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ON THE CONCEPT OF OPTIMALITY INTERVAL
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The approximants to regular continued fractions constitute best approximations to the
numbers they converge to in two ways known as the first and the second kind. This prop-
erty of continued fractions provides a solution to Gosper’s problem of the batting average:
if the batting average of a baseball player is 0.334, what is the minimum number of times
he has been at bat? In this paper, we tackle somehow the inverse question: given a rational
number P/Q, what is the set of all numbers for which P/Q is a best approximation of one
or the other kind? We prove that in both cases these optimality sets are intervals and we
give a precise description of their endpoints.

2000 Mathematics Subject Classification: 11J70.

1. Introduction. The connection between continued fractions and best approxima-
tions is well known. It seems that Huygens (1629-1695) was the first to realize that
the approximants of a continued fraction show the property that can be described as
“best approximation” to a number, see [1, page 86]. The following two definitions of
best approximation are from Khintchine’s continuous fractions [4, pages 27-35].

DEFINITION 1.1 (Khintchine [4]). (a) A rational fraction P/Q is a best approximation
of the first kind to the real number ), if any other rational fraction having the same
or smaller denominator differs from this number more than P/Q. In symbols,

2] [o-4] ¥
‘wq>wQ (1.1)

whenever p/q #P/Q,0<gq <Q.
(b) A rational fraction P/Q is a best approximation of the second kind to the real
number w, if from p/q + P/Q, 0 < q < Q there follows

[qw—pl>|Qw~-P|. (1.2)

A best approximation of the second kind is also known as an optimal approximation.

REMARK 1.2. Best approximations of the second kind sometimes behave in a rather
nonintuitive way. For instance, it may happen that p/q < P/Q < w while p/q approx-
imates w better than P/Q.

The motivation for this paper comes from an interesting problem by Bill Gosper
cited in [5, Example 39, page 363].

If a baseball player’s batting average is 0.334, what is the fewest possible number
of times he has been at bat?
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The problem, in a slightly more general setting is (see [2]): given an interval, find in
it the rational number with the smallest numerator and denominator.

Gosper’s solution is the following: “express the endpoints as continued fractions.
Find the first term where they differ and add 1 to the lesser term, unless it is the last.
Discard the terms to the right. What is left is the continued fraction for the smallest
rational in the interval. (If one fraction terminates but matches the other as far as it
goes, append an infinity and proceed as above.)”

This problem gave us the ideas: what if we reverse the question? Given a rational
number, P/Q, what is the set of real numbers for which P/Q is a best approximation,
either of the first kind or the second? Is it an interval or a more complicated set? In
the case of best approximations of the first kind, it seems quite natural that this set is
an interval. But in the case of the best approximations of the second kind, the remark
that follows their definition makes it not so obvious.

We call these sets optimality intervals and the purpose of this paper is to prove that
they are intervals indeed. More formally we have the following definition.

DEFINITION 1.3. (a) Given a positive proper rational fraction P/Q, we write 01 (P/Q)
to denote the set of real numbers to which P/Q is a best approximation of the first
kind and (b) 02(P/Q) to denote the set of real numbers to which P/Q is a best ap-
proximation of the second kind.

Before going any further, we need some results from the arithmetic theory of con-
tinued fractions.

2. Some results on continued fractions. As usual we write
1
[ao;ahaZy---san] =ap+ (2.1)
ay +

ap +
. 1
A
an
and since mostly we are going to stay in [0,1], we drop the integer part ao so that
[a,az,...,a,] is to be understood as [0;a;,az,...,an].

If continued fractions must represent numbers uniquely, the identity
[ai,az,...,an, 1] = [ay,az,...,an, +1] (2.2)

must be dispensed with, usually by imposing that, apart from number 1 whose con-
tinued fraction has only one partial quotient, ay = 1, all other terminating continued
fractions have as a last partial quotient an integer greater than 1. That is the option
adopted in [4].

A different strategy may be chosen which consists in accepting both representations
as valid and use one or the other depending on the current setting (see [3, pages 133-
140]). This is the convention we adopt in this paper.

For nonterminating continued fractions, which represent irrational numbers, no
ambiguity arises.
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DEFINITION 2.1. We will refer to the set of real numbers in [0,1], whose first n
partial quotients are given positive integers ai,a.,...,a, constitute an interval with
endpoints: [a,a2,...,ay] and [a1,a2,...,a, + 1], as a fundamental interval of rank n,
or a cylinder. We write J,,(a1,ap,...,a,) to denote such an interval and |/, | to refer
to its length.

With the usual notations for the approximants

Pl _jayas,..ana], B =lay,as,....an), (2.3)
dn-1 dn
it is seen at once that
| Jn(ai,a a)|—; (2.4)
P T g (@ ) '
Any real number w € J,(ai,as,...,a,) admits a representation of the form
w = [ay,az,...,a, +0], 0¢€(0,1]. (2.5)
The identity
1 1 0
[+ 0] = 6 = m mm+0) 26)
admits the following generalization:

Pn+Pn-10 _ Pn -1 (1+8,)0
a,az,...,ap+0|="—""—""—="—+ (1) —2"— (2.7)
a1,z an + 0] = o 6 = gy 52,0 /]

with
Eai= Il _a,, . an). 2.8)

an

The ratios &,, n = 1,2,..., were introduced by Lévy in his paper on the Gauss-Kuzmin
Theorem [6]. For the details see [7, page 10 and pages 155-158].

We will also adhere to the following convention which we state in the form of a
definition.

DEFINITION 2.2. Given a positive proper rational fraction P/Q, we write

P

a=[a1,az,...,an,m], (2.9)
where n > 0 is an integer and ai,a»,...,a,, m are positive integers. It is to be under-
stood that the case n = 0 implies that P/Q is the unit fraction 1/m (m is allowed to
take the value 1).

PROPOSITION 2.3. Given two positive proper fractions p/q and P|Q, the relation

P p 1
- _Fy_ = 2.10
Q 4q Qq @10
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holds if and only if, for some integer n >0 there are n + 1 positive integers, a,,as,...,
an, m, which satisfy

P
Z=[a1,az,....an], ~— =lai,az,...,an,m| (2.11)

Q
which amounts to saying that p/q and P/Q are both consecutive approximants to the
numbers of the fundamental interval J,,.1(a1,az,...,d,, m).

REMARK 2.4. If m =1 and only in that case p/q and P/Q are the endpoints of an
interval of rank »n + 1. In symbols,

P
Z=[a1,a2,---,ﬂn], — =a1,az,...,an,1]. (2.12)

Q

It is perhaps worth to point out that in the simplest case, that of order zero, that is
to say when

P_2 105 (2.13)
q

then, necessarily,

=[m]=[m-1,1] (2.14)

s
m

Ql~

form=2,3,....
When the order is equal to one, which means p/q = 1/1 = [1] then, necessarily,
P m-1_ 1

Q- m " 1itjm-p bhm-l (15)

for m = 2,3,.... The form [aq,ay,...,a,,m] has been chosen to stress the fact that
the same pattern propagates to any order of depth.
For the proof, see [3, Theorem 172, page 140].

LEMMA 2.5. Given the positive proper fraction P/Q = [ai1,az,...,an,m], n = 0,
m = 2, if we set

&:[alyaZN'-!an]! Pn+l

=lai,an,....,an,m—-1|, (2.16)
dn Qni1 [ b " ]

then, obviously, g, < Q and Q.1 < Q while, except for P /Q itself the rational numbers
in the open interval with endpoints p,,/qn and Py.1/Qn+1 have denominators larger
than Q.

In other words, py/an and Py.1/Qyn+1 are the closest fractions to P/Q with denomi-
nators less than or equal to Q. In addition,

pn P Pni1
L ,
an Q Qnn

Prst < P < @, n=1,3,5,....

Qni1 Q  4an

n=0,2,4,...,
(2.17)



ON THE CONCEPT OF OPTIMALITY INTERVAL 563

PROOF. Any number p/q between p, /g, and P/Q may be written as
[ay,az,...,an,m+k+0], k=10€(0,1), (2.18)

so that [a,a2,...,an,m + k] is an approximant to p/q and since the sequence of
denominators is strictly increasing, then g > (m+k)gn +qn-1 = man +qn-1 = Q.

On the other hand, the numbers between P/Q and P, ,1/Qn.1 constitute the fun-
damental interval J, .1 (ai,az,...,an,m—1). ]

3. Calculation of 0,

PROPOSITION 3.1. The set of real numbers, to which the positive proper fraction
P/Q =[ay,a»,...,an,m] is a best approximation of the first kind, is an interval with
endpoints

v:=lay,az,...,an,2m,ay,...,a ],
(3.1)
s:=lay,az,...,an,m-1,2,m-1,a,,...,a].

PROOF. It is obvious that given two fractions p/q and P/Q which we may suppose
ordered from left to right, any real number w satisfying

1<p P)

T+ =)<w=—= (3.2)

2\gq Q Q

is better approximated by P/Q.

In view of Lemma 2.5, we only have to show that

(52 5)
—\—+—=|=|ai,ay,....,an,2Mm,ay,...,a|. (3.3)
2 dn Q [1 2 n n 1]

Since 7 belongs to the fundamental interval J, := J,(a1,az,...,a,) it can be writ-
ten as

pn, (1+8)x

an ~ 1+&nx |Jn{ (3-4)

v =lay,az,...,an+x]| =

for some rational x, 0 < x <1, and &, = [ay,...,a1]. Since P/Q may be written as

Ez[al az,...,an M]—&+m

= + , 3.5
Q an = 1 g, ym) Il (3:5)
the arithmetic mean takes the form
1<pn P) n 1 (1+&)
Sl s )= xS 3.6
20" aQ) " a2 meg, ] 5.0
and equating the two expressions,
ad ! 3.7)

1+&x - 2(m+&,)°
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A simple calculation shows that the last equation is equivalent to

1

R 3.8
x 2m+ &, (3.8)
and since &, = [ay,...,a1] we finally get
x =[2m,ay,...,a1] = r =[ay,az,...,an,2m,ay,...,da]. (3.9)
As to the other endpoint s, again in view of Lemma 2.5 setting
Jni1i=Jni1(ay,az,...,an,m-1), (3.10)
the same argument applies and now we have
1 ( Pn+1 P ) Pn+1 1
si=— () =T (3.11)
2 Qn+1 Q Qn+1 2| n+1|
which, as the midpoint of J, .1, can also be written as
P 1+
[alsaZ!---yan!m_liy]_ nrl +( §"’Li}l)-)}|.]n+l| (3-12)

C Qni1 1+8&nny

for some rational y, 0<y <1,and &,.1=[m—1,ay,...,a1]. Equating (3.11) and (3.12),
we get

1 (1+&)y

Z_\Ton+l))V (3.13)
2 1+&nn1y
which is easily seen to imply
1 =[2,m-1,a ai] (3.14)
y 2+§n+1 ’ yUWNy -y 15 .
and finally
s=lay,az,...,an,m—-1,2,m-1,ay,,...,a1] (3.15)
Thus Proposition 3.1 is proved. |

4. Calculation of 0,. For P/Q falling short of being an optimal approximation to
the real number w there must exist a fraction p/q with g < Q and

l[qw—-p| <]1Qw-P|, 4.1)

which might be phrased saying that p/q prevents P/Q from being an optimal approx-
imation to w.
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The following remarks show that when studying approximations of the second kind,
mediant fractions play the role formerly played by arithmetic means. If we suppose
for instance, that p/q < w < P/Q, then condition (4.1) amounts to

p+P
@+Q)w=<p+P = w < , 4.2)
a+Q 14 1+Q
while in the case that p/gq < P/Q < w, condition (4.1) is equivalent to
P-plw=Q-qes w=LP 4.3)

Q-a
To sum up, if p/q < P/Q, the condition for p /g not to prevent P/Q from being an
optimal approximation to w is that w belongs to the open interval

p+P P—p)
9 ::< ,— ), (4.4)
! a+Q ' Q-q
while if P/Q < p/q, the condition is
P-p p+P>
cl—, =:19,. (4.5)
(Q—q a+Q "

Since no ambiguity may arise, we agree to write $(p/q — P/Q) to refer to $; or $,
depending on which side p/q lies. With this notation it becomes obvious that

@2(%) - pQﬁQy(g — g) 4.6)

as w € 0,(P/Q) if and only if w belongs to all possible $(p/q — P/Q). This, in ad-
dition, proves that 0> (P/Q) is an interval. The following lemma, where we switch to
determinant notation, does most of the job.

LEMMA 4.1. Leta/b, p/q, P/Q be three positive proper fractions.
@ Ifa/b<p/q < P/Q, then the condition

P p 1 ‘P 14
S_F_ 1 =1 4.7)
Q a Qq Q q
implies
a+P§p+P’ P_psp_a«. (48)
b+Q aq+Q Q-q Q-b
(b) In a similar way, if P/Q < p/q < a/b, then the condition
p P 1 p P
P2 _ - =1 (4.9)
a Q@ Qq a Q
implies
p+P>a+P P—a<P—p
> , < . (4.10)
a+Q b+Q Q-b Q-q
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In other words, in any case

9(5—*§)§9(%—*§)- 4.11)

PROOF. We only give the details of case (a). It is sufficient to show that

p+P a+P
4+Q b+Q >0, (4.12)
P-a P-p

> 0. 4.13
Q-b Q-q 19

Since (4.7) implies

p+P P ‘P—p p
= =-1, (4.14)
a+Q Q Q-a Q
from
p+P a+P _ p+P a‘+ p+P P _ p+P a 1 4.15)
a+Q b+Q a+Q bl Iq+Q Q a+Q b
and the fact that [/} Z‘ is a positive integer, we get
p+P a+P _
’q+Q b+Q >1-1=0, (4.16)
which proves case (4.12).
In an analogous way, from
P-a P-p ‘P pr’ ’fa P-p .pr a
= + =-1+ . (4.17)
Q-b Q-q Q Q-4ql |I-b Q-q Q-q b

Since, obviously a/b < P/Q < (P—-p)/(Q —q), again ‘ g:z Z ’ is a positive integer and
(4.13) follows. O

PROPOSITION 4.2. The set of real numbers, to which the positive proper fraction
P/Q =[ay,ay,...,an, m] is a best approximation of the second kind, is an interval with
endpoints

ri=[ai,ay,...,an,m+1] = [a1,ay,...,an,m,1],
(4.18)
s:=[ay,az,...,an,m-1,2].

PROOF. BylLemma 2.5, p,,/qn and P,,1/Q 41 are the closest fractions to P/Q with
denominators less than or equal to Q and, obviously verify (4.7). Lemma 4.1 implies
that no other fraction may prevent P/Q from being an optimal approximation to the
numbers of the set

(=l
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which is easily seen to be the interval with endpoints of the mediant fractions

Pn +P Pn+l +P
) . (4.20)
an+Q Qni1+Q
Two further calculations show that
PntP _ (M+1)pn+pn
an+Q (Mm+1D)qn+qn-1’
(4.21)
Py,.1+P _ Cm—-1)pn+2pn-1 _ (m—-14+1/2)pn+pn-1
Qni1+Q (2m-1)qn+2qn- (m—1+1/2)gn+qn-1’
which prove (4.18). O
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