TMVO035 Analysis and Linear Algebra B, 2006
SOLVING THE EQUATION f(z)=0

In this lecture we present the bisection algorithm in its general setting and use it to prove two
theorems: Bolzano’s Theorem and the Intermediate Value Theorem. We then present another
algorithm, the fixed point iteration, and use it to prove the Contraction Mapping Theorem.

Note: the figures are missing, I did not have time to do them yet.

1. THE BISECTION ALGORITHM

We consider real-valued functions of a real variable, f : R — R, or f : [a,b] — R where [a,b] is
an interval of real numbers.
We first consider equations of the form f(z) = 0.

Theorem. (Bolzano’s theorem) Assume that f : [a,b] — R is Lipschitz continuous and that
f(a)f(b) < O (opposite signs). Then there is a real number T € [a,b] such that f(Z) =0. If f is
strictly monotone (increasing or decreasing) then T is unique (the only such number).

The proof is a constructive proof, in contrast to, for example, a proof by contradiction. This
means that the proof describes how the number Z is constructed. It is organized in the following
four steps:

(1) an algorithm which produces an approximating sequence {z;};
(2) a proof that {z;} is a Cauchy sequence so that we get a real number (decimal expansion)
z = lim z;.
11— 00

(3) a proof that Z solves the equation: {f(z;)} is also a Cauchy sequence and f(z) =
lim f(z;) = 0;
(4) a proof that Z is unique (in the case of strictly monotone function).

Remember these steps, we will use the same kind of proof many times. The first three steps give
the existence of a solution. The last step gives uniqueness of the solution of the equation f(z) = 0.
One important consequence of uniqueness is that all approximating sequences will converge to the
same solution Z. That is, the solution is independent of the choice of algorithm or approximating
sequence (independent of the construction).

Proof. Step 1. We use the bisection algorithm with starting points a and b.
Step 2. We obtain two sequences {x;}32, and {X;}5°, with

(1) lz; — X;| < (b—a)27,
(2) |z; — ;] < (b— a)2_i, Jj >,
(3) Xi = Xj| < (b—a)27", j>i.

The inequalities (2) and (3) mean that z; and X; are Cauchy sequences: |z;—z;| — 0, | X;—X;| — 0
as i,j — oo, and we get decimal expansions (real numbers)

z = lim z;, X = lim X;.

11— 00 11— 00

The inequality (1) means that the decimal expansions are the same:
7= lim z; = lim X; = X.
11— 00 11— 00

Step 3. The Lipschitz continuity of f gives
|f(2i) = f(z))| < Ll —a;| S L(b—a)27", j>1,

Date: October 10, 2006, Stig Larsson, Mathematical Sciences, Chalmers University of Technology.
1



2 SOLVING THE EQUATION F(X) =0

which means that f(x;) is a Cauchy sequence, |f(z;) — f(z;)] — 0 as ¢, j — oco. It gives a decimal
expansion (real number) which we denote f(Z):

f(@) = lim f(x;).

We must show that this is equal to 0. To do this we note that the distance between f(x;) and 0
is less than or equal to the distance between f(z;) and f(X;). This is because f(z;) and f(X;)
have opposite signs. For example, if f(z;) < 0 and f(X;) > 0:
|f(zi) =0 = = f(zi) < —flzi) + f(Xi) = [f(@:) = f(X5)].
In any case:
|f (@) = O] < |f(ws) — f(Xi)] < Ll — Xi| < L(b—a)2™" — 0,

where we also used the Lipschitz condition and (1). This means that
‘lim f(m,) = O7

or in other words f(z) = 0.

Step 4. Assume now that f is strictly increasing. (The case of decreasing function can be
handled in a similar way.) This means that < y implies f(z) < f(y). Assume also that we have
two different solutions, i.e., Z1 < Tz with f(Z1) = f(Z2) = 0. But this is a contradiction to the
strict monotonicity. Therefore, there is only one solution. O

FIGURE 1. Non-monotone function with three roots.

FIGURE 2. Monotone function with unique root.

We now consider equations of the form f(z) = y.

Theorem. (The Intermediate Value Theorem) If f : [a,b] — R is Lipschitz continuous and the
real number y is between f(a) and f(b), then there is a real number T € [a,b] such that f(Z) =y.
If f is strictly monotone, then T is unique.

The theorem says that a Lipschitz continuous function takes all values between its end-point
values. A discontinuous function may skip some value.

Proof. If f(a) = f(b) then y = f(a) = f(b) and we can choose T = a or T = b. Otherwise we
apply Bolzano’s theorem to the function F(x) = f(z) —y. Clearly, F': [a,b] — R is Lipschitz with
the same constant as f, and F(a)F(b) < 0 because y is between f(a) and f(b). Also, F is strictly
monotone if f is strictly monotone. The conclusion now follows from Bolzano’s theorem: there is
Z such that F(z) = f(Z) —y = 0, and it is unique if f is strictly monotone. O

FIGURE 3. Equation f(z) =y with multiple solutions.

FIGURE 4. Equation f(z) = y with unique solution.
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F1GURE 5. The discontinuous function skips the value y.

2. INVERSE FUNCTION

Assume now that the function in the Intermediate Value Theorem is strictly increasing. (De-
creasing functions can be discussed in the same way.) Let us write A = f(a), B = f(b). We note
the following consequences of the theorem.

The function takes all values y in the interval [A, B] and it takes no values outside [A, B]. This
means that the range of the function is exactly Ry = [A, B].

The equation f(z) = y has a unique solution x for any y € [a,b]. Since x is unique, this defines
a function y — x. More precisely, we can define a function

g:[4,B] - R
x =g(y), where z is the unique solution of f(x)=y.
(Remember that a function must have a unique value for each element of the domain of definition.)
We then say that f is invertible (“inverterbar”) and the function g is called the the inverse of f.
It is denoted g = f1,
1 [AB]—-R
z=f"'(y), where z is the unique solution of f(z) = y.
Note that
Dy-r =Ry =[A,B], Ry =Dy =la,b],
F( ) =y, ye A Bl fH(f(x) =, x€ab].

Of course, we may interchange the roles of x and y and write y = f~1(z), z € [A, B].

Warning: f~! is pronounced “f inverse”, and it is not the same as “f to the minus one”
(f)~! =1/f. It is confusing that “inverse” and “raised to —1” are written in the same way, but
it is a tradition in mathematics, and we have to live with it and be careful when we use it.

We have now proved the following.

Theorem. A strictly monotone function is invertible.

Example. The function f : [-2,2] — R, f(x) = 22, is not invertible because the equation 22 = y
has two solutions # = 4-,/y. In the next section we shall see that f becomes invertible if we restrict
its domain of definition to the nonnegative numbers.

3. THE FUNCTION +/

We introduce the square root function and investigate its properties.

The function f : [0,b] — R, f(z) = 22, is strictly increasing because 0 < x < y implies 2 —y < 0
and z +y > 0 so that 22 — 2> = (v — y)(z + y) < 0. Hence the equation 22 = y has a unique
solution = = ,/y for any y € [0,b?]. Therefore, f is invertible with f~!(y) = \/y.

This can be done for any b, the uniqueness implies that the bisection algorithm gives the same
result no matter what starting points ¢ = 0 and b > 0 we use. So the function f : Ry — R,
f(x) = 2%, is invertible with inverse f~! : Ry — R, f~'(z) = /. Note: D, =Ry and
R ,=Ry.

Warning: f~!(z) = \/z is not the same as (f)~1(z) = (f(z))"2 = 272 = 1/2? although they
are written in the same way.

FIGURE 6. The function y = /z.

2 = g and y? = b implies (zy)? = ab and (x/y)? = a/b, we conclude

Vab = avh, \/ngg

Since ©
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We now investigate the Lipschitz continuity of /x:
Wz — Vy| = {multiply by the “conjugate expression” \/z + \/fg}

Ve =V + V)
‘ NEERV] Herf‘

{by the conjugate rule}

|z —

|z —y| for x,y >4.

1
e L e s Lt v

We conclude that the square root function is Lipschitz continuous with constant L = 1/(2v/8) on
any interval of the form [d,00) with § > 0. That is, on any interval that stays way from 0. But
it is not Lipschitz on its whole domain of definition R} = [0, 00). This is clear from the previous
calculation, but is also seen in the graph where the slope is infinite at 0.

4. THE POWER FUNCTION z" FOR 1 € Q

The power function (“potensfunktionen”) x” with rational exponent r = p/q is defined by
uniquely solving the equation y? = aP for > 0. This is possible because the function f : R4 — R,
f(x) = «P, is strictly increasing. Can you prove this? Hint:

2P —yP = (z—y) (@ 2Py Py,
The unique solution is denoted y = z?/7 = z". It satisfies

xz —
't =2t —=2""% rseqQ.

We shall define 2" with real exponent r € R later in ALA-b.

5. THE FIXED POINT ITERATION

An algebraic equation can be written in two equivalent ways (meaning that they have the same
solutions).

1. f(x) =0. A solution Z is called a root of f or a zero of f (“nollstélle till f”).
Ezample. The function f(z) = 22 — 2 has two roots 7; = V2, Ty = —V/2.
Algorithm: For equations of this form we have the bisection algorithm.

2. = = g(x). A solution Z is called a fized point (“fixpunkt”) of g. The equation is called a fixed
point equation.

Ezample. The function g(z) = 2/x has two fixed points, Z; = \/5, To = —\/5, because ++/2 =
iff 2

V2 +V2°

Algorithm: a natural algorithm for a fixed point equation is to to choose a starting point g
and then compute z; according to z; = g(x;—1). This is called the fixed point iteration. We hope
that the sequence x; converges to a fixed point. This works sometimes and sometimes not.

Ezample. With g(x) = /2 + 1/x and 29 = 1 we get 1 = g(zo) = 3/2, 2 = 15/12 and so on.
This is easy to try in MATLAB:

>> format long

>> x=1

>> x=x/2+1/x

>> x=x/2+1/x

>> x=x/2+1/x

>> x=x/2+1/x

Do this now!! Does it converge? Do you recognize a decimal expansion?

Ezample. With g(z) = 2/x and 2o = 1 we get x1 = g(x9) = 2, x2 = 1, x3 = 2, i.e., we get the
sequence {1,2,1,2,...} which is divergent.
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FIGURE 7. The functions y = ¢g(z) and y = «.

Note that the equations 22 —2 =0, = /2 + 1/z, and = 2/ are equivalent (multiply the
last two equations by = to see this). We can rewrite equations between the two forms in many
ways. For example, © = g(z) can be written as  — g(x) = 0. On the other hand, f(z) = 0 can be
written © = = + af(z) where a or a(z) is any nonzero number or function. The challenge is to
find a “good” choice of « so that the fixed point iteration is convergent. Later, when we discuss
Newton’s method, we shall find an optimal choice of . In fact, x = x/2 + 1/x is obtained from
22 — 2 =0 by using a(z) = —1/(2x) and we will learn why this is a good choice.

So when does the fixed point iteration work? It turns out that one important condition is that
the Lipschitz constant L = L, of g is strictly smaller than 1. More precisely, we shall assume that
g is Lipschitz on an interval I with constant L < 1, i.e.,

lg(z) —g(y)| < Llx —y| for z,y € I and with L < 1.

Such a function is called a contraction mapping (or just contraction). Note that the distance
between the images g(z) and g(y) is smaller than the distance between x and y.

Ezample. For g(z) = 2/x we have
Y

’ 2
|z ly]
so that ¢ is a contraction with L = 1/2 on I = [2,00). Note that we used that z = zy € [4, c0) so

2 _ 2 1

1
l9(2) ~ g(y)| = 2| eyl < syl Yoy,

-
Ty

Ezample. For g(x) = x/2+ 1/x we have

r—y y—x 1 1
22| S
2 Ty 2 xy

l9(2) — 9)| = |

Now let us consider z,y € [1,2] for example. Write z = zy. Then z € [1,4] and we get & — ﬁ =
11

1 —1¢e[-1, 1] with absolute value |1 — $| < 1. Therefore

1 1 1
- =z —|lz—yl< =]z - v 1,2
o)~ o)l = |5~ |l —vl < 5le—yl, Veye(n2)
so that g is a contraction with L =1/2 on I = [1,2].

6. THE CONTRACTION MAPPING THEOREM

Remember that the bisection algorithm leads to Bolzano’s theorem. The fixed point iteration
also leads to a theorem.

Remember that a closed interval I is an interval that contains its endpoints (if it has any). A
closed interval can be of the following types:

I =la,b] (closed and bounded interval)

I=la,00), I =(—00,b], I =(c0,00) =R, (closed and unbounded intervals)

Theorem. (The Contraction Mapping Theorem) Assume that I is a closed interval and that
g : I — I is a contraction mapping. Then g has a unique fized point T € I. The fixed point is
obtained as the limit of the fixed point iteration, x; = g(x;—1), for any starting point xo € I.

It is important that the target set I is the same as the domain of definition, g : I — I; it
guarantees that the sequence does not jump out of the interval I where g is a contraction. It is
also important that I is closed; it guarantees that & = limz; € I.

Proof. The proof follows the four steps of a constructive proof that we mentioned before.
Step 1. An algorithm: we use the fixed point iteration. Take an arbitrary point zg € I and
compute z; = g(x;_1).
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Step 2. A proof that {z;} is a Cauchy sequence. We must estimate |z; — x| for j > ¢. Consider
first the distance between two consecutive elements of the sequence:

[Zkt1 — k| = [g(zk) — 9(@k—1)| < Llwk — zp-1].
Here we used the fact that the x stay in I and g is a contraction on I. Therefore
|Tk1 — zk| < Llzg — 211
Since L < 1 this means that xy1,z are closer to each other than xy, xx_1. In the same way:
|ok — 2p—1| < Llxg—1 — zp_2|.
By repeating this we get
|zkt1 — xk| < L|zk — xp—1]
< L?|zg1 — mp—a|
< L3 — Tp3]
< < LMay — o),
that is
(4) |zps1 — xp| < LF|lzy — 20].
Now consider |z; — ;| for j > i. We have

Ty —Tj=T; —Tj41 + Tip1 — Tig2 + T2 —++» —Tj_2+ Tj2 —Tj—1 +Tj—1 — X5

j—1
= Z(l’k — l’k+1).
k=1

Such a sum is called a telescope sum because all terms cancel except the first and the last. Applying
the triangle inequality to the sum and using (4) we have

j—1 j—1
s — 2] < o — miga |+ | — ) = D |k — o] <z —w Y LN
k=1 k=1

This is a geometric sum given by the well-known formula:

Jj—1 o
; i 11— L1
NP =L(1+L+-+L7 ) =L—"—
1-L
k=1
Therefore
P |
(5) |$i_$j|§|Z‘1—$0|Lﬁ§‘xl—xo‘[/ ﬁ’

because 0 < 1 — LI~ < 1 for j > 4. Since L < 1 we have L* — 0 and hence |z; — z;| — 0 as
1 — oo with j > 4. Thus z; is a Cauchy sequence and we get a decimal expansion (real number)
Tz = lim a3,
1— 00

which belongs to I because I is closed.
Step 3. Proof that Z is a fixed point. We have

l9(zi) — g(x;)| < Llwi — x| — 0, i,j — oo,
so that g(z;) is a Cauchy sequence. We get a real number which we denote g(z):
9(z) = lim g(x:).
1— 00
We must show that lim g(z;) = Z so that g(z) = Z. But
1— 00
|z — g(z;)| = |T — xig1] — 0, @ — 0.

This means that lim g(z;) = Z and hence ¢(Z) = Z.

71— 00
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Step 4. Uniqueness. Assume that we have two fixed points Z1,Z2 € I. Then
|71 — 22| = [9(21) — 9(22)| < L[T1 — 22].
which implies
(1-DL)|z1 —Z2| <0.

But 1 — L > 0 so the only possibility is |Z1 — Z2| = 0. In other words: Z; = Z. So there is only
one fixed point in .

Note that the uniqueness of  implies that we get the same limit no matter which starting point
xo we choose. O

Ezample. We have seen that g(z) = 2/x is a contraction on the closed interval I = [2,00). But
xo = 3 gives x1 = 2/3 & I so the sequence jumps out. The sequence jumps back and forth between
3 and 2/3; it does not converge.

Ezample. We have seen that g(z) = x/2 4 1/z is a contraction with L = 1/2 on I = [1,2]. We
check that g : I — I[. ffxz € I = [1,2],ie.,, 1 <z < 2, then /2 < 1 and 1/ < 1 so that
x/2+1/x < 141=2 Alsoz/2 > 1/2 and 1/x > 1/2 so that /2 + 1/z > 1. Therefore
g(x) € I = [1,2]. The contraction mapping theorem says that g has a unique fixed point in
I=1[1,2]. What is it?

7. WHEN DO WE STOP THE ITERATION?

We stop the iteration when the distance between two consecutive iterates is less that a given
tolerance, |z; — x;+1| < tol. Then we expect that a certain number of decimals have been fixed
in the decimal expansion #. For example, with |z; — z;11] < 107V ~! we expect approximately N
decimals to be fixed.

This is justified by the calculation (with j > 4 as usual)

i1 i-1

s — 2| <D |ak = wpga| <l — @i Y LF
P k=i
1—Li~¢

1
< ﬁ |l'z —xi+1‘ < ﬁ |33z —$i+1‘7

which is done in the same way as (5) but using |11 — xx| < L¥7|2; — x;11| instead of (4).
Therefore

tol, j >1.

1 1
|$i_93j|gﬁ|xi_l'i+1|§ -1

or by letting j — oo

tol.

el S T
So the number of fixed decimals after i steps is determined by ﬁ tol. Note that this number is
bigger than tol, much bigger if L is near 1, so we get fewer decimals than tol itself indicates. The
reason for this is that we are looking at the residual x; — x;4+1 = x; — g(x;) which measures how
well z; satifies the equation x — g(z) = 0. The size of the residual is then magnified by the factor
ﬁ when we use it to estimate the error in x;.

lz; — 2| < 1

8. HOW FAST IS THE CONVERGENCE?
From the construction of the sequence z; we have
lzi — 2| = |g(zi-1) — 9(2)| < Llzi—1 — 2.

Therefore the error is reduced by the factor L < 1 in each step. The smaller L is, the faster the
convergence. This is called linear convergence. The bisection algorithm also converges linearly:
the error is reduced by a factor 1/2 in each step.
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Ezample. For g(x) =x —2%/2+ 1 on I = [1,3/2] we have L = 1/2. This follows from
9(z) —g(y) = 1= 5(z +y))(z —y).
Here 2 <z 4y < 3 so that —1 < 1— 1(z 4+ y) < 0 with absolute value |1 — 1(z +y)| < 1/2.
If we compute a few iterations in MATLAB with 29 = 1 and for each iteration compute |z; — /2|

we see that that the error is reduced approximately by a factor 1/2 in each step. This is what I
got. The first column is x; and the second is |z; — v/2|.

1.00000000000000  0.41421356237310
1.50000000000000  0.08578643762690
1.37500000000000  0.03921356237310
1.42968750000000 0.01547393762690
1.40768432617188  0.00652923620122
1.41689674509689  0.00268318272380
1.41309855196381  0.00111501040929
1.41467479318270  0.00046123080961
1.41402240794944  0.00019115442365
1.41429272285787  0.00007916048478

Note that v/2 is computed by the MATLAB function sqrt(2) which is also an approximation but
with approximately 16 correct decimals. So we can use it to test the accuracy of our computation.

The convergence is sometimes much faster than this. As the example g(x) = z/2 + 1/x shows.
Compute and check this!! This is what I got: again the first column is z; and the second is

|{Ei —\/§|
1.00000000000000  0.41421356237310
1.50000000000000 0.08578643762690
1.41666666666667 0.00245310429357
1.41421568627451 0.00000212390141
1.41421356237469  0.00000000000159
1.41421356237309  0.00000000000000
1.41421356237309 0.00000000000000
1.41421356237309 0.00000000000000
1.41421356237309 0.00000000000000
1.41421356237309  0.00000000000000

In fact it is possible to show that
|JUi — .fl < K|Z‘l - f|2,
where K is some number. This is called quadratic convergence and means that the error is

reduced by a factor which is proportional to the error itself. So the speed of converges increases
as x; approaches T. We will learn later why it is so fast. See Chapter Newton’s method.

9. ADVANTAGES AND DISADVANTAGES

A disadvantage with the fixed point iteration is that it is often difficult to find a suitable interval
I where the iteration converges. This is usually very easy for the bisection algorithm: just plot
the function and pick two points where the function has opposite signs.

There are two advantages:

(1) the fixed point iteration can be very fast. The bisection algorithm always converges linearly
but not faster than that.
(2) the fixed point iteration also works for systems of equations. This is not true for bisection.
We shall return to these advantages later.
/stig



