Exercises from Section 1.2.1

Tord M. Johnson

May 17, 2020

1. [05] Explain how to modify the idea of a proof by mathematical induction, in case we want to prove some
statement P(n) for all nonnegative integers—that is, for n =0,1,2,... instead of for n =1,2,3,....

We may modify the idea of a proof by mathematical induction in the case we want to prove some
statement for all nonnegative integers as follows:

Let P(n) be some statement about the integer n. In order to prove that P(n) is true
for all nonnegative integers n:

a. Give a proof that P(0) is true.

b. Give a proof that “if all of P(0), P(1),...,P(n) are true, then P(n + 1) is also
true”; this proof should be valid for any nonnegative integer n.

» 2. [15] There must be something wrong with the following proof. What is it? “Theorem. Let a be any
positive number. For all positive integers n we have a”~ ' = 1. Proof. If n=1,a" ' =a'"' =a” = 1. And
by induction, assuming that the theorem is true for 1,2,...,n, we have

a" Ixam!  1x1

(n+1)-1 _ n _ —
q(n—1)-1 1

a =a

L;

so the theorem is true for n + 1 as well.”

The proof, in particular during the induction step, makes an assumption about a1 =1 instead

of a1, requiring the case for both n = 1 and n = 2 to be proved, which has not been done.
Otherwise, if a("~D~1 = ¢(1=V~1 = 4= = 1, the theorem would indeed be true.

3. [18] The following proof by induction seems correct, but for some reason the equation for n = 6 gives

% + % + 1—12 + 2—10 + 3—10 = % on the left-hand side, and % — % = % on the right-hand side. Can you find a

mistake? “Theorem.
1 . 1 L n 1 3 1
1x2 2x3 N '

(n—=1)xn 2 n
Proof. We use induction on n. For n =1, clearly 3/2 — 1/n = 1/(1 x 2); and, assuming that the theorem is
true for n,
1 1 1 3 1 1 3 1 1 1

1x2+”4Xn—nxn+nqu4):§_E+H??5:§_E+wﬁ_n+1

)_3 1,
T2 np41

The proof, in particular during the base step for n = 1, fails to prove that % — % = ﬁ or

that % - % = 0, the former which is in fact undefined.

4. [20] Prove that, in addition to Eq. (3), Fibonacci numbers satisfy F,, > ¢" 2.

Proposit;on. For ¢ = 1+2\/5 and all positive integers n, Fibonacci numbers satisify
Fy > ¢" =

_ _ 2 _ 2 2 1 _ 4-1_ 41-2 _ jn-2
Proof,Ifn—l,Fn—lzg_H—z>1+\/g_5_¢ =pl72 = ¢pn 2,
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Then, assuming F,, > ¢" 2 for all positive integers n, we must show that F,,; >
P2 = pn=1 Ifp =2 F, =1> ¢° = ¢>~2 = ¢" 2. Otherwise, if n > 2:

Fn+1 =F, +F,1
> ¢n—2_’_¢n—3

B ¢n+1 +¢n
= T
1

— 1)
="+ o)

> " 1(2) since 1/¢ < 1

which we needed to show. ]

5. [21] A prime number is an integer > 1 that has no exact divisors other than 1 and itself. Using this
definition and mathematical induction, prove that every integer > 1 may be written as a product of one
or more prime numbers. (A prime number is considered to be the “product” of a single prime, namely
itself.)

Proposition. Fvery integer n > 1 may be written as a product of one or more prime
numbers.

Proof. If n =2, then n is prime.

Then, assuming every integer n > 1 may be written as a product of one or more prime
numbers, we must show that n + 1 may be as well. In the case that n 4+ 1 is prime, this
is trivially true. Otherwise, in the case that n + 1 is composite, there must exist two
factors p and ¢ such that n + 1 = pq where 1 < p,q < n + 1; but by hypothesis, p and
q are the products of one or more prime numbers, and so their product is such, as we
needed to show. O

6. [20] Prove that if Egs. (6) hold just before step E4, they hold afterwards also.

Proposition. In Algorithm E, given am +bn=dAa'm+b'n=c=qd+r prior to
step B, afterwards we have am +bn =dANa'm+bn = c.

Proof. Assume am +bn=dANa'm+bn=c=qd+r.
But:

am+bm=dANdm+bn=c=qd+r iff am+bm=dAradm+bn=qd+r
if am+bn=dAam+bn=gqglam+bn)+r
iff am+bn=dAam+bn=qgam+qgbn+r
iff am+bn=dAram+bn—qgam—qgn=r
iff am+bn=dA (a —qga)m+ (b —gb)n=r
iff (@ —qga)ym+ ¥ —gb)yn=rAam+bn=d
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Then, given (@’ — ga)m + (V' — gb)n = r A am + bn = d, in executing step E4:

c+d (@' —qa)ym+ (b —gb)n=r ANam+bn=c
d<+r (@' —qa)ym+ (b —gbyn=dANam+bn=c
t«a (t—qga)ym+ (' —gb)n=dNam+bn=c
a +—a (t—ga)ym+ (' —gbyn=dANa'm+bn=c
a<+t—qa am+ (b —gbyn =dANa'm+bn=c
t+ b am+ (t —gbyn=dANa'm+bn=c
b b am+ (t—gbyn=dANadm+bn=c
b« t—qb am+bn=dAadm+bn=c
as we needed to show. O

7. [23] Formulate and prove by induction a rule for the sums 1%, 22 — 12, 32 — 22 4 12, 42 — 32 + 22 — 12
52 — 42 432 — 22 + 12, ete.

Proposition. Let S, = 12 if n = 1 or n? + (=1)S,_1 if n > 1 otherwise, for all
positive integers n. That is, let S, be a sum in the sequence 12, 22 — 12, 32 — 22 4 12,
42 — 32 422 — 12, 52 — 42 + 32 — 22 4 12, etc. For all positive integers n, S, =
Zlgkgn(_l)n_ka'

Proof. Forn =1, wehave S, =12 = (=1)21% = 37, (=)' 7"k> = 37, (=) Fk2.

Then, assuming for all positive integers n > 1 if S, = Z1§k§n(_1)n_kk27 we must
prove that S,41 =3 cpcppq (1) D FEZ,
But:
Sp1=(n+1)* +(=1)S,
=(n+1)7+(-1) > (="K
1<k<n
=(n+1)%+ > (-nThRe
1<k<n
:(71)(n+1)7(n+1)(n+1)2+ Z (71)(n+1)7kk2
1<k<n
— Z (_1)(n+1)_kk2
1<k<n+1

as was to be shown. O

» 8. [25] (a) Prove the following theorem of Nicomachus (A.D. c. 100) by induction: 13 = 1, 23 =
345,33 =7+9+11, 4% = 13+ 15+ 17 + 19, etc. (b) Use this result to prove the remarkable formula
B4 4.pnd=014+2+---+n)

[Note: An attractive geometric interpretation of this forumula, suggested by Warren Lushbaugh, is shown in
Fig. 5; see Math. Gagzette 49 (1965), 200. The idea is related to Nicomachus’s theorem and Fig. 3. Other
“look-see” proofs can be found in books by Martin Gardner, Knotted Doughnuts (New York: Freeman, 1986),
Chapter 16; J. H. Conway and R. K. Guy, The Book of Numbers (New York: Copernicus, 1996), Chapter
2.]

a. We shall prove a theorem of Nicomachus.
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Proposition. For all positive integers n, n® = D i<k<n n? —n+2k—1.

Proof. fn=1,n%=13=1=12-142-1=%,_,.,n*—n+2k—1.

Then, assuming n3 = Zlgkgn n? —n + 2k — 1 for all positive integers n, we must
show that (n+1)% =37, ;1 (n +1)* = (n + 1) + 2k — 1. But:
(n+1)2=n>+3n2+3n+1
=3n2+3n+1+n3
=3n°+3n+1+ Y n*-n+2k-1

1<k<n
=3n?+3n+1+n(n?—n)+ Z 2k —1
1<k<n
=3n2+3n+1+n*-—n?+ Z 2k —1
1<k<n

=2 +3n+1+n°+ Y 2k-1

1<k<n
=n®+om’+3n+1+ > 2k—1
1<k<n
=n*+2mi4+n+2n+1+ Z 2k -1
1<k<n
=(n+Dn*+n)+2m+1+ > 2k—1
1<k<n
=+l +2m+1-n—1)+20+1+ > 2k—1
1<k<n
=(m+1)((n+1)*—(n+1))+2n+1)—1+ Y 2k—1
1<k<n
=(m+1)((n+1)>=(n+1)+ > 2%k-1
1<k<n+1
= > (n+1P?—(n+1)+2k-1
1<k<n+1
as we needed to show. O

b. We shall use the proof above to prove another formula.

Proposition. For all positive integers n, > 1 o<, K> = (021 cpen k)%

Proof. We have that for all positive integers n, n® =>",_, ., n*> —n+ 2k — 1.

First, we will show that Zlgjgn Zlgkgj jP—j+2k—1=> 2k — 1.

2
+
1<k<nitn
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In the case that n = 1:

SN Agrk-1= Y > P2-j+2k-1

1<j<n 1<k<; 1<G<11<k<)

= Z 12—142k-1

1<k<1
=1

= Z 2k — 1

1<k<1

= Z 2k —1

1<k< 2L

= Z 2k — 1

24,
1§/€S" S n

Then, assuming that 35, Y 1cpe; J° =7 +2k—1= Zlgkg n24n 2k — 1 for all

positive integers n, we must first show that 37, <, 11 > 1<h<; J2—j+2k—1
= cpe min2ints 2k — 1. But:
SR> 2

Yoo 2k 1=() > P-i+2%-1D)+ > (n+1)?—(n+1)+2k—1

1<j<n+11<k<; 1<j<n 1<kS; 1<k<n+1

=( > 2%-1D+ Y @+’ -(@n+1)+2k-1
1<k<2iEn 1<k<n+1

=( Y. 2%k-1)+ > k
1<k<nZin 1< AL () g

=( > 2% —1) + > k
1<k nipn n2in kel ¢ ()2 (nk 1)

=( > 22—+ > 2k — 1
1§k§"2% #+1Skgw

= ( > 2k — 1)

(n+1)24(n+1)
e

as was to be shown.
Second, and finally, we note that:

o= Y S -i+2%k—1

1<k<n 1<j<n 1<k<j

> 2%k-1

1Sk§n2;n
2 2
n°+n n°+n
5 )2 the sum of

(
(n(n;— 1))2

(> k)?

1<k<n

odd integers

as we needed to show. O

9. [20] Prove by induction that if 0 < @ < 1, then (1 —a)” > 1 — na.
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Proposition. For all positive integers n, if 0 < a < 1, then (1 —a)™ > 1 — na.
Proof. If n=1,then (1-a)"=(1-a)l! =1—-a=1- (1)a=1— na.
Then, assuming that (1 —a)™ > 1 — na for all positive integers n, we must show that
(1-a)""t >1—(n+1)a. But:
(1—a)"™ =1 —-a)(l—a)"

> (1—a)(a—na)

=1—na—a+na’

>1—na—a

=1-(n+1)a
as we needed to show. O

10. [M22] Prove by induction that if n > 10, then 2" > n3.

Proposition. For all integers n > 10, 2" > n>.
Proof. If n = 10, then 2" = 219 = 1024 > 1000 = 103 = n3.
Also note that if n > 10, then (1+ 1) < (1+ %)3 < 2.

Then, assuming 2" > n? for all integers n > 10, we must show that 2" > (n + 1)3.

But:
> (2)n?
1
14+ 23,3
> (1+ n) n
=(n+1)3
as we needed to show. O

11. [M30] Find and prove a simple formula for the sum

S i N 5 (-1)"(2n +1)3
1444 3444 54+4 2n+1)*+4

(=hH""'@n-1)%,

When we enumerate the first five terms and cumulative sums of the sequence S,, = Gn=1)iTd

n S D 1<k<n Sk
1 1/5 1/5
2 -27/85 -2/17
3 125/629 3/37
4 -343/2405 -4/65
5 729/6565 5/101

(DT Eek-1)® _ (=1"'n

we conjecture that >, 4o, ST = 4T

(=D '2E=1)% _ (=" 'n
(2k—1)4+4 T 4n2+41

Proposition. For all positive integers n, > | <,

— =D er-1® _ (=D°e-1)® _ 1 _ (=1n°Q) _ (=n"!
Proof. It n =1, Z1gk§n Ck—-1)T+4 = ~(2-DF+4 T 5 T 4(1)2+1 4n2+1n'
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(=D ERE-D® (=D

Then, assuming > ;1< e 2“ ™ for all positive integers n, we must
(=DF'2k=1)% _ (=1)"(n+1) .
show that Zlgkgnﬂ BT = AT But:

(-1)F'(2k - 1)° (=DF 2k -1)°  (=D"(2(n+1) - 1)°
D 2k 1)1 14 :(sz;n P S R o iy y
_ =D (CD)"@2r+1) - 1)°
4n2? 4+ 1 2(n+1)—1)*+4
(=)™ n(2n+D* +4) + (=D (2n + 1)2(4n% + 1)
(4n2 +1)((2n+ 1)* +4)
(=D (e + D)4 4) + (1) (2n 4+ 1)3(4n? + 1)
B (4(n+1)2 +1)(4n2 +1)2
(=D =n(@n+ 1)t +4) + (-1)"(2n + 1)3(4n® + 1)
- (4(n + 1)2 + 1)(4n? + 1)2
(=D (—n(@n+ D)+ 4) + (2n+1)3(4n? + 1))
(4(n+1)2 +1)(4n? +1)2
_ (=D)™(n+1)(4n® +1)?
 (4(n+1)24+1)(4n2 +1)2
(-1)"(n+1)
4n+1)2+1

1<k<n+1

as we needed to show. O

12. [M25] Show how Algorithm E can be generalized as stated in the text so that it will accept input values
of the form u+v+/2, where u and v are integers, and the computations can still be done in an elementary way
(that is, without using the infinite decimal expansion of v/2). Prove that the computation will not terminate,
however, if m =1 and n = /2.

Algorithm E can be generalized to accept input values of the form u + vy/2 for integers v and v,
using repeated subtraction instead of division. The algorithm relies on the fact that u + vy/2 =
W HUV2 <= v —u=0Av —v =0, our test for a zero remainder; and on the fact that

(u—u')+ (v—2)V2 <0+ (u—u)+ | (v-")V2] < 0.

Algorithm F (Generalized Euclid’s algorithm). Given two numbers m = m,. +m;v/2 and n =
n, + n;v/2 with integers m,., m;, N, n;, we compute their greatest common divisor d = d, + di/2
with integers d,., d;, and we also compute two integers a and b such that am + bn = d.

Fla. [Initialize.] Set a’ <= b < 1, a < V < 0, (¢r,¢;) < (my,m;), (dr,d;) < (ny,m5),
Yy z <+ 1.

F1bl. [Initialize ¢ = |m|.] Set v + 0.

F1b2. If (v + 1)2 < 2¢2, v < v + 1, and go to step F1b2. Otherwise, if ¢; < 0, v < —(v + 1).
(Afterwards, we have v = |¢;v/2].)

F1b3. If ¢, +v < 0, y + —1, (¢, ¢)  (—¢r, —¢).
Flcl. [Initialize d = |n|.] Set v + 0.

Flc2. If (v +1)2 < 2d?, v + v + 1, and go to step Flc2. Otherwise, if d; < 0, v < —(v + 1).

(Afterwards, we have v = |d;v/2].)
Flc3. If d, +v <0, 2 ¢ —1, (dy, di)  (—dy, —d;).
F2a. [Divide.] Let ¢ < 0, (er,e;) « (cr, ;).
F2bl. Let (e, ¢;) «+ (e, — dp,e; — d;) and v + 0.

F2b2. If (v+1)2 < 2e?, v + v+ 1 and go to step F2b2. Otherwise, if e; < 0, v + —(v + 1).
(Afterwards, we have v = |e;v/2].)
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F2c. Ife,+v >, q<+ g+ 1 and go to step F2bl.
F2d. Let (r,,7;) < (¢,—qd,,ci—qd;). (We have ¢, 4c;v/2 = qd+r.+7;v/2and 0 < r.+r;v/2 < d.)

F3. [Remainder zero?] If (r.,r;) = (0,0), let a < ya, b + zb and the algorithm terminates;
we have in this case am + bn = d as desired.

F4. [Recycle] Set (¢r,¢i) « (dr,d;), (dr,d;) < (rpy7i), t < d';a" + a,a <t —qa, t
b,b < b,b+ t— qb, and go back to F2a.

Unfortunately, Algorithm F will not terminate given inputs m = 1,n = /2. If it did terminate,
we would have 7. 4+7;v/2 = 0 = ¢, +¢;vV/2—q(d, +divV/2) = (¢, —qd,) +(c;—qd;\/2), or equivalently,
V2 = ‘ifi“_i;y; that is, we would find v/2 to be rational, which cannot be. We can be assured that

¢; # qd; in this case, since 1 # ¢v/2 for any rational q. Hence, the algorithm will not terminate.

Note: ... For further information, see “quadratic Euclidean domains” in number theory textbooks.

» 13. [M23] Extend Algorithm E by adding a new variable T" and adding the operation “T" <— T'+ 1”7 at
the beginning of each step. (Thus, T is like a clock, counting the number of steps executed.) Assume that
T is initially zero, so that assertion A1 in Fig. 4 becomes “m > 0, n > 0, T'=0.” The additional condition
“T =17 should similarly be appended to A2. Show how to append additional conditions to the assertions
in such a way that any one of A1, A2, ... A6 implies T' < 3n, and such that the inductive proof can still be
carried out. (Hence the computation must terminate in at most 3n steps.)

Initially, we are given the following algorithm with various assertions.

Algorithm E (Extended Euclid’s algorithm). Given two positive integers m and n, we compute
their greatest common divisor d, and we also compute two not-necessarily-positive integers a and
b such that am + bn = d.

Al.  [Precondition.] m >0, n > 0.
A2.
A6.

[
El. [Initialize.] Set a’ < b+ 1,a+ V' < 0, c < m, d + n.
[E1 postcondition.] c=m >0,d=n>0,a=V=0,d =b=1.
[E4 postcondition.] am+bn=d, a’'m+bn=-c, d >0, ged(c,d) = ged(m, n).

E2. [Divide.] Let ¢ and r be the quotient and remainder, respectively, of ¢ divided by d. (We
have c=qd+r and 0 <r < d.)

A3.  [E2 postcondition.] am+bn =d, a’'m+bn=c=qd+r,0<r <d, ged(e,d) = ged(m,n).

E3. [Remainder zero?] If r =0, the algorithm terminates; we have in this case am + bn = d
as desired.

AJ. [E3 postcondition, r = 0.] am + bn = d = ged(m,n).

A5, [E3 postcondition, r #0.] am+bn=d,adm+bn=c=qd+r, 0<r <d, ged(c,d) =
ged(m, n).

E4. [Recycle] Setc«+d,d+r,t+d,d < a,a+t—qa, t«< b,V + b b+ t—qb, and
go back to E2.

|
We can augment this with a step variable T' to show that T' < 3n.

Algorithm G (Eztended Euclid’s algorithm with steps). Given two positive integers m and n,
we compute their greatest common divisor d, and we also compute two not-necessarily-positive
integers a and b such that am + bn = d, as well as steps T to show that T < 3n.

GO. [Initialze steps.] T < 0.
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B1. [Precondition, GO postcondition.] m >0, n >0, T = 0.

G1. [Initialize.] Seta' b+ 1,a+ b «0,c+m,d+n, T+ T+ 1.

B2. |Gl postcondition.] ¢=m>0,d=n>0,a=0 =0, =b=1,T=1.

B6. [G4 postcondition.] am +bn = d, ad'm +bn = ¢, d > 0, ged(c,d) = ged(m,n), T <

3(n—d)+ 1.

G2. [Divide.] Let g and r be the quotient and remainder, respectively, of ¢ divided by d. Also
set T« T+1. (Wehavec=qgd+rand 0 <r <d.)

B3.  [G2 postcondition.] am—+bn =d, a’m+bn=c=qd+r,0<r <d, ged(e,d) = ged(m,n),
T <3(n—d)+2.

G3. [Remainder zero?] Set T + T+ 1. If » = 0, the algorithm terminates; we have in this
case am + bn =d and T < 3n as desired.

B4.  [G3 postcondition, r =0.] am +bn =d = ged(m,n), d >0, T < 3(n—d)+ 3.

B5.  [G3 postcondition, r #0.] am+bn=d, adm+bn=c=qd+r, 0 <r <d, ged(c,d) =
ged(m,n), d >0, T <3(n—d)+ 3.

G4. [Recycle] Setc+d,d+r,t« d,d +a,a+t—qa, t <V, b < b b+ t—qb,
T <+ T+ 1, and go back to G2.

|
The new assertions may be derived as shown below, given n > 0.
Summary Precondition  Step Postcondition
{1 Go {B1} 7 T<o0 T =01
{B1} G1 {B2} {T =0}
- {T+1=1} T+ T+1 {T =1}
{B2} G2 {B3} {(n=dAT =1}
= {T'<3(n—d)+1}
= {T+1<3(n—d)+2} T+ T+1 {T < 3(n—d)+2}
{B3} G3 {B/} {d>0AT < 3(n—d)+2}
= {d>0AT+1<3n—d)+3} T+ T+1 {d>0AT <3(n—d)+3}
= {T <3n}
(B3} G3 {B5} {d>0AT < 3(n—d)+2}
= {d>0AT+1<3n—-d)+3} T+ T+1 {d>0AT <3(n—d)+3}
{B5} G4 {B6} {d>0AT < 3(n—d) + 3}
= {T < 3(n—d)}
= {T+1<3(n—d)+1} T+« T+1 {T <3(n—d)+1}
{B6} G2 {B3} {T < 3(n—d)+1}
— {T+1<3(n—d)+2} T+ T+1 {T <3(n—d)+2}

14. [50] (R. W.Floyd.) Prepare a computer program that accepts, as input, programs in some programming
language together with optional assertions, and that attempts to fill in the remaining assertions necessary
to make a proof that the computer program is valid. (For example, strive to get a program that is able to
prove the validity of Algorithm E, given only assertions A1, A4, and A6. See the papers by R. W. Floyd and
J. C. King in the IFIP Congress proceedings, 1971, for further discussion.)

n.a.

» 15. [HM28] (Generalized induction.) The text shows how to prove statements P(n) that depend on
a single integer n, but it does not describe how to prove statements P(m,n) depending on two integers.
In these circumstances a proof is often given by some sort of “double induction,” which frequently seems
confusing. Actually, there is an important principle more general than simple induction that applies not only
to this case but also to situations in which statements are to be proved about uncoutnable sets—for example,
P(z) for all real z. This general principle is called well-ordering.

Let “<” be a relation on a set 9, satisifying the following properties:
i. Given z, y, and z in S, if x < y and y < z, then z < z.

ii. Given x and y in S, exactly one of the following three possibilities is true: z <y, t =y, or y < .
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iii. If A is any nonempty subset of S, there is an element x in A with x <y (that is, x < y or z = y) for
all y in A.

This relation is said to be a well-ordering of S. For example, it is clear that the positive integers are
well-ordered by the ordinary “less than” relation, <.

a. Show that the set of all integers is not well-ordered by <.
b. Define a well-ordering relation on the set of all integers.
c. Is the set of all nonnegative real numbers well-ordered by <7

d. (Lezicographic order.) Let S be well-ordered by <, and for n > 0 let T,, be the set of all n-tuples
(x1,29,...,2y,) of elements z; in S. Define (x1,22,...,2n) < (Y1,Y2,-..,Yn) if there is some k, 1 <
k < n, such that z; = y; for 1 < j <k, but zx < yx in S. Is < a well-ordering of T,,?

e. Continuing part (d), let T' = J,,~ Tn; define (z1,22,...,2m) < (Y1,y2,...,yn) if x; =y, for 1 < j <k
and zy, < yg, for some k < min(m,n), or if m < n and z; = y; for 1 < j <m. Is < a well-ordering of
7

f. Show that < is a well-ordering of S if and only if it satisifies (i) and (ii) above and there is no infinite
sequence i, T2, Ts3,... with ;11 < z; for all j > 1.

g. Let S be well-ordered by <, and let P(x) be a statement about the element x of S. Show that if P(x)
can be proved under the assumption that P(y) is true for all y < x, then P(z) is true for all  in S.

[Notes: Part (g) is the generalization of simple induction that was promised; in the case S = positive integers,
it is just the simple case of mathematical induction treated in the text. In that case we are asked to prove
that P(1) is true if P(y) is true for all positive integers y < 1; this is the same as saying we should prove
P(1), since P(y) certainly is (vacuously) true for all such y. Consequently, one finds that in many situations
P(1) need not be proved using a special argument.

Part (d), in connection with part (g), gives us a powerful method of n-tuple induction for proving statements
P(ma,...,m,) about n positive integers my, ..., m,.

Part (f) has further application to computer algorithms: If we can map each state x of a computation into an
element f(x) belonging to a well-ordered set S, in such a way that every step of the computation takes a state
x intoa state y with f(y) < f(z), then the algorithm must terminate. This principle generalizes the argument
about strictly decreasing values of n, by which we proved the termination of Algorithm 1.1E.]

Answers are enumerated below.

a. We can show that the set of all integers is not well-ordered by < by considering the violation
of condition (iii) with the nonempty (improper) subset Z, which has no least element.

b. We may define a well-ordering relation on the set of all integers as

vy = lz| =yl if —x=y>0 (12)
|z] < |y| otherwise

To see that < satisifes condition (i), assume z < y and y < z. We must show that z < z.
By hypothesis, —x =y >0V |z| < |yl and —y =2 >0V |y| < |z|.

Case I. [-x =y > 0 and —y = z > 0.] This case is impossible, as it requires both
y > 0 and y < 0, and so need not be considered.

Case II. [—x = y > 0 and |y| < |z|.] In this case, since —x = y > 0, we have
lyl =y = —x = |z|. But |y| = |z| < |2| and so < z as we needed to show in this
case.

Case III. [|z| < |y| and —y = z > 0.] In this case, since —y = z > 0, we have
lyl = —y = z = |z|. But |z| < |y| = |2| and so = < z as we needed to show in this
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case.

Case IV. [|z] < |y| and |y| < |z|.] In this case, clearly, as < is transitive, |z| < |z|,
and so z < z as we needed to show in this case.

To see that < satisifies condition (ii) we must show that for arbitrary z and y, x <y, z =y,
ory <z lfr=y, —x#vy, |z| £|y|, and |y| £ [z|; if —z =y > 0, then |z = [y| and = < y;
it —y =2 >0, then |y| = |z| and y < z; otherwise, either |z| < |y| or |y| < |z| in which case
x <y ory < x, respectively.

To see that < satisifies condition (iii), we must show that any nonempty subset of Z has a least
element under <. Let S be such a subset, so that S # @ and let T = {t € Z|(Vs € S)(t < s)}.
We must show that S has a least element. In the case that 0 € S, clearly 0 is such an element.
Otherwise, in the case that 0 ¢ S, T # &, and there must exist an element u € T such that
u+1¢ T but u+1¢€S. Clearly, u+ 1 is the least element under < in S, as we needed to
show.

c. The set of all nonnegative real numbers is not well-ordered by <, as condition (iii) is violated
with the nonempty subset of positive reals, which has no least nonnegative real number.

d. Lezicographic order is a well-ordering of T,, for n > 0.

To see that < satisfies condition (i), assume (21, Za, ..., Zn) < (Y1,Y2s - -, Yn) a0d (Y1, Y2, .-, Yn) <
(21,22, -, 2n). We must show that (z1,22,...,2,) < (21,22,...,2n). For n =1, we have

(x1) < (y1) and (y1) < (#1). Since S is well-ordered by <, < is transitive, and so (1) < (21).
Then, assuming (z1,za,...,%k) < (Y1,¥2,-- - Uk) A (Y1,Y2, -, Yk) < (21,22,...,28) =
(x1,29,...,2%) < (21,22,...,2;) for some k > 1, we must show that (x1,za,...,2541) <
(yl,yz, e 7ykJrl)/\(yl,yg, . ,yk+1) < (2’1, 22,y Z].C+1) — (.’I}l,xg, e ,l‘k+1) < (2717 22, Zk+1).
But since S is well-ordered by < and therefore transitive, (zgp4+1) < (Yp+1) A (Yg+1) <
(2k+1) = (Tg+1) < (2k41); clearly then, with our induction hypothesis, (z1, 2, ..., Zp41) <
(21,22, ey Zk+1).

To see that < satisifies condition (ii) we must show for arbitrary n that (x1,z9,...,2,) <
(y17y27 s 7yn)a (1‘1, Z2, ... axn) = (yl; Yz, - .- 7yn)a or (yla Y2, - yn) < (.131,3?2, v ;xn)- Cleaﬂy
the condition is satisfied for n = 1 since S is well-ordered. Then, assuming (x1, zo, ..., Tk) <
(Y1,92, -, Yk)s (@1,22,...,2) = (Yy1,Y2,---,Yk), OF (Y1,Y2,-.-,Yk) < (x1,22,...,21) for
some k > 1; we must show that (x1,z2,...,2r+1) < (Y1,Y2, -+, Ykt1), (T1,Z2, ..., Tht1) =
(y17y2a cee 7Z~/k+1)7 or (ylay27 e 7yk+1) < (x1,$27 e a$k+1)~

Case I [(z1,22,...,2k) < (y1,Y2,-- -, Y) and (zg11) < (yr+1).] Clearly (z1,z2, ..., Tp4+1) <
(ylay27 ey yk—i—l)-

Case II. [(x1, 22, - -, k) = (Y1, Y2, - - -, Yx) and (p41) < (Yrr1)] (1,22, .., Tpp1) <
(Y1,Y2, -« -, Yk+1) by definition.

Case IIL [(y1,y2,---,Yk) < (x1,%2,...,2x) and (2g4+1) < (yr+1).] In this case, we

have (y17y27 s ayk-‘rl) = (Ila T2, ... 7xk+1)-
Case IV. [(x1,x2,...,2%) < (Y1,Y2,---,yk) and (Zr+1) = (Yr+1).] In this case, we
have (CUl,fL'Q, ) 7.’17]€+1) = (y17y27 B ayk+1)-
Case V. [(z1,22,...,2k) = (Y1,Y2,--.,Yk) and (zx41) = (yr+1).] In this case, we
have (1?1,:52, Ce. 7$k+1) = (yl,yg, ey yk-i—l)-

Case VI [(y1,Y2,---,Yk) < (x1,%2,...,2%) and (yg4+1) = (zr+1).] In this case, we
have (y1,y2, ..., Ykt1) < (21,22, .., Tht1).

Case VIIL [(z1,22,...,2k) < (Y1,Y2y- -, Yk) and (yg+1) < (g+1).] In this case, we
have (a:l,xg, - 7$k+1) =< (y1,y2, ey yk—i-l)-

Case VIII. [(z1,%2, ..., %K) = (Y1, Y2, - - -, Yx) and (yYg+1) < (zk4+1).] In this case, we
have (y1,y2, ..., Uk+1) < (21,22, .., Tht1).
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Case IX. [(y1,y2,---,Yk) < (x1,22,...,xk) and (yx+1) < (Tx+1).] In this case, we
have (y1,y2, ..., Ukt1) < (21, T2, .., Tht1).

To see that < satisfies condition (iii) we must show that for arbitrary n, T, has a least
element under <. For n = 1, clearly this is true as S is well-ordered under <. Then,
assuming 7T}, has a least element, we must show that so does Tj;. But if both T} and S
have least elements, (t1,ts,...,tx) and (s1) respectively, then clearly Ty11 does too; namely,
(tlatZa v 7tk7 Sl)~

. Continuing part (d), if we let T' = {J,,»; T, and define (z1,22,...,Zm) < (Y1,Y2,..,Yn) if
z; =y, for 1 <j <k and zy < yg, for some k < min(m,n), or if m < n and z; = y; for
1 < j < m; then < is not a well-ordering of T', as condition (ii) can be violated. Consider
{a,b} with a < b. Then, (b) £ (a,b), (b) # (a,b), and (a,b) £ (b).

. We need to show that < is a well-ordering of S if and only if it satisifies conditions (i) and (ii)
and there is no infinite sequence x1, 2, x3,... with ;41 < x; for all j > 1. That is, we must
show the equivalence of condition (iii), that S has a least element, and the nonexistence of
an infinite descending sequence x; such that z;; < x; for all j > 1. If S has a least element,
then clearly, there is an s € S such that for any x € S, x £ s unless s = x. Conversely, if
no such sequence exists, there is some s such that « £ s for all x € S, and this s is precisely
the least element of S.

. Let S be well-ordered by <, and let P(x) be a statement about the element z of S. We must
show that if P(z) can be proved under the assumption that P(y) is true for all y < z, then
P(z) is true for all z in S.

Suppose not. That is, suppose there is some p such that P(p) does not hold, despite the
fact that for all y < z, P(y) = P(z). If P(y) holds for all y < p, then by hypothesis, P(p)
holds. This is a condraction. Hence, P(x) holds for all z € S.
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