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Abstract

We propose the Z distribution to tackle the Behrens-Fisher problem. First, we define the Z
distribution which is a generalization of the ¢ distribution, and then find the pdf and cdf of the
Z distribution. After that, we apply the Z distribution in the hypothesis testing of two normal
means, where three different assumptions of the variances are considered. The Z distribution is
very flexible in the applications in which one statistics that obeys the Z distribution is applicable
to all the three assumptions of the variances. Finally, we provide two groups of simulation studies
for the hypothesis testing problems of two normal means.
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1 Introduction

In statistics, the Behrens-Fisher problem ([1]), named after Walter Ulrich Behrens and Ronald
Fisher, is the problem of interval estimation and hypothesis testing concerning the difference between
the means of two normally distributed populations when the variances of the two populations are
not assumed to be equal, based on two independent samples.

There is a large literature dealing with the Behrens-Fisher problem, see e.g., [2, 3, 4, 5, 6, 7, 8, 9, 10,
11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35]. Some
articles are closely related to the Behrens-Fisher problem, see e.g., [36, 37, 38, 39]. Some people
considered the generalized Behrens-Fisher problem (i.e., the k samples Behrens-Fisher problem),
see e.g., [40, 41, 42, 43, 44, 22]. Others considered the multivariate Behrens-Fisher problem, see
e.g., [45, 46, 47].

Our approach is different from the existing approaches. We introduce the Z distribution, which
is very flexible in the applications of the hypothesis testing of two normal means. One statistics
that obeys the Z distribution is applicable to all assumptions of 6% and o2. Moreover, when the
variances 0% and o3 are unknown but the ratio of variances R = 0% /o3 = 1/p? is known, we find
that the statistics given in [15] can be obtained through the Z distribution. Finally, we provide the
simulation studies for the hypothesis testing problems in Remark 3.1. Two groups of simulation
studies are considered. The simulation studies exemplify the power of our approach.

The rest of the paper is organized as follows. In the next Section 2, we define the SIG distribution
and find its pdf, and then we define the Z distribution and find its pdf and cdf. In Section 3, we
apply the Z distribution in the hypothesis testings of two normal means, three different assumptions:
0% and 0% are known, 0% = 0% = o2 are unknown, and 0% # 0% are unknown (the Behrens-
Fisher problem) are considered. The Z distribution is very flexible in the applications in which one
statistics that obeys the Z distribution is applicable to all assumptions of 0% and o%. Section 4
provides two groups of simulation studies for the hypothesis testing problems in Remark 3.1. In
particular, we assume two error structures for the [°° error: The polynomial error structure and the
exponential error structure. Section 5 concludes.

2 SIG Distribution, Z Distribution, and the Cdf of the
Z Distribution

In this section, we first define the SIG distribution, and then we utilize it to define the Z distribution.

The two distributions are introduced by us. Finally, we analytically derive the cumulative distribution
function (cdf) of the Z distribution which is useful in the applications in the hypothesis testing of

two normal means.

Definition 2.1. Let G; ~ Gamma (o, 3i), i = 1,2, G1 and G are independent. Let W = G1+Ga.
Then W has a Sum of Independent Gamma (SIG) distribution, SIG (aa, B1, a2, 82). Equivalently,
a random variable W has an SIG (au, 81, az, B2) distribution if it has a pdf

1
o1+ a2) B By
w >0, a, f1,az, B2 >0,

fiv (wlan. 02, 52) = 1 W e M g (a (w), (2.1
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where

k
oo [k—1 1 _ 1
1 1 aip+r [w ([32 B1 )]
M. =M —_— - — =1
B (a(w)) B<w(52 ﬂ1)) +Z(Ha1+a2+r> %l ,
is the moment generating function (mgf) of B ~ Beta (a1, az) evaluated at a (w).

The derivation of the pdf of the SIG (a1, 81, a2, B2) distribution uses the convolution formula and
the mgf of Beta (a1, a2). The proof of (2.1) can be found in the supplement.

We make the following three remarks for the SIG distribution. The following remark is about the
mgf of B ~ Beta (a1, a2) evaluated at a (w).

Remark 2.1. The mgf of B ~ Beta (a1, a2) evaluated at a (w) is

Mg (a(w)) = 1+Zakwk :Zakw ,
k=1 k=0

where

ap oz +r
r=0

Moreover, if 81 = B2 = 3, then ay, = 0 for k > 1, and M5 (a (w)) = 1.

k-1 (g_g)k
ao—l,ak—(H oty ) P2 ) > (2.2)

The following remark is about the expectation, the variance, and the mgf of the SIG distribution.
Remark 2.2.
EW = EG1 + EG2 = a1 81 + azf32,
Var (W) = Var (G1 + G2) = Var (G1) + Var (Ga) = au 7 + aaf33,

M () = Ma, +a, (£) = Ma, () Ma, () = (1— fut)~ (1 — ot) "2, ¢ < min {Bi ﬁi} .

The following remark states that the SIG distribution generalizes the gamma distribution.
Remark 2.3. The SIG distribution is a generalization of the gamma distribution. More precisely,
Gamma (a, B) = SIG (al = %751 =B, a2 = %7& = ﬁ)

= Gamma (%,B) + Gamma (%,B) .

We can verify it by writing out the pdfs of the two distributions and checking that they are equal.
The proof can be found in the supplement.

With the SIG distribution, we are ready to define the Z distribution.

Definition 2.2. Let Z = X/v/W, where X ~ N (0,1) and W ~ SIG (a1, 1, @2, B2) are independent.
Then Z has a Z distribution, Z (a1, 81, az, B2). Equivalently, a random variable Z has a Z (a1, 81, a2, B2)
distribution if it has a pdf

fz (z|aa, B, az, Be)

1 o 1 1 a1 toagtk+3
- e o (e i) <+1> S
2

k=0 B2

z€R, a1, fr,a2, B2 >0,

where ay, (k > 0) are given by (2.2).



Zhang et al.; BJIMCS, 21(1), 1-20, 2017; Article no.BJMCS.31815

The proof of (2.3) follows from the derivation of the ¢ pdf. It is elementary but tedious, and thus
we put it into the supplement. For the Z distribution, we have the following remark which states
that the Z distribution generalizes the t distribution.

Remark 2.4. The Z (a1, (1, a2, B2) distribution is a generalization of the ¢ (p) distribution. More
precisely,

4’ D

We can verify it by writing out the pdfs of the two distributions and checking that they are equal.
The proof can be found in the supplement.

t(P):Z<a1:§,/31:%7a2:£ 5222).

For the cdf of the Z (a1, 81, a2, B2) distribution, we have the following theorem whose proof can be
found in the supplement.

Theorem 2.1. The cdf of the Z (au, p1, a2, B2) distribution is given by

1 - 1\ sy ta
Fy (Z|O[17517042752): ﬁl“(oq—i—az) 111 20¢2 Zakr (a1+a2+k+§) 621+ 2+k‘]k7
k=0

where
B2

ZF 1
Jp = —du,
oo (1 + uz)a1+a2+k+§

and ar (k> 0) are given by (2.2). In particular, when po = 2 (a1 + a2) is a positive integer,

Fz (Z|al7ﬁ17a27ﬁ2)

1 N parta T A
_ = Z akﬂz 1+ 2+kF (051 —+ az + k) FTPk ( (Oq —+ oo + k}) 522) s (24)

I (a1 + a2) B B3 =

where pp = 2 (o1 + a2 + k), k=0,1,..., and Fr, () is the cdf of the t random variable with py
degrees of freedom.

For Theorem 2.1, we have the following three remarks. The following remark states that the in
particular part of Theorem 2.1 is usually applicable in the hypothesis testing of two normal means.
Remark 2.5. For the applications in Section 3, we have a1 = (n—1)/2 and ap = (m —1) /2 or
a1 = a2 = (n+m—2) /4, then po = 2 (a1 + a2) = n+m — 2 is a positive integer for n +m > 3.
That is, the in particular part of Theorem 2.1 is usually applicable.

The following remark states that the [°° error of the approximation decays exponentially.

Remark 2.6. When po = 2 (a1 + a2) is a positive integer, the cdf of Z is usually approximated by
its truncated sum

Fé( (Z|O[1,/8170[2”82)
K

1 [e3 «@
= Zakﬁz 1Fe2thD () + g + k) Fr,, (\/(oq + a2+ k) ﬂgz) .

T (o1 + ) B By 2

Define the [°° error of the approximation FZ (z) by

I°° (K) = max | Fy (z) — FX (2)‘ .

z€R

Section 4 exemplifies that
I (K) = Cq",
for some positive constants C' and 0 < ¢ < 1. That is, the [*° (K) decays exponentially.
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The following remark is useful in the programming of the pdf and the cdf of the Z distribution for
some special parameterizations.

Remark 2.7. When (a1, B1,az, 32) = (3 ze %), then by Remark 2.4,

47 pr 4

2 D 2)
77052:77[32:7 :tp
» 1 » (»)

Thus,

P p 2
FZ (Z‘a1217ﬁ1: 3052:1752:5):}7’11?(’2)7

"IN BN

7a2:§752: g) :pr (Z)a

fZ (Z‘Cll = £7ﬂ1 =
4 D

where T}, ~ t (p). When 31 = (2, then by Remark 2.1, ar = 0 for k > 1. Thus,

FZ (Z|a15ﬂ15a25ﬂ2) = FTpo (V (al +Of2) 522) )

where po = 2 (a1 + a2) and Ty, ~ ¢ (po), and

fZ (Z|a17ﬁ17a27ﬁ2) = Fé (2‘061,/81,062,/82)
= V(a1 + a2) B2 fr,, (\/(al +C¥2)522) .

3 Applications in the Hypothesis Testing of Two Normal
Means

In this section, we apply the Z distribution in the hypothesis testing of two normal means under
three different assumptions of the variances.

Let X1,..., X, be arandom sample from a normal distribution N (/,Lx, ag(), and Y1,...,Y, be an
independent random sample from another normal distribution N (uy7 U%/). We are interested in
testing

Ho :px = py versus Hi:ux # py

under three different assumptions of the variances.
Assumption 1. 0% and o2 are known

Under Hy, the usual pivot is

The pivot using the Z distribution is given by

— — < X7 0'2 0'2
p X-Y (X -Y) /X +r N
1: = = 5
VEE EeEnEeE
where
Sk 4 5%
Wy =2
-t
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Since
% = Xn-1, 3 = Xm-1,
Ox Oy
we have ) 5
o o
Sg{ = X X%—h SEZf = X in—l
n—1 1
Thus W1 can be rewritten as
2 Z
n(n— Xn 1 + m(m— Xm 1
Wy = n(n—1) 1) ( 1)
O'X + UY
Let 9 )
o o
aL = X , a = Y (3.1)

n(n—1) (% +25) m(m—1) (% + %)

Therefore,

Wi =aixi 1+ asxin_1
n—1 —1
= m=:9
alG( 2 >+a2G< 2 )
n—l 1
-6 (tgtem) v (M5 m)

-1 —1
~ SIG (al = nTvﬁl :2a17a2 = mTaﬁQ :2(12),

where a1 and ag are given by (3.1). Consequently,
N n—1 m—1
le\/WINZ(CUZT,ﬁH=2a1,a2=T,ﬂ2:2a2).

Assumption 2. 0% = 02 = ¢? are unknown

Under Hy, the usual pivot is

T:ﬁw (n+m—2)
V3 (G + )
where
o 1 Ny 2 N 2| =D Sx+(m—1)SY
Spn+m_2L_Zl(Xz X) +;(n V)| = P—

is referred to as a pooled variance estimate. Now we derive the pivot using the Z distribution. By
Remark 2.4 and T' ~ t (n + m — 2), we have

n+m-—2 2 n+m-—2 2

I E— ) 52 = .

4 7ﬁl:n—|—m—2’a2: 4

T~Z (Oél =
That is, the usual pivot T is a Z distribution.
The random variable T has a Z distribution with other parameter values. In fact,

2
O' O’Y

(X =Y) /3 + 3

VEGraNErE i
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where N ~ N (0,1),

woo S Gtw) SiGty) S (dm-2)5
2 UXJri o2 %-&-%) o2 o2 (n+m—2)

_(n=1)SX+(m-1SY  Xa-1+ X
o2 (n+m—2)  on+m-—2

1 n—1 1 m—1
= G 2 G 2
n—+m—2 ( 2 ) n+m—2 < 2 )

n—1 2 m—1 2
_G( 2 ’n+m—2)+G< 2 ’n—|—m—2)

_l’_

n—1 2 m—1 2
~ ST - - — — .
SG<a1 2 1 ntm-—2 2 P2 n+m—2)
Therefore,
N n—1 2 m—1 2
T Y gz — — — — )
VWy (oq 2 A1 ntm—2 2 » B2 n+m—2)
By (2.3), it is easy to check that
n+m-—2 2 n+m-—2 2
A = = = =
(al 4 o ntm-2 " 4 B2 n+m—2>
n—1 2 m—1 2
<Oé1 2 761 n+m_27a2 2 752 n+m_2)

That is, the two Z distributions with different parameterizations are equal.

We can derive another pivot using the Z distribution. Let

D 5 SC S Vs R S
JEim R, R VW
where N ~ N (0,1),
%, %
Wo = 22— = a1xn 1 + az2Xim 1,
ok
2
ox 1 m
ay = G = = 5 (32)
n(nfl)(%Jr%) nn-1)(;+) @=1)(m+n)
2
gy 1 n
as = = = . (3.3)
m(m—l)(%—i—%) m(m—1)(;+5;) (m—1)(m+n)

Note the derivation for Wa is similar to that for W7. Thus,

-1 -1
Wa ~ SIG (Ozl = nTﬂl =2a1,q2 = mTa@ =2a2)7

where a; and a2 are given by (3.2) and (3.3). Consequently,

N n—1 m—1
Z2:\/7W—2NZ<041:T751:2017(1227752:2&2)'

Assumption 3. 0% # 0% are unknown
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This is the Behrens-Fisher Problem. Under Hy, the usual pivot is

_ _ 0.2 0,2
g XYV XYV N
Sk 4 5% \/§+§/\/i+i VWs'

However, the exact distribution of T” is not pleasant ([48])

The distribution of 7" is usually
approximated by using Satterthwaite’s approximation ([7]).

Sk s% 2
—X Jr i
e
where v can be estimated with
(%45
]) — n m
sS4 sS4
n2(7f 1) + m2(7§—1)
Therefore,
N N
T = ~ t(D).
T = (?)
By Remark 2.4,
v v 2
T/ ~t(v)=2 = — = = — — .
(¥) <a1 4751 —, Q2 4752 19)

That is, the usual pivot T” is approximately a Z distribution

We can approximate T” by another Z distribution. First,

_ 2 2
. = A1Xn-1 T a2Xm—1

—1 —1
~ SIG (al - nTaﬁl :2(11,052 - mTaﬁQ :2a2>7

where a1 and az are given by (3.1). Note that the derivation for W3 is similar to that for Wi.
Since 0% and o2 are unknown and they are not equal, and a; and az depend on ¢% and 0%, the
distribution of W3 is not completely known. It is natural to use S% =~ o% and Sy =~ 0% . Therefore,

. S% X Sy
ar = 52 Sz 2= 52 52\
n-D(F+3E) T mmen (4 3E)
n—1 N m—1 .
W3%SIG a1:T7ﬁ1:2a17ag:T,52:2a2 s

T’: \/];‘7/_7%Z(CllznT_l,ﬁl=2d1,042=mT_1,ﬁ2=2d2).
3

Note that the above Z distribution shares some characteristics of Fisher’s solution using fiducial
argument (see the supplemental file). Namely, the Z distribution assumes that R = S%/S%/
5% /53 is known.
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In particular, when the ratio of variances R = 0% /o3 = 1/p? is known, [15] showed that under Ho,
7 X-Y
\/i v ﬁ\/(n71)5§(+(m71)S%/p2
n m n+m—2

~t(n+m-—2)

(3.4)

n+m-—2 2 n+m-—2 2
(al 4 7ﬁ1 n+m_2aa2 4 aBQ n+m_2)
We can derive another pivot using the Z distribution.
_ - 52 2
,_ X-v _(X-NNFE N
4 = = — )
SR AN PN A
where N ~ N (0,1),
Sk o s%
_ n _ 2 2
Wy = i_’_ﬁ 7a1Xn71+a2Xm71
-1 -1
~ SIG (OflznTaﬁ1:2alaa2:mTaﬂ2:2a2)7

a1 and az are given by (3.1). But now R = 0% /0% is known. Therefore,

o = 1 _ mR
1_n(n71)(%+%) - (n—1)(mR+n)’
as = ! = n
2_m(m—1)(§+i) T (m—=1)(mR+n)’

Consequently,

N n—1 m—1
Z4: NZ<041:T7ﬁ1:2&17Q2ZT752:202>.

The Z distribution is very flexible in the applications of the hypothesis testing of two normal means.

If a pivot is a t(p) distribution, then by Remark 2.4, it is a Z (a1 =25 = %,0&2 =25 = %)
distribution. The following remark states that one statistics that obeys the Z distribution is

applicable to all assumptions of 0% and o2 .
Remark 3.1. Under Hy, the statistics

_ _ o2 52
,o X7 E-NNEF
& SiY \/SX+57Y/\/§+07Y VW

5% | Sy
W= 12— —ax;_1 + asxim—1
7X_|_7Y
n—1 m—1
NSIG a1 = 7ﬁ1:2a17a2:T,62:2a2),
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a = _ 1 o mR
1_n(n—1)(%+%) _n(n—l)(%+1/7R) - (n—1)(mR+mn)’

(E+21)  (m—1)(mR+n)’

as = 5 5 =

2
ox
R=—.

(3.5)

(3.6)

e If 0% and 0% are known, then R is known, so a; and ag are known, and the Z distribution

is well defined.

o If 0% = 02 = o2 are unknown, but R = 1 is known, so a1 and ay are known, and the Z

distribution is well defined.

o If 0% # 0% are unknown, but R # 1 is known, so a; and az are known, and the Z distribution

is well defined.

o If 0% # 0% are unknown, and R is also unknown (the Behrens-Fisher Problem), then we can

approximate R by R= S’%/sz, so a1 and az are approximated by

N mR ~ n

e (n—1) (mf%—!—n)7 e (m—1) (ml%—l—n).

Therefore, the Z distribution is well defined.
The P value of the Z distribution is computed as follows.

p=P(Z] > |z]) =2P(Z > |2|)
=2(1-P(Z<|2])) =2(1 - Fz(|2])),

where z = (T —7) /\/s%/n + s%/m is the observed value of Z, Fz (-) is the cdf of the random
variable Z. If p < «, the chosen nominal significance level of the test, then reject Ho : ux = py,

otherwise, accept Hp. A simulation study of the P value is given in the next section.

The 100 x (1 — ) % interval estimate of @ (= ux — py) based on the Z (0) statistics,

X-Y)-0
Z(G):i( ) ,
S, 5%
is defined as a set ©1_a = {0 : P (|Z (8)] > |Zobs (0)]) > a} and is given as
2 2
Y £
@ =g Ern-gy/ -+
where (@—7)—6
T—7q)—
Zobs (9)— > >
G

is the observed value of Z (6), and

— o
= (-3)

is the lower 1 — «/2 critical value (cut-off point or quantile) of the Z distribution. How to calculate

or compute ¥, g is a problem.

10
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The following remark states that the 7" statistics (3.4) given in [15] can be obtained through the Z
distribution.

Remark 3.2. We can define the Z distribution differently. Let
— — 7 X 7 02 0'2
g X-¥v  (X-V)/VITHT N

VIGRS) rerson s+ x YW

-1 -1
NZ(Oél = nT,ﬁl :2a1,a2:mT,62:2a2),

where N ~ N (0,1),
f (8%, %) = k1 (n,m, R) S + k2 (n,m, R) S%,

f(S%,5%)  ki1S% + k25%
CIE I

»

2 2
ox Ty 2
k1 1 Xn—-1 + k2 m—1Xm—1

2 2
X 4 %v
n m
2 2
= a1Xn-1 + a2Xm—1

—1 —1
~ SIG <a1 = B =2a1,00 = mT,& :2a2>7

2
a; = klo’g{ — k1 _ kimnR
-1 (F+3) @-p(E+E) e-DmREn)
o — koo3 o ko . kamn
2 - - )
(mfl)(i+i) (m=-1)(E+2L) (m-1)(mR+n)
R=9Xx

When R is known, we can choose
k1 = k1 (n,m, R) and k2 = ka2 (n,m, R)

such that the resulting Z distribution has a simple form. By Remark 2.1, we know that when
B1 = B2 = B, then the pdf of the Z distribution is simplified. When we choose a1 = a2, that is,

kimnR komn

m—1)(mR+n) (m—1)(mR+n)’

we obtain
k1 n—1

k2 (m-1DR
In fact, we can choose k1 and k2, such that the resulting Z distribution is a ¢t (n + m — 2) distribution.
‘We have

kimnR
W =ai1Xh-1 + a2xin_1 = . ) (Xifl + anf1)

(n—1)(mR+n

kimnR _ Xntm—2

2
B (n—l)(mR+n)X”+m72_ n+m—2’

11
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which means that

kimnR B 1
(n—1)(mR+n) n+m-—2
Thus,
_ (n—=1)(mR+n)
k= mnR(n+m—2) (3.7)
Therefore,

_(m-1)R, (m-—1)(mR+n)
ke = n—1 k= mn(n+m-—2) (3.8)

Consequently, if we let k1 and k2 be defined by (3.7) and (3.8), then

N
J=——~t(n+m-—2).
v :
One can easily check that the Z statistics with k1 and ko defined by (3.7) and (3.8) is the same
as the T statistics (3.4) given in [15]. In another words, the T statistics (3.4) given in [15] can be
obtained through the Z distribution.

It is also easy to check that when
klzlandkgzi,
n m

a1 and az reduces to (3.5) and (3.6).

4 Simulation Studies

In this section, we provide the simulation studies for the hypothesis testing problems in Remark
3.1. We consider two groups of simulation studies. The first group considers yux = 1 and puy = 1.1,
for this group we would probably accept Ho : ux = py. The parameters for group 1 are given in
Table 1. The second group considers ux = 1 and puy = 2, for this group we would expect rejecting
Hy : ux = py and accepting Hi : ux # py. The parameters for group 2 are the same as those for
group 1 in Table 4, except that puy = 2.

Table 1. Parameters for group 1.

n=10,m=20,ux =1, uy =1.1
Case 1 | 0%,0% are known, R = 2/3
X ~N(1,2)and Y ~ N (1.1, 3)
Case 2 | 0% = 0y = 0~ are unknown, R = 0% /oy = 1
X~N(1l,1)and Y ~ N (1.1,1)
Case 3 | 0% # 0% are unknown, R = 0% /oy = 2 is known
X ~N(1,2)and Y ~ N (1.1,1)
Case 4 | 0% # 0% are unknown, R = 0% /oy = 1/2 is known
X~N(1l,1)and Y ~ N (1.1,2)
Case 5 | 0% # 0% are unknown, R = 0% /0% is also unknown, R = S%/S% > 1
X~N(1,2)and Y ~ N(1.1,1), R=58%/5% ~ 0% /0% =2>1
Case 6 | 0% # 0% are unknown, R = 0% /0% is also unknown, R = S%/S% < 1
X~N(@1andY ~ N (1.1,2), R=5%/5% ~ 0% /0% =1/2 < 1

Before the simulation studies, we do some theoretical analysis of the error structure. By error,
we refer to the [°° error (maximum absolute error) of the approximate solution (a vector) and the
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exact solution (a vector), which is not known since it is an infinite series and is replaced by the
approximate solution with very large truncation number K of the series. We assume two error
structures for the [°° error. The first one is the polynomial error, which is the one we tried first.
The second one is the exponential error, which is the better error structure as the simulation studies
will exemplify.

For polynomial error, we assume that there exist positive constants C' and (1, such that

Pwa_c<;)&.

Taking base 10 logs (of course one can try base e) on both sides of the above equation, we obtain

o 1
logy ! (K) =log,, C + B1logy, K

Let
o0 ].
Yk =log,o I (K), Bo =log,,C, and Xx =log,, —.

Then
Yi = Bo + f1Xk. (4.1)

That is, Yk and Xk have a linear relationship. We then use the R function lm() to compute the
coefficients (8o, 81). Then C = 10%. To see whether the polynomial error structure is good for
the [*° error of our problem, we can compute and record the sum of squares of the residuals Sf’poly
(the smaller the better), the residual standard error &poy (the smaller the better), and the multiple
R-squared R, (the larger the better) of the linear model. Given K (e.g., K = 150), if we want
to know what is the predictive {*° (K), we can simply calculate

1\™ 1\” 107
I(K)=C(—=] =107"(=) = . 4.2
(K) C<K> 0 (K) = (4.2)
If we want to know for what value of K the predictive [*° (K) is less than a specified value 4, e.g.,
0.001, we should let

- 1050
I (K) = B < d.
Therefore, by elementary calculations, we get
Bo—log1g
K>10 5 . (4.3)

For exponential error, we assume that there exist positive constants C' and 0 < ¢ < 1, such that

Taking base 10 logs on both sides of the above equation, we obtain
log, 1 (K) = log,, C + K logy, q.
Let
Yi =log,o ™ (K), Bo =log,, C, and B = logq.
Then
Yk = Bo+ A1 K. (44)

That is, Yk and K have a linear relationship. We then use the R function lm() to compute the
coefficients (8o, 81). Then
C =10 and ¢ = 10°*.

13
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As in the polynomial error structure, we can compute and record Sf,cxp, Gexp, and szp of the linear
model to see whether the exponential error structure is good for the [*° error of our problem. Note
that for the two error structures, Yx = log;,[°° (K), and thus the sum of squares of the residuals
(Sf,poly and Sf,cxp) and the residual standard error (6pory and Gexp) are comparable. Given K, the
predictive [*° (K) is

1°°(K) = Cg" = 10%0 /1K, (4.5)

If we want to know for what value of K the predictive [*° (K) is less than a specified value J, e.g.,
0.001, we should let
1°° (K) = 10707 K < 5,

By elementary calculations, the above inequality reduces to

K> 108100 = fo, (4.6)
B1

Now we plot the figures and display the results. Take group 1 case 3 for example. See Figure 4.
In Figure 4, the plot on the left of the first row is the cdf plot for various K. We see that as K
increases the cdf increases and approaches to a limit, which is the infinite series given by (2.4), the
line corresponding to K = 150 is very close to the limit and it is regarded as the true cdf. We also
see that for the line corresponding to K = 150, it tends to 0 (1) as z tends to —oco (00). The plot on
the right of the first row is the error plot for various K, where the line corresponding to K = 150
is regarded as the true cdf and thus it is not shown in the plot. We see that as K increases, the
error decreases to 0. For each K, the error is already 0 for the z values less than some negative
constant. The plot on the left of the second row is the polynomial loglog error plot. It exemplifies
a line given by (4.1). We see that the fitting of the line to the points is good. The red horizontal
line corresponding to § = 1073, (4.3) gives K > 104.2120, which means that when K > 105, the
1°° (K) will be less than the prescribed § = 1073, The plot on the right of the second row is the
polynomial error plot. It plots (4.2) for various K. We see that the predicted polynomial error
fits the points well. The red horizontal line corresponding to § = 1073, The red line crosses the
polynomial curve at K = 104.2120, which also means that when K > 105, the I*° (K) < § = 1073,
The plot on the left of the third row is the exponential log error plot. It exemplifies a line given by
(4.4). We see that the fitting of the line to the points is very good. The line fitting is much better
than that for the polynomial loglog error plot. The red horizontal line corresponding to § = 1073.
(4.6) gives K > 106.5275, which means that when K > 107, the I°° (K) < § = 1073. The plot on
the right of the third row is the exponential error plot. It plots (4.5) for various K. We see that
the predictive exponential error fits the points very well. The curve fitting is much better than
that for the polynomial error plot, as reassured by the three statistics (Sf, &, and Rz) given later.
The red horizontal line corresponding to 6 = 1073, The red line crosses the exponential curve at
K = 106.5275, which also means that when K > 107, the [*° (K) < § = 1073,

The plots for other cases of group 1 are similar to Fig 1 and thus are omitted.

The P values, the K values corresponding to a § = 1072 error (Kpoty and Kexp), the sum of squares
of the residuals (57 ,,;, and S7cx,), the residual standard error (6pory and Gexp), the multiple R-
squared (Rzoly and Rﬁxp), the predictive *° errors for K = 150 of the exponential error structure,
and the g values of the exponential error structure for the 6 cases of group 1 are given in Table 2.
From Table 2 we see that the P values are all greater than 0.9 >> 0.1 = «, therefore we accept
Ho : px = py. The K values corresponding to a § = 1073 error for the two error structures
are close. However, we should trust those K values calculated by the exponential error structure.
The three statistics: The sum of squares of the residuals S? (the smaller the better), the residual
standard error & (the smaller the better), and the multiple R-squared R? (the larger the better)
for the exponential error structure are all better than those for the polynomial error structure.
Therefore, we guess that the [°° (K) decays exponentially for K. This exemplifies Remark 2.6. The
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predictive [*° errors for K = 150 (which is regarded as the true solution) of the exponential error
structure vary for different cases, from the most accurate case 6 (3.3 x 10757) to the least accurate
case 3 (1.8 x 107°). Nevertheless, the predictive [ errors for K = 150 is less than 2 x 107° for
all 6 cases, and the solution corresponding to K = 150 can be reasonably regarded as the true
solution. The ¢ values of the exponential error structure are related to the K values corresponding
to a § = 1072 error and the predictive * errors for K = 150. A small ¢ corresponds to a small K
and a small predictive [*° error, and vice versa.

Table 2. Statistics for 6 cases of group 1

Polynomial I Exponential
P (0.9807,0.9402, 0.9446,0.9037, 0.9444, 0.9036)
K (6 =10"7%) | (25.9825,52.4246, 104.2120, 13.6867, 50.8821, 6.4802) | (28.2943,49.7654, 106.5275, 18.0592, 60.7933, 6.6181)
52 (1.7121,1.0527, 0.2440, 3.9838,0.6013, 5.5683) (0.1101,0.0186,0.0208, 0.1402, 0.0183, 0.0645)
a (0.7554,0.5924, 0.2852,1.1524, 0.4800, 1.3624) (0.1916,0.0787,0.0833,0.2162,0.0782, 0.1467)
RZ (0.8766,0.9742,0.9618,0.8943,0.9723, 0.9343) (0.9921,0.9995,0.9967,0.9963, 0.9993, 0.9992)
1 (150) (1.7e-19,7.7e-14,1.8e-05, 5.9e-32,9.0e-11, 3.3e-87)

q (0.7421,0.7927,0.9123,0.6110, 0.8337,0.2617)

The plots of the 6 cases of group 2 are similar to those of group 1 and thus are omitted.

The statistics for the 6 cases of group 2 are given in Table 3. From Table 3 we see that the P
values are all smaller than 0.1 = «, therefore we reject Ho : ux = py and accept Hi : ux # py, as
expected. The explanations of the other statistics in Table 3 are similar to those in Table 2 and
thus are omitted. Compare Table 2 and Table 3, we see that except the P values have been changed,
the other statistics remain the same. Because we only change the Y samples from Y, Y3, ..., Y.L to
Y2, Y2, ..., Y2 it only changes the sample mean Y, the sample variances remain unchanged due to
set.seed(1). Therefore the R and R= S% /S% values remain unchanged, and i, f1, a2, B2 remain
unchanged. Consequently, the cdf and its “derivatives” remain unchanged.

Table 3. Statistics for 6 cases of group 2

Polynomial | Exponential
P (0.0949,0.0121,0.0543, 0.0266, 0.0509, 0.0257)
K (6 =10"7%) | (25.0825,52.4246, 104.2120, 13.6867, 59.8821,6.4802) | (28.2943,49.7654, 106.5275, 18.0592, 60.7933, 6.6181)
SZ (1.7121, 1.0527,0.2440, 3.9838, 0.6913, 5.5683) (0.1101,0.0186,0.0208, 0.1402, 0.0183, 0.0645)
o (0.7554,0.5924,0.2852,1.1524, 0.4800, 1.3624) (0.1916,0.0787,0.0833,0.2162, 0.0782, 0.1467)
R? (0.8766,0.9742,0.9618,0.8043,0.9723,0.9343) (0.9921,0.9995,0.9967,0.9963, 0.9993, 0.9992)
17 (150) (1.7e-19,7.7e-14,1.8e-05,5.9e-32, 0.0e-11, 3.3e-87)

q (0.7421,0.7927,0.9123,0.6110,0.8337,0.2617)

Finally, we give some discussions of the results obtained.

e The Z distribution is very flexible in the applications of the hypothesis testings of two normal
means. One statistics that obeys the Z distribution is applicable to all assumptions of %
and o2 .

e We carry out two groups of simulation studies in this section. The first group considers
pux = 1 and py = 1.1. For the first group, we see that the P values are all greater than
0.9 >> 0.1 = «, and thus we accept Ho : ux = py. The second group considers px = 1 and
py = 2. For the second group, we see that the P values are all smaller than 0.1 = «, and
thus we reject Ho : px = py and accept Hi : ux # py, as expected.

e We assume two error structures for the [*° error: The polynomial error structure and the
exponential error structure. The simulation studies exemplify that the exponential error
structure is the better error structure for the I*° error.
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5 Conclusions

By introducing the Z distribution, we provide a total new way to tackle the Behrens-Fisher problem.
First, we define the SIG distribution and find its pdf, which is a generalization of the gamma
distribution. Three remarks considering the properties of the SIG distribution are given. Second,
we define the Z distribution and find its pdf, which is a generalization of the ¢ distribution. Third,
we find the cdf of the Z distribution in Theorem 2.1. Three remarks considering the applicability,
the [*° (K) error structure, and the programming of the cdf of the Z distribution are then given.
Note that the pdf of the SIG distribution, the pdf and cdf of the Z distribution are all infinite
series. Fourth, we apply the Z distribution in the hypothesis testings of two normal means. In
three different assumptions of the variances, namely, 0% and o2 are known, c% = 0% = o2 are
unknown, and o% # 0% are unknown (the Behrens-Fisher problem), we find the pivots using the
Z distribution. Remark 3.1 shows that the Z distribution is very flexible in the applications of the
hypothesis testings of two normal means. One statistics that obeys the Z distribution is applicable
to all assumptions of 0% and o%. Remark 3.2 shows that we can define the Z distribution differently,
such that the resulting Z distribution has a simple form. Moreover, the T statistics (3.4) given in
[15] can be obtained through the Z distribution. Finally, we provide the simulation studies for the
hypothesis testing problems in Remark 3.1. Two groups of simulation studies are considered. The
first group considers px = 1 and py = 1.1. For the first group, we see that the P values are all
greater than 0.9 >> 0.1 = «, and thus we accept Ho : ux = py. The second group considers
px =1 and py = 2. For the second group, we see that the P values are all smaller than 0.1 = «,
and thus we reject Ho : ux = py and accept Hy : ux # py, as expected. In the simulation studies,
we assume two error structures for the [°° error: The polynomial error structure and the exponential
error structure. The latter one is the better error structure as the simulation studies exemplify.
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