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1. Introduction

The binomial distribution is a very useful distribution in many real application areas. The asymptotic behavior for several
confidence intervals of a binomial proportion has been investigated by Brown et al. (2001, 2002). For small sample size behaviors
of these confidence intervals, Wang (2007, 2009a) proposes calculation algorithms to derive their exact minimum coverage
probabilities and average coverage probabilities. Some of these confidence intervals are successfully adopted in the quality
control area (Wang, 2009b) and can potentially be developed to estimate the nucleotide substitution rate in an important
biological evolutionary model (Wang et al., 2008).

One of the algorithms proposed in Wang (2007, 2009a) is to calculate the minimum coverage probability, also known as
confidence coefficient, of a confidence interval (U(X), L(X)) for a binomial proportion p, where X follows a binomial distribution
B(n, p). The coverage probability of a confidence interval of p is defined as the probability that the random interval covers the true
parameter p. In this case of the binomial distribution, the coverage probability is a variable function of p. For a 1 — o confidence
interval of p that is constructed from the large sample approximation, the exact confidence coefficient may be far away from
1 — . One example is the 1 — o« Wald interval (p — z,,v/P(1 — )/, p + z,2V/P(1 — p)/n), where p = X/n and z, is the upper /2
cutoff point of the standard normal distribution. It is well known that the confidence coefficient of the Wald interval is zero (see
Lehmann, 1986; Blyth and Still, 1983).

Usually, the exact confidence coefficient is unknown because we do not know at which point in the parameter space the
infimum coverage probability occurs. Adopting Wang'’s (2007) procedure, the infimum coverage probability and the maximum
coverage probability of a confidence interval for a binomial proportion can be derived if two specific conditions for the confidence
interval are satisfied, which are the monotone boundary property and the full coverage property. When applying the procedure
for a given sample, we need to check if these two properties hold for the sample size of this sample. Note that the minimum
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coverage probability of a confidence interval only depends on the sample size and the form of the confidence interval. For a
confidence interval, if the two properties can be shown to be satisfied for all sample sizes, the procedure can be directly utilized
to calculate the confidence coefficient without the necessity of checking the two conditions for any sample size. In this paper, we
show that for some confidence intervals, the two properties are satisfied for any sample size.

Beside being used in the coverage probability inference for confidence intervals, the monotone boundary property is also
an essential condition in deriving the exact minimum coverage probability of tolerance intervals or simultaneous confidence
intervals for discrete distributions (Cai and Wang, 2009; Wang and Tsung, 2009; Wang, 2008). Therefore, the monotone boundary
property is an important condition in interval estimation for discrete distributions.

The paper is organized as follows. Section 2 describes the conditions and procedure proposed in Wang (2007). The main
results, that the two conditions hold for the Wilson, Agresti-Coull and likelihood ratio intervals with any sample size or when
the sample size is greater than 1, are given in Section 3. Finally, a conclusion is given in Section 4.

2. Procedure

We briefly describe the procedure of computing exact confidence intervals proposed in Wang (2007) as well as the conditions
for the confidence intervals. The conditions required of a confidence interval (L(X), U(X)) for a binomial proportion in the procedure
of computing exact confidence coefficients are given in Assumption 1.

Assumption 1. Confidence interval (L(X), U(X)) of a binomial proportion p satisfies:

(i) L(X1) < L(Xp)if X1 < X3;
(ll) U(X]) < U(Xz) ifX] <Xy;
(iii) for any fixed p € (0, 1), there exists an xg such that p € (L(xg), U(xp)).

Remark 1. The conditions in Assumption 1 can be extended to calculate confidence coefficients of confidence intervals for other
discrete distributions (Wang, 2009a).

In this paper, condition (i) is called the monotone lower boundary property, condition (ii) is called the monotone upper
boundary property, and condition (iii) is called the full coverage property. If a confidence interval has the monotone lower
boundary property and the monotone upper boundary property, we say that the confidence interval has the monotone boundary
property. By Wang (2007), if a confidence interval satisfies Assumption 1, the exact confidence coefficient of the confidence
interval can be derived by applying the following procedure.

Procedure for computing exact confidence coefficient.

Step 1: Check if the union of (n + 1) intervals (L(X), U(X)), X =0, ...,n, covers all p € (0, 1) and if (i) and (ii) in Assumption 1 are
satisfied. If it does not cover all p € (0, 1), the confidence coefficient is zero. We do not need to go to step 2.

Step 2: If Assumption 1 is satisfied, list the endpoints of the intervals that are greater than zero and smaller than 1.

Step 3: Calculate the coverage probability of each endpoint in step 2. The minimum value of these coverage probabilities is
the exact confidence coefficient.

Note that all endpoints of the confidence interval based on x =0, ..., n are

(L(0),L(1),...,L(n),U(0), U(1),...,U(n)).
3. The main results

In this section, the monotone boundary property and the full coverage property are examined for any fixed sample size for
the three confidence intervals which are discussed in Brown et al. (2002) and Wang (2007).

1. The 1 — o Wilson interval. Denote X =X + k%/2 and fi=n+ k2. Let p=X/fi, § =1 — p, p =X/n, =1 — p and k be the upper o/2
cutoff point of the standard normal distribution. The 1 — o Wilson interval has the form

/2 1/2 1/2
ok (. e\ L a2, k2
C’W“):(P‘m Pity) PPt m) )

2. The Agresti-Coull interval. The 1 — o Agresti-Coull interval is
Clac(X) = (b — k(pa)*i~"/2, b+ k(pq)"*~"2).

3. The likelihood ratio interval. The 1 — « interval is

| pHa —p)"* —k2)2
Cly,(X)= ip : —(X/n)x(l 7X/n)"*x >e .
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For the Wilson interval, the monotone boundary property and full coverage property are shown to hold for any sample size in
Propositions 1 and 2.

Proposition 1. The Wilson interval Clyy(X) has the monotone boundary property.

Proof. Let Ly, (x)and Uy (x)denote the lower bound and the upper bound of Clyy(X) corresponding to X=x. To prove the monotone
boundary property, it is necessary to show that the two functions, Ly, (x + 1) — Ly/(x) and Uy, (x + 1) — Uy, (x) are greater than zero
forx=0,...,n—1.

We have

2 _ _ 2 2
G+ 1) = L) = 55— (2+I<Jﬁ (/" neA ")"\/ Ak *4"))). (1)

Note that (1) > 0 is equivalent to

<2Jﬁ + ky/k2n + 4(n — x)x)2 - <I<\/—4(1 +x2+n4+k+ 4x))2 > 0. (2)

The left hand side of (2) is equal to

4(n+ k21 — n+2x) + kvnyk2n + 4(n — x)x) > 4(n + k*(1 — n + 2x) + k*n) > 0,

Therefore, Lyy(x) is an increasing function of x.
We have

2 _ _ 2 2
UW(XH)_UW(X):m(“kﬁ(_ [k n+4r11(2n x)x+\/ 4(1+x) +nr;(4+k +4x)))' 3)

Note that (3)> 0 is equivalent to

2

(2«/ﬁ+ k\/—4(1 +x) +n(4 + k2 +4x)>2 - (k,/kzn +4(n —x)x) > 0. (4)

The left hand side of (4) is equal to

A0+ k(=1 + 11— 2%) + kv/my/4(1 +X)(1n — 1 — %)+ nk? > 4(n + K2(—1 + 1 — 2x) + K2n)
> 4(n+k*(2n—2x—1))>0, (5)

because x =n — 1. Therefore, Uy (x) is an increasing function of x. [
Proposition 2. The Wilson interval Clyy(X) has the full coverage property for alln and k > 1.
Proof. By Proposition 1, Cly/(x) has the monotone boundary property. According to the result, to show the full coverage property,

it is only necessary to show that Ly/(x + 1) is less than Uy(x) for x =0,...,n — 1, and Uwy(n) is not less than 1 and Ly, (0) is not
larger than 0.

Cx+14k2  kn'? ((x+1)(n—x—1) 1<2>”2 x+k2  kn'? <x(n—x) k2>1/2

L 1) - = - - _ — -
wx+1) = Uw(x) n+ k2 n+ k2 n2 +4n n+ k2 n+ k2 n2 +4n
1 kn'/? 2\ " 12\ "
Shrke | n+ie <4n> Jr<4n)
1
=—_(1-k¥<0

which leads to Ly/(x + 1) is less than Uy (x) for k > 1. By straightforward calculation, we have Uy/(n) =1 and Ly(0) = 0. Therefore,
the proofis complete. []

For the Agresti-Coull interval, the monotone boundary property and full coverage property are shown to hold for any sample
size in Propositions 3 and 4.

Proposition 3. The Agresti-Coull confidence interval Clac(X) has the monotone boundary property.
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Proof. Let Lyc(x) and Uxc(x) denote the lower bound and the upper bound of Cl4¢(X) corresponding to X = x.

Lac(x + 1) — Lac(x) = 1/ + k/(2(7)*/2) (\/(k2 +20 = 20)(K2 + 2%) — (=2 + K2 + 21 — 202 + k2 + 2x))> ) (6)

Note that (6) larger than zero is equivalent to

2

(2\/k2 T k(K2 1 2n - 2002 + 2x))2 _ (k\/(—z I+ 2n— 202+ 12+ 2x)> - 0. 7)

By straightforward calculation, (7) is equal to

4(n + kvVk2 + nvk4 + 2k2n + 4nx — 4x2 + k2(2 — n + 2x)) = 4(n + kv'k2 + nvk4 + 2k2n + k22 — n + 2x))

= 4(n + ky/(k2 + n)k2(k2 + 2n) + k*(2 — n + 2x))

= 4(n+ k(K2 + n) + kK22 —n + 2x)) > 0, (8)
which implies that Ls¢(x) is an increasing function of x.
Unc(x + 1) — Upc(x) = 1/t + k/(271)? <—\/(k2 +20— 20)(K2 + 2%) + (=2 + K2 + 21 — 202 + k2 + 2x)) . 9)
Note that (9) larger than zero is equivalent to
@VIZ 41+ k(=2 + k2 + 20— 20)(2 + k2 + 20))% — (ky/(k2 + 2n — 20)(k2 + 2))* > 0. (10)

By straightforward calculation, (10) is equal to

4 <n +kVk2 + n\/k4 +2k2n + 4nx + 4n — 4(x + 1)? + k2n + 21<2x>

=4 <n+k\/k2 +n\/k4 +2k2n+4x+1)n—x—1)+Kk*n - 2k2x>
=4 (n + kvnvik2n + k*n — 2k2x)
=4(n + 2k*n — 2k*x) > 0, (11)

which implies that Uac(x) is an increasing function of x. [J
Proposition 4. The Agresti-Coull interval Clac(X) has the full coverage property for alln =2 and k > 1.

Proof. By a similar argument as that in Proposition 2, we need to show that Lac(x + 1) is less than Uac(x), and Uac(n) is not less

than 1 and Ls(0) is not larger than 0.

x+1+k%2
n+ k2

X+ k%2

—khy(n+ k2 V2 - P

Lac(x + 1) — Upc(x) = — khy(n + k22, (12)

where hy = ((x + 1+ k2/2)(n + k¥/2 — x — 1)/(n + k2*)V? and hy = ((x + k?/2)(n + k%/2 — x)/(n + k?)*)/2. Thus,

(12)= —k(n+ k2" 2(hy + hy). (13)

1
n+ k2

Since hy and h, are greater than ((x + k2/2)(n + k3/2 — x — 1)/(n + k2)*)2, (13) is less than

L72k(n+k2)*1/2(n+k2)*1 x+E n+ﬁfx71 " (14)
n+ k2 2 2 '

Note that the minimum value of the term

x+£ n+g—x—1
2 2

in(14)forx=0,...,n—1is

k2 (2n+k* -2
2 2 )
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Thus (14) is less than

1/2
1 12K (2n+ k2 -2 1 5
TR (1 2k(n + k<) (2 5 <n+k2(1 k7)<O.

The second to last inequality holds because n =2 and the last inequality holds because k > 1. Thus, Lac(x + 1) is less than Uac(x).
Moreover, Uac(n) is

n+k%/2  k/2Vk*+2k2n  n+k¥2  k2/2Jk%+2n
n+ k2 (n+k2)¥2 — n+k? (n+ k2)*?
n+k%2 k2
n+k2 " n+k2

Note that Lac(0) is

k? 1 2n + k2 2 <0
2(n+ k2) n+ k2 ’
Thus, the proof is complete. [J

The Wilson interval and the Agresti-Coull interval have closed forms. However, the likelihood ratio interval does not have
a closed form. It is more difficult to show the two properties for the likelihood ratio interval. Before giving the results for the
likelihood ratio interval, we need the following lemma.

Lemma 1. The two functions (t/(t — 1))'"! and (t/(t + 1))*! are increasing functions of t, and

() (t/(t—1))T<efort=1;
(ii) (¢/(t+1)*! < 1/e fort=0.

Proof. First, we show log(t/(t — 1)) tisan increasing function of t.

0 t \1 t .
el - — _ /t
n (log(t1> ) log P log e'/*. (15)

To establish (15) greater than zero, we need to show

BNV
t71>e . (16)

The expansion of the left hand side of (16)is 1+1/t+1/t%+- - .. The expansion of the right hand side of (16)is 1+1/t+1/(2!t2)+---.
Therefore, (16) holds, which implies that log(t/(t — 1))“l is an increasing function and (¢t/(t — 1))H is also an increasing function.
Since limy oo(t/(t — 1))~ ! = ¢, we have (t/(t — 1))~ < e for t = 1. The proof of (i) is complete.

For the second part, we need to show (t/(t + 1))"*! is an increasing function of t.

0 t ! t 1
Y . — log — /t
P (log(t 1) ) log T +loge

el/t

(t+ 1)t

1+1/t+1/212) +---
1+ 1/t ’

= log

= log

(17)

which is greater than zero. Therefore, (t/(t + 1)) is an increasing function of t. Since lim;_, oo(t/(t + 1)*1 = e-1, thus (t/(t +
N)*l <elfort>0. O

Proposition 5. CI 4 (x) has the monotone boundary property.

Proof. Let U,(x)and L 4(x) denote the lower bound and the upper bound of CI 4, (X), respectively. First we show that CI 4, has the
monotone lower boundary property. Let

p(1-p)"™

P Gy (1 g
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Fig. 1. The plot of L(x, p) and L(x + 1,p). The lower endpoint of Cl 4, (x) is L4(x). L4(x + 1) is greater than L, (x) if L(x + 1,L4(x)) < ek,
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Fig. 2. The plot of L(x, p) and L(n — x, p).

Note that L(x, p) is a unimodal function of p. For a fixed x, we have

LAY (1= L0 "™ e
(y/n)*(1 —x/n)" ) '

Note that L 4(x) < x/n because L(x,x/n)=1> e~*%/2_1f we can demonstrate

[E e 916 i S
((x+ 1yn)* (1 = (x + 1)/n)"—*D ,

then L,(x + 1) is greater than L 4(x), see Fig. 1.
The left hand side of (18) can be rewritten as

Ly(x) (x/n)(1 - x/n)")
1= La() ((x+ 1y/ny (1 = (x+ 1)1

(18)

L(x, L(x))

By the fact L(x,L 4(x)) = e~K/2 and Li(x)/(1 = Ls(x)) <(x/n)/(1 —x/n), to prove (18), we only need to show

(X/n)x+1 (1 _ X/n)(ﬂ—x—1)

1, 19
(e 1Y (1 = (e Tyn T (19)

which is equivalent to

x x+1 n—x n—x—1
<x+1> (n—x—l) <l (20)

By Lemma 1, we have ((n — x)/(n — x — 1) * D <eand (x/(x + 1))**V < 1/e forallx=0,...,n — 1. Therefore (20) holds, which
implies that CI 4 (x) has the monotone lower boundary property.

Note that L(x,p) = L(n — x,1 — p). We have U (n — x) =1 — L 4(x), see Fig. 2.

For x5 > x4,

Uplx2) =Uy(x1)=Lg(n—x1) = Ly(n—x2)>0

because L 4(x) is an increasing function. Therefore, Cl 4, (x) has the monotone upper boundary property. [J
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Proposition 6. The likelihood ratio interval CI 4,(X) has full coverage property for all n and k > \/—2log &, where ¢ is miny_g...n—1
(d¥(1 = dx)"/(x/n)*(1 — x/n)" ) and

<x+l)"+1<17x+1>”"‘

n n

<x+l>x+1( x+1>""‘ <x>"( x>""‘< x+l)

T 1-27- +(2) (1-2 1-27-
n n n n n

for0=x=n-1.

Proof. To show the full coverage property, we need to show that L (x + 1) is less than U 4(x), U 4(n) is not less than 1 and L 4(0)
is not larger than 0. Note that the function L(x, p) has a maximum value 1 at p = x/n. By straightforward calculation, the equation
L(x,p) = L(x + 1,p) for a fixed x has only one root at p = dy. If k satisfies

e R < min (dY(1 = da)"/(x/n) (1 = x/n)" ), 2D

x=0,..

then L (x+ 1)is less than U4(x) for x=0,...,n — 1. The condition of k in (21) is equivalent to k > ,/—2log &. U 4(n) is greater than
1 because L(n,1) = 1. L 4(0) is less than 0 because L(0, 0) = 1. Therefore, the proof is complete. [

Remark 2. I have done numerical calculations to approach & in Proposition 6 and found that the minimum value always happens
atx=0and ¢ is an increasing function in n. When n is 2, £ is 0.64. By the numerical calculations, the condition of k in Proposition
6 is k > 0.945 for all n = 2. The lower bound of k can be smaller if n increases.

4. Conclusion

In this paper, the monotone boundary property and the full coverage property for the Wilson, Agresti-Coull and the likelihood
ratio confidence intervals of a binomial proportion are shown to hold for any sample size or sample size greater than 1. Although
the algorithm proposed in Wang (2007) has been used in Wang (2007) and Wang (2009a) to calculate the minimum coverage
probability for the three intervals for some sample sizes, there were no explicit demonstrations that the algorithm can be used
for most sample sizes before until this study. With the results in this paper, the procedure can be directly used to calculate the
minimum coverage probabilities of the three important confidence intervals without the necessity of checking the conditions in
Assumption 1.
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