCEDURE error(n: integer);
BEGIN writeln{" ™cc, "t", n:2); GOTO 99
END (*error*) ;

PROCEDURE gelsym;
VAR ijk: integer;

PROCEDURE getch;
BEGIN IF ¢cc = )l THEN
BEGIN IF eof(input) THEN
BEGIN write("” program incomplete"); GOTO 99
END ;
= 0; cc := O; write(" ");
WHILE NOT eoln(input) DO
BEGIN Il := ll+1; read(ch); write(ch); line[It] := ¢ch
END ;
writeln; il := 1+1; read(line[11])
END ;
cc = cc+1; ¢h := line[cc]
END (*getch?®) ;

BEGIN (*getsym*)
WHILE ch = " " DO getch;
IF ch IN ["a".."z"] THEN
BEGIN (*identifier or reserved word*) k := O;
REPEAT IF k < al THEN.
BEGIN k := k+1; a[k] := ch
END ;
getch
UNTIL NOT (ch IN ["a".."z","0".."9"]);
IF k >= kk THEN kk := k ELSE
~REPEAT a[kk] = " "; kk 1= kk-1
UNTIL kk = k;
id := a; i 1= 1;j 1= norw;
REPEAT k' := (i+j) DIV 2;
IF id <= word[k] THEN j :
IF id >= word[k] THEN i
UNTIL § > j;
IF i-1 > j THEN sym := wsym[k] ELSE sym := ident
END ELSE ’
IF ch IN ["0"."9"] THEN
BEGIN (*number*) k := 0; num := O; sym := number;
REPEAT num := 10*num + (ord(ch)-ord("0"));
k := k+1; getch
UNTIL NOT (ch IN ["0".."9"]);
IF k > nmax THEN error(30)
END ELSE
IF ch = ":" THEN
BEGIN getch;
IF ¢ch = "=" THEN
BEGIN sym := becomes; getch
END ELSE sym := nul;
END ELSE
IF ch = "<" THEN
BEGIN getch;

k-1;
k+1

WO
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IF ch = "=" THEN
BEGIN sym := leq; gelch
END ELSE sym := Iss
END ELSE
IF ch = ">" THEN
BEGIN getch;
IF ch = "=" THEN
BEGIN sym := geq; getch
END ELSE sym := gtr
END ELSE
BEGIN sym := ssym[ch]; getch
END
END (*getsym*) ;

PROCEDURE block(tx: integer);

PROCEDURE enter(k: object);
BEGIN (*enter object into table*)
tx = tx + 1;
WITH table[tx] DO
BEGIN name := id; kind := k;
END .
END (*enler*) ;

FUNCTION position(id: alfa): integer;

VAR i: integer;

BEGIN (*find identifier id in table®)
table[0].name := id; i := tx;
WHILE table[i].name # id DO i := i-1;
position := i

END (*position*) ;

PROCEDURE constdeclaration;
BEGIN IF sym = ident THEN
BEGIN getsym;
IF sym = eql THEN
BEGIN getsym;
IF sym = number THEN
BEGIN enter(constant); getsym
END
ELSE error(2)
END ELSE error(3)
END ELSE error(4)
END (*constdeciaralion*) ;

PROCEDURE vardeclaration;

BEGIN IF sym = ident THEN
BEGIN enter{variable); getsym
END ELSE error(4)

END (*vardeclaration*) ;

PROCEDURE statement;
VAR i integer;
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PROCEDURE expression;
PROCEDURE term;

PROCEDURE factor;
VAR i integer;
BEGIN
IF sym = ident THEN
BEGIN i := position{id);
IF i=0 THEN error(11) ELSE
IF table[i].kind = prozedure THEN error(21);
gelsym
END ELSE
IF sym = number THEN
BEGIN getsym
END ELSE
IF sym = Iparen THEN
BEGIN getsym; expression;
IF sym = rparen THEN getsym ELSE error(22)
END
ELSE error(23)
EMD (*factor*) ;

BEGIN (*term*) factor;
WHILE sym IN [times,slash] DO
BEGIN getsym; factor
END
END (*term*) ;

BEGIN (*expression*)
IF sym IN [plus,minus} THEN
BEGIN getsym; term
END ELSE term;
WHILE sym IN [plus,minus] DO
BEGIN getsym; term
END
END (*expression®) ;

PROCEDURE condition;
BEGIN
IF sym = oddsym THEN
BEGIN getsym; expression
EMD ELSE
BEGIN expression;
IF NOT (sym IN [eql,neq,lss,leq,glr,geq]) THEN
error(20) ELSE
BEGIN gelsym; expression
END
END
END (*condition®) ;

BEGIN {*slatement*)
IF sym = ident THEN
BEGIN i := posilion(id);
IFi=0THEN error(11) ELSE
IF table[i].kind # variable THEN error(12);
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getsym; IF sym = becomes THEN getsym ELSE error(13);
expression
END ELSE
IF sym = calisym THEN
BEGIN getsym;
IF sym # ident THEN error(14) ELSE
BEGIN i := position(id);
IF i = 0 THEN error(11) ELSE
IF table[i]kind # prozedure THEN error{15);
getsym . :
END
END ELSE
IF sym = ifsym THEN
BEGIN getsym; condition;
IF sym = thensym THEN gelsym ELSE error{16);
statement; ’
END ELSE
IF sym = beginsym THEN
BEGIN gelsym; statement;
WHILE sym = semicolon DO
BEGIN getsym; statement
END ;
IF sym = endsym THEN getsym ELSE error(17)
END ELSE
IF sym = whilesym THEN
BEGIN getsym; condition;
IF sym = dosym THEN getsym ELSE error(18);
statement
END
END (*slatement?®) ;

BEGIN ("block”)
IF sym = conslsym THEN
BEGIN getsym; constdeclaration;
WHILE sym = comma DO
BEGIN getsym; consldeclaration
END ;
IF sym = semicolon THEN getsym ELSE error(5)
END ;
IF sym = varsym THEN
BEGIN getsym; vardeclaration;
WHILE sym = comma DO -
BEGIN getsym; vardeclaration
END ;
IF sym = semicolon THEN gelsym ELSE error(5)
END ;
WHILE sym = procsym DO
BEGIN getsym;
IF sym = ident THEN
BEGIN enler(prozedure); gelsym
END
ELSE error{4);
IF sym = semicolon THEN getsym ELSE error(5);
block(tx);
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IF sym = semicolon THEN gelsym
END ;
stalement
END (*block*) ;

BEGIN (*main program*)

FOR ch := chr(0) TO chr(chsetsize-1) DO ssym[ch] := nul;

ELSE error(5);

word[ 1] 1= "BEGIN “. word[ 2] := "CALL "

word[ 3] := "CONST ", word[ 4] = "DO "

word[ 5] := "END " word[ 8] = "IF "

word[ 7] := "ODD " word[ 8] := "PROCEDURE "

word[ 97 := "THEN " word[10] := "VAR

word{11] := "WHILE "

wsym[ 1] := beginsym; wsym[ 2] := callsym;

wsym[ 3] := constsym; wsym[ 4] := dosym;

wsym[ 5] := endsym; wsym[ 6] := ifsym;

wsym([ 7] := oddsym; wsym[ 8] := procsym;

wsym[ 9] := thensym; wsym[10] := varsym;

wsym[ 11] := whilesym;

ssym["+"] := plus;  ssym{"-"] := minus;
“ssym["*"] := timss;  ssym["/"] := slash;

ssym["("] := Iparen; ssym[")"] := rparen;

ssym["="] := eql; ssym[","] = comna;

ssym["."] := period; ssym["#"] := neq;

ssym["<"] := Iss; ssym[">"] := gir;

ssym[";"] := semicolon;

page(output);

cc := 0; 1l := 0; ¢h = " ") kk := al; getsymy;

block(0);

IF sym # period THEN error(9);
99: writeln
END .
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