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Abstract:

This article studies the robustness of different likelihood ratio tests proposed by
Quandt ([1]) and ([2]), (Q-Test), Kim and Siegmund ([3]), (KS-Test), and Kim ([4]),
(K-Test), to detect a change in simple linear regression models. These tests are eval-
uated and compared with respect to their performance taking into account different
scenarios, such as, different error distributions, different sample sizes, different loca-
tions of the change point and departure from the homoscedasticity. Two different
alternatives are considered: i) with a change in the intercept from one model to the
other with the same slope and ii) with a change in both the intercept and slope.
The simulation results reveal that the KS-Test is superior to the Q-Test for both
models considered while the K-Test is more powerful than the other two tests for
nonhomogeneous models with a known variance.

Key-Words:

segmented regression models; likelihood ratio tests; robustness.

AMS Subject Classification:

62J02, 62F03.



Diniz and Brochi



Robustness of two-phase regression tests 3

1. INTRODUCTION

The use of models involving a sequence of submodels has been widely ap-
plied in areas such as economics, medicine and biology, among others. These
types of models, denoted by segmented (or switching or multi-phase) regression
models, are useful when it is believed that the model parameters change after an
unknown time or in some region of the domain of the predictor variables.

A simple segmented regression model, in the case that a sequence of obser-
vations (z;,v;), i=1,2,...,n, is considered, can be written in the following way

o1+ Bra; + €5, if xp <
(1.1) Yi =

g+ o+ g4, if x>,

where a1, s, B1, B2 and r are unknown parameters and the errors €; have distri-
bution N(0,02). The submodels in (1.1) are referred to as regimes or segments
and the point r as the change point.

Segmented regression models are divided into two types. One where the
model is assumed to be continuous at the change point, and the other where
it is not. The inferential theory is completely different for each type of model
(Hawkins ([5])). The emphasis in this article is on the discontinuous model.

The linear-linear segmented regression model proposed by Quandt ([1]) is
similar to model (1.1), except that the change point is identified by the observa-
tion order instead of the observation value as above. Moreover, the model (1.1)
assumes homoscedasticity while the Quandt model assumes heteroscedasticity.

Considering a sequence of observations (z;,;), i = 1,2, ...,n, the Quandt
two-phase regression model is given by

a1 + Brx; + €, if i=1,...,k
(1.2) Yi =

s+ fBoxi+e, if i=k+1,...,n,

where the ¢; have independent normal distributions with mean zero and variance
o? if i <k and variance o3 if i > k. The parameters ai, ag, 31, 32 and k are all
unknown.

Various tests for the presence of a change point based on the likelihood
ratio are discussed in the statistics literature. Quandt ([1], [2]) was the first
to propose a likelihood ratio test to detect the presence of a change point in
a simple linear regression model. Hinkley ([6]) derived the asymptotic distri-
bution of the maximum likelihood estimate of a change point and the asymp-
totic distribution of the likelihood ratio statistics for testing hypotheses of no
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change in (1.2), where the independent observations i, ..., x,, are ordered, the
change point k is unknown and the errors ; are considered uncorrelated N (0, 02).
Furthermore, it is assumed that zp <7y <xpy1, where v = (a1— az)/(B2 — /1)
is the intersection of the two regression lines. Hinkley ([7]) discussed infer-
ence concerning a change point considering the hypothesis Hy: k = kg versus the
one-sided alternative Hy: k > kg or versus the two-sided alternative Hy: k # kg.
Brown et al. ([8]) described tests for detecting departures from constancy of re-
gression relationships over time and illustrated the application of these tests with
three sets of real data. Maronna and Yohai ([9]) derived the likelihood ratio test
for the hypothesis that a systematic change has occurred after some point in the
intercept alone. Worsley ([10]) found exact and approximate bounds for the null
distributions of likelihood ratio statistics for testing hypotheses of no change in
the two-phase multiple regression model

x;0+¢e;, if i=1,...k
Yi =

(1.3) ,
x;, 0" +e;, if i=k+1,..,n,

where p < k < n—p, x; is a p-component vector of independent variables and
and §* are p-component vectors of unknown parameters. His numerical results
indicated that the accuracy of the approximation of the upper bound is very
good for small samples. Kim and Siegmund ([3]) consider likelihood ratio tests
for change point problems in simple linear regression models. They also present
a review on segmented regression models and some real problems that motivated
research in this area. Some of these problems are examined using change point
methods by Worsley ([11]) and Raferty and Akman ([12]). Kim ([4]) derived
the likelihood ratio tests for a change in simple linear regression with unequal
variances. Kim and Cai ([13]) examined the distributional robustness of the like-
lihood ratio tests discussed by Kim and Sigmund ([3]) in a simple linear regression.
They showed that these statistics converge to the same limiting distributions re-
gardless of the underlying distribution. Through simulation the observed distri-
butional insensitivity of the test statistics is observed when the errors follow a
lognormal, a Weibull, or a contaminated normal distribution. Kim ([4]), using
some numerical examples, examined the robustness to heteroscedasticity of these
tests.

In this paper different likelihood ratio tests (Quandt ([1]) and ([2]), Kim and
Siegmund ([3]) and Kim ([4])) to detect a change on a simple linear regression,
are presented. The tests are evaluated and compared regarding their perfor-
mance in different scenarios. Our main concern is to assist the user of such tests
to decide which test is preferable to use and under which circumstances. The
article is organized as follows. In Section 2, the likelihood ratio tests proposed by
Quandt ([1]) and ([2]), Kim and Siegmund ([3]) and Kim ([4]) will be described.
In Section 3, via Monte Carlo simulations, the performance of the tests discussed
in Section 2 will be assessed and compared. Final comments on the results,
presented in Section 4, will conclude the paper.
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2. TEST STATISTICS

In this Section the likelihood ratio tests proposed by Quandt ([1]) and ([2]),
Kim and Siegmund ([3]) and Kim ([4]) are described in more detail. In all the
cases the model (1.2) is considered.

2.1. Likelihood Ratio Test by Quandt (Q-Test)

The test described by Quandt ([1]) and ([2]) is used for testing the hy-
pothesis that no change has occurred against the alternative that a change took
place. That iS7 Ho: a1 = (9, 51: ,82, g1= 09 against Hli 0117é Qo Or 517é ,82 or
01# 03. The error terms ¢; are independently and normally distributed N (0, o?)
fori =1,...,k and N(0,03) for i = k+1,...,n.

The likelihood ratio A is defined as

_ k)
l(n)

where [(n) is the maximum of the likelihood function over only a single phase
and [(k) is the maximum of the likelihood function over the presence of a change
point. That is,

exp [— log(2m)z — log 6™ —

exp [— log(27r)% —log 6% —log oy ™" — %]

where 61 and &9 are the estimates of the standard errors of the two regression
lines, & is the estimate of the standard error of the overall regression based on all
observations and the constant k is chosen in order to minimize A. On the basis
of empirical distributions resulting from sampling experiments, Quandt ([1]) con-
cluded that the distribution of —2log A can not be assumed to be x? distribution
with 4 degrees of freedom.

2.2. Likelihood Ratio Tests by Kim and Siegmund (KS-Test)

Kim and Siegmund ([3]), assuming the model (1.2) with homoscedasticity,
consider tests of the following hypotheses:
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Hy: f1= P2 and a1 = as against the alternatives
(i) Hjp: p1= (2 and there exists a k (1<k<n) such that a1 # s or

(ii) Ha: there exists a k (1<k<n) such that 81 # 2 and a1 # ao.

The alternative (i) specifies that a change has occurred after some point in
the intercept alone and alternative (ii) specifies that a change has occurred after
some point in both intercept and slope.

The likelihood ratio test of Hg against H; rejects Hy for large values of

max |Uy,(7)| /5 ,

no<I<N1

where n;=nt;, j=0,1, for 0<to<t; <1, and

(1—i/n) 1/2
i(1—1i/n
Un(i) = (@ —aj) — . :
1—i(x; — xn)2/{an(1 — z/n)}
The likelihood ratio test of Hy against Ho rejects Hy for large values of

ni( =)’ | Qo | Qi @
0_72 max 7 n + Yt + TYyr xyn ,

. . *
noisn1 n—1 me i chn

where, following Kim and Siegmund ([3]) notation,

7
= -—1 — —1 -~ — 2= ~x —% D =%
T =1 El‘k Ui =1 Eyk, o=y —Bx, o =y —Bx,
k=1

k=1
n n [
= (=) Y w, gi= =) ks Quyi= Y (wk—F) (4= Bi)
k=it1 k=i+1 k=1
7 n
Qeai = Y (we—Z)° . Qi = Y (=2, ..,
k=1 k=i+1
n n
Qac;tn = Z (xk_ in)z ’ men = Z (flfk— -fn) (yk_ gn) )
k=1 k=1

B: Qxyn/Qmmn and 6%=n""! (nyn — Q2 /Qmmn) .

TYyn

In these tests and in the tests by Kim, the values for ¢y and ¢; depend on
the feeling we have concerning the location of the change point. This impression
comes from a scatterplot of y and x. In this study we will use to= 0.1 and ¢t; = 0.9.
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2.3. Likelihood Ratio Tests by Kim (K-Test)

Kim ([4]) studied likelihood ratio tests for a change in a simple linear re-
gression model considering the two types of alternatives presented in the previous
subsection. It is assumed that the error variance is non-homogeneous, that is, the
error terms follow N (0, 0?), where 07 =

The likelihood ratio statistics is denoted by weighted likelihood ratio statistics.

o2 /w; and the w;’s are positive constants.

The weighted likelihood ratio statistics to test Hy against Hy, (WLRS;),
is given by

2.1 51 Uw (i
(2.1) o n(}gggml wn (7]
where
. 1
3 n 2
oWk Y Wy _ - ~ _
k=1 1 Ywi — Ywn — B - (xw,i - xw,n)

Uwn(i) = [=152= ’ ;
k:%rlwk [1_{ Z Wk Z Wk / Z wk} (jw,i_ mw,n)Q/QxJJn]
k=1 k=1 k

=i+1

The weighted likelihood ratio statistics to test Hy against Ha, (WLRS2), is given
by

(2.2) 672 max [Vin(9)]

no <IN

n

i
kak Zwk 2 *2 2
=1

Vw,n@) = n = (gw,i - gw,n>2 + Qﬂﬁ?ﬂ + f?ﬂ - Qiyn :
Z Wi TTl Txi TIn

k=i+1

In both tests n;j=nt;, 7=0,1, for 0 <ty <t; <1, and following Kim ([4])
notation,

1 -1 n -1y
_ =k § :
Tw,i = § Wk § Wk Tk Lwi = § Wk Wk Tk
k

i -1 n -1 5
gw,l-:( wk> S y:,,i:(zwg S e
k=1 k=1

k=i+1 k=i+1
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2
Qx:m Z wk — T z 5 zm Z wk ) 5

k=i+1
1
o — 2
nyz = Wy (yk - yw,i) ’ yy'L wk yw J )
k=1 k=i+1

i
Quyi = > Wi (6= Twi) (Yb— Jui)

k=1

n n
Q:c:cn = Z Wi (xk_ Ew,n)2 , szn = Z Wk (xk_ -fw,n) (yk_ gw,n) s
k=1

k=1
Bw = wan/@xczzn and 5'2 = nil (nyn - Qiyn/Qxa}n) .

Kim ([4]) also presents approximations of the p-values of the WLRS (2.1)
and (2.2).

3. PERFORMANCE OF THE TESTS

To assess and compare the performance of the tests described in the pre-
vious section we carried out a Monte Carlo simulation taking into account dif-
ferent scenarios, such as, different error distributions, different sample sizes, dif-
ferent locations of the change point and departure from the homoscedasticity as-
sumption. In all the cases two different alternative hypotheses were considered:
i) with a change in the intercept from one model to the other with the same slope,
and ii) with a change in both intercept and slope.

In the simulation process, for each model, the sequence of observations
(1,Y1) 5 - (Tny Yn), where x;=1i/n, i=1,...,n and y; satisfying the model (1.2),
were generated 5,000 times. To calculate the distributional insensitivity of the
tests the following distributions for the errors were considered: N(0,1), N(0,1)
for one regime and N(0,4) for the other, normal with variance given by 1/wj,
where w; = (1+1i/n)?, contaminated normal using the mixture distribution
0.95N(0,1) + 0.5N(0,9), exponential(1), Weibull(a,7y), with o = 1.5 and v =
1/(2Y24r(2/a + 1) — T2(1/a + 1)}99), and lognormal(c, v), with a=0.1 and
v = {exp(2a) — exp(a)} %5, For more details for the choice of these parameters
interested readers can see Kim and Cai (1993).
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To generate the Weibull and lognormal random errors we use the methods
presented in Kim and Cai (1993). The Weibull random errors are generated
by the transformation ¢ = y(Z7 + Z3)"/*, where Z; and Zs are independent and
follow standard normal distributions. The lognormal random errors are generated
considering € = yexp(y/a Z1). The exponential and the normal random variables
are generated using SAS/IML functions. The N(0,1/w;) distribution for the
errors implies that each observation has a different variance determined by the
value w;; it is used to compare the K-Test with the other tests. The K-Test is
applied only in models in which a change can occur in the intercept alone.

Following Zhang and Boss ([14]), Monte Carlo estimates of critical values
are used to create adjusted power estimates. It allows for comparisons among
the competing tests under the same scenarios.

3.1. A Change in the Intercept

We start with the analysis of the performance of the Q-Test for models
with a change in the intercept alone. Figure 1—panel (a) shows the power of the
Quandt test for different sample sizes and different locations of the change point
considering models with errors following normal distributions. In all the cases
the critical values are the 95" percentiles under Hy, estimated by Monte Carlo
simulations. The best performance of the test occurs when the change point is
not at the central position, that is, when the number of observations in a regime
is much smaller than the number of observations in the other, and also when the
sample size increases.

Figure 1 —panel (b) shows the performance of the Q-Test for homogeneous
error variance models with different distributions for the errors. In these cases
the sample size is 20 and the change point is located at k£ = 15. It can be con-
cluded that the likelihood ratio test of Quandt achieves almost the same power
for the four different distributions for the errors. Similar results are reached for
other different sample sizes and different locations of the change point. The per-
formance of the Q-Test for non-homogeneous error variance models is showen in
Figure 1 —panel (c), for n = 20 and k& = 15, when the errors have normal distribu-
tions with different variances from one regime to the other and when the errors
have contaminated normal distribution with each observation having a different
variance. The standard normal distribution model is also presented. The power
of the likelihood ratio test of Quandt achieves almost the same power for the
three distributions when the difference between the intercepts of the two regimes
is less than 2, after that the behavior of the power functions are different. Other
sample sizes and locations of the change point were explored and the results were
similar.
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The performance of the KS-Test for models with a change in the intercept
alone is now analyzed. Figure 2—panel (a) shows the power of the KS-Test for
models with errors following N(0, 1) considering different sample sizes and dif-
ferent locations of the change point in both regimes. This test performs well in
those cases where the changes occurred far from the center. This is in broad
agreement with the results of Kim and Cai ([13]). The Figure 2—panel (b) shows
the robustness of the KS-Test concerning different distributions of the errors but
with homogeneous variances. However, for non-homogeneous models, as shown
in Figure 2—panel (¢), the performance of the KS-Test depends on the distribu-
tion of the errors. For the cases where the errors follow non-homogeneous normal
(different variances for each regime) and contaminated normal distribution the
performance of the test is clearly inferior to the performance when the errors
follow homoscedastic distributions. When the considered distribution is the het-
eroscedastic normal the performance of the test is worse than in the contaminated
normal distribution case.

The non-homogeneous models considered in this study were the models in
which the variances of the error terms are proportional to the square of a linear
combination of the regressor variables. That is, the models have errors follow-
ing a N(0,1/w;), with w; = (1 +i/n)?. Models with this type of heteroscedas-
ticity, known as additive heteroscedastic error models, have been discussed by
Rutemiller and Bowers ([15]) and Harvey ([16]). These models were submitted
to the Q, KS and K-Tests. The test powers are shown in Figure 3. Note that
the Q-Test does not present a good performance in these cases. The KS-Test
is better than the Q-Test but sensibly worse than the K-Test. Comparing such
results with the results presented previously, the non robustness of the QQ and
KS-Tests is evident when applied to non-homogeneous models, mainly when the
variances of the errors are different from an observation to another and not only
from a regime to another. The K-Test is more powerful in the case where the
variances of the error terms are different but known. In the cases of contaminated
normal and heteroscedastic normal distributions, where the w; is unknown, the
application of the K-Test can be accomplished by taking w;=1, for i=1,2,...,n,
which would make such a test equivalent to the KS-Test, or by estimating these
weights from data.

Comparatively, the Q-Test and KS-Test presented very different results for
samples of size 20. The performance of the KS-Test is superior to the perfor-
mance of the Q-Test. That superiority is noticed practically in all the considered
differences between intercepts. It is important to point out that even when we
considered the non-homogeneous error variance models submitted to the KS-Test,
the results are better than the one of the Q-Test in homogeneous error variance
models. Analyzing the Figures 1 and 2, a similar performance of the Q-Test and
KS-Test when the samples are of size n = 40 is noticed. The K-Test is more
efficient than the others in non-homogeneous error variance models with known
variance.
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Power of the Q-Test in three scenarios:

Panel (a) for models with error terms following N (0, 1) considering different
sample sizes and different locations of the change point. In this case the
best performance of the test occurs when the change point is not at the
central position.

Panel (b) for homogeneous error variance models supposing the error terms
have normal, lognormal, Weibull and exponential distribution, with n = 20
and k = 15. Note that the likelihood ratio test of Quandt achieves almost
the same power for the four different distributions.

Panel (c¢) for models with error terms following N(0,1), nonhomogenous
normal and contaminated normal distribution, with n = 20 and k& = 15.
The power of the Q-Test achieves almost the same power for the three
distributions when the difference between the intercepts of the two regimes
is less than 2. Afterwards that, the behavior of the power functions are
different.
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Power of the KS-Test in three scenarios:

Panel (a) for models with error terms following N(0,1) considering different
sample sizes and different locations of the change point. This test performs
well in those cases where the changes occurred far from the center.

Panel (b) for homogeneous error variance models supposing the error terms
follow N(0,1), lognormal, Weibull or exponential distribution, with n = 20
and k£ = 15. It shows the robustness of the KS-Test regarding the four

different distributions.

Panel (¢) for models with error terms following N(0,1), non-homogenous
normal and contaminated normal distributions, with n = 20 and k& = 15.
In this case the performance of the KS-Test depends on the distribution of

the errors.
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Figure 3: Power of the Q, KS and K-Tests for models with errors following N (0, 1/w;),
where w; = (1 +i/n)?, for i=1,2,..,n. The Q-Test does not present
a good performance in these cases. The KS-Test is better than the Q-Test
but sensibly worse than the K-Test.

3.2. Change in both Intercepts and Slope

The cases considered in the previous section are analyzed here but with
different slopes on the first and second regimes of each model. The difference
between these slopes considered in the simulations are 0.5 and 1.0. The tests
will continue to be denominated Q-Test and KS-Test but taking into account the
versions that consider models with different intercepts and slopes between the
regimes. Recall that the K-Test is applied only to models in which a change can
occur in the intercept alone.

The Figures 4 —panel (a) and 4—panel (b) present the results obtained with
the Q-Test in models with distribution N(0,1), considering the differences be-
tween the slopes 0.5 and 1.0, respectively. The test is sensitive to the change in
the difference between such slopes. Besides, as it happened with models where
only the intercepts change, the results are clearly better when the change point is
on a non central region. Moreover in these cases, the performance of the Q-Test
improves as the sample size increases from 20 for 40.

The Figures 4 —panel (c¢) and 4 — panel (d) present the results obtained with
the Q-Test in homogeneous error variance models considering several distribu-
tions for the error terms with n = 20 and k = 15. Here it is also clear that the
test is sensitive to the increase of the difference between the slopes. Both Figures
evidence the robustness of the test in relation to the considered distributions of
the errors.
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Figure 4: Power of the Q-Test in four scenarios:

Panel (a) for models with error terms following N (0, 1) considering different
sample sizes, different locations of the change point and B — 5; = 0.5.

Panel (b) for models with error terms following N(0,1) considering differ-
ent sample sizes, different locations of the change point and 85 — 57 = 1.0.
In both cases the test is sensitive to the change in the difference between
such slopes and improves as the sample size increases from 20 for 40.

Panel (c¢) for homogeneous error variance models supposing the error terms
follow distribution N(0, 1), lognormal, Weibull and exponential, n = 20,
k=15 and ,82 —,81 =0.5.

Panel (d) for homogeneous error variance models supposing the error terms
follow distributions N(0,1), lognormal, Weibull and exponential, n = 20,
k =15 and B — 5; = 1.0. Both Figures evidence the robustness of the test
in relation to the considered distributions of the errors.
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The performance of the Q-Test in non-homogeneous error variance models
in comparison to the case N(0,1) can be seen in Figures 5-panel(a) and
5—panel (b), these also evidence that the test is sensitive to the increase of the
difference between the slopes. Once again, the non robustness of the test studied
in relation to the presence of heteroscedasticity can be clearly seen.
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Figure 5: Power of the Q-Test in two scenarios:

Panel (a) for models with error terms following N (0, 1), non-homogenous
normal and contaminated normal distributions, n =20, k=15 and

B2 — B1 = 0.5.

Panel (b) for models with error terms following N (0, 1), non-homogenous
normal and contaminated normal distributions, n =20, k=15 and
B2 — 1 = 1.0. In both cases there is evidence that the test is sensitive
to the increase of the difference between the slopes.

The KS-Test when applied to models in which changes occurs in both in-
tercept and slope is sensitive to the increase in the difference between the slopes
and its best performance happens when the structural change occurs in a non
central region. Another property of the KS-test is the non robustness concerning
the heteroscedasticity of the model. Such properties were verified by the analysis
of the plots (not shown here) which present the power of the KS-Test applied to
the same models submitted to the Q-Test.

When the difference between intercepts is less than 1.0, the KS-Test presents
superior performance, in both cases B2 — 31 = 0.5 and B2 — 61 = 1.0, in non-
homogeneous normal models in relation to the N(0,1) models. However, when
the difference between intercepts is larger than 1.0, such superiority is total and
completely reverted in favor of the cases N(0,1), also in both cases 2 — 51 = 0.5
and 52 - 51 = 1.0.
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Q-Test and KS-Test are sensitive to the alterations of differences between
intercepts and differences between slopes, besides both tests present better per-
formances when the structural change happens in a non central region. Another
characteristic of the Q-Test and KS-Test is the non robustness of their perfor-
mance in non-homogeneous error variance models in relation to the homogeneous
models.

In all the presented cases the KS-Test performs better than the Q-Test.
Both are shown to be robust regarding the different distributions considered in
homogeneous models, except the KS-Test when applied in models with error
following exponential distribution. However, even presenting inferior power in
the exponential case, the KS-Test has more power than the Q-Test in all the
homogeneous cases.

4. WORKING WITH OUTLIERS

In this section a small investigation of the sensitivity of the tests referring
to outlying observations is presented. New data sets, contaminated with outliers,
are simulated from the model (1.2) and the power results for the three tests,
for some scenarios, are explored. This investigation involves the power of the
Q-test, KS-Test and K-test considering data sets with and without outliers, dif-
ferent sample sizes and different locations of the change point, for errors following
normal distributions. In all the cases the critical values are the 95" percentiles
under Hj, estimated by Monte Carlo simulations.
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Figure 6: Power of the Q-Test for models with error terms following N (0, 1) consider-
ing data sets with and without outliers, different sample sizes and different
locations of the change point. Panel (a) (2 —81=0. Panel (b) 8 — 31 =1.0.
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For the Q-Test and KS-Test, if the outliers are clearly present in one of
the regimes, inspection of the results reveals that the cases without outliers have
slightly more power when compared to the cases with outliers, but for the K-test
the power of cases with and without outliers are comparable.

For the three studied tests, the cases where the outliers are clearly in the
change point region are slightly more powerful than those cases without outliers.
The reason for that can reside in the fact that the simulated outliers reinforced
the presence of change points.

5. CONCLUDING REMARKS

The robustness of different likelihood ratio tests was investigated under
different scenarios via a simulation study as presented in Section 3. With the
exception of the study by Kim and Cai ([13]) there has been little work done
for a comprehensive discussion of the performance of these tests including the
important question of deciding which test should be considered and under which
circumstances. The simulation results suggested that the KS-Test is superior
to the Q-Test when small to moderate sample sizes are considered for both ho-
mogeneous and non-homogeneous models with a change in the intercept alone.
However, the K-Test is more powerful than the other two tests for non-homo-
geneous models with a known variance. The Q-Test and KS-Test are both
robust regarding different distributions of the errors for homogeneous models.
When there is a change point in both intercept and slope the KS-Test is superior
to the Q-Test in all investigated scenarios.
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1. INTRODUCTION

In many statistical applications it is necessary to make inferences about
the tail of a distribution, where little data is available. For instance, one is often
interested in the probability that the maximum of n random variables exceeds a
given threshold or, vice versa, one wants to determine a level such that the ex-
ceedance probability is below a given small value. As an example, an hydraulics
engineer has to estimate the necessary height of a dike such that the probability
of a flooding in a given year is less than 10™* (cf. Dekkers and de Haan, 1989).
This interest has given rise to a rapid development of extreme value theory
in the last thirty years (see e.g. Galambos, 1978, Leadbetter et al., 1983).
The traditional approach to the analysis of extreme values in a given popula-
tion is based on the family of generalized extreme value (GEV) distributions.
More precisely, Gnedenko (1943) showed that the limit distribution of the max-
imum X, , of a sample of independent and identically distributed variables
X, X1, ..., X, from a distribution F', properly centred and normalized, is neces-
sarily of extreme value type, i.e. for some v € R, there exists sequences of con-
stants o,, > 0 and «a,, € R such that

X _
(1.1) lim P(M < a:) — H.(x),

n—oo On

for all continuity points of the extreme value distribution function H., defined as

exp(—(l—i—q/m)_%) for v#0 and 1+~z >0,
H,y(z) =

exp(— exp(—z)) for 7=0 and z€R.

The distribution function F' is said to belong to the maximum domain of
attraction of H,. The real-valued parameter - is referred to as the extreme value
index (EVI) of F. Most common continuous distribution functions satisfy this
weak condition. Distributions with v > 0 are called heavy-tailed, as their tail
F typically decays slowly as a power function. Examples in this Fréchet class
are the Pareto, Burr, Student’s t, a-stable (o < 2) and loggamma distributions.
The Gumbel class of distributions with v = 0 encompasses the exponential, nor-
mal, lognormal, gamma and classical Weibull distributions, the tail of which
diminishes exponentially fast. Finally, the Weibull class consists of distributions
with 7 < 0, which all have a finite right endpoint sy (F) := sup{z: F(z) < 1}.
Examples in this class are the uniform and reverse Burr distributions.

The problem of estimating the so-called extreme value index ~, which de-
termines the behaviour of the underlying distribution function F in its upper tail,
has received much attention in the literature. An extensive motivation of this
estimation problem can be found in Galambos (1978). The GEV distribution is
appropriate when the data consist of a set of maxima. However, there has been
some criticism of this approach, because using only maxima leads to the loss of
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information contained in other large sample values in a given period. This prob-
lem is remedied by considering several of the largest order statistics instead of
just the largest one: that is, considering all values larger than a given threshold.
The differences between these values and a given threshold are called excesses
over the threshold. Denote by Fy(z) := P(X —u < x| X >u) the distribution of
the excesses of X over u, given that u is exceeded, and by G, the generalized
Pareto distribution (GPD) defined, for all z > 0, as

_1
1—(1+?) K for v#0 and 1+~vz/o >0,
Gyo(z) =

1—exp<—£) for v=0,
o
where ¢ and v are the scale and shape parameters.

Pickands’ and Balkema and de Haan’s result (see Pickands (1975) and
Balkema and de Haan (1974)) on the limiting distribution of excesses over a
high threshold states that condition (1.1) holds if and only if

lim sup Fuzx) =Gy ouy(x)] = 0
u—s4(I) 0<x<s+(F)7u‘ ( ) 7 )( )‘

for some positive scaling function o(u) depending on w.

Thus, if, for some n, one fixes a high threshold u, and selects from a
sample Xi, ..., X;, only those observations Xj,,..., X;, that exceed u,, a GPD
with parameters v and o, = o(uy,) is likely to be a good approximation for the
distribution F),, of the N, excesses Y; := X;. — up, j=1,..., N. This is called

the Peaks-Over-Threshold (P.O.T.) method.

Several methods have been proposed for estimating the parameters of the
GPD, for example the method of moments, of the probability-weighted moments
introduced by Hosking and Wallis (1987) or the maximum likelihood method
(Smith, 1987). In this paper, we look in more details at the maximum likeli-
hood estimators, but also we derive the more general conditions required on the
estimators (9, dy) in order to obtain our results.

In all the sequel, we denote by

1 o
Ann (1) = 5 D Uyy<a)
n =1

the empirical distribution function of the excesses.

It is of course very important to measure the error between F, :=1—F,,
(unknown) and its estimator Gs, 5, := 1 — G5, 5,. This error can be splitted
into two parts: an approximation error and an estimation error. The first one,
also called bias of approximation, is justified by the fact that the distribution of
the excesses over u,, is only approximated by a GPD, which implies a systematic
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error studied in Worms (2000). Since the distribution of the excesses over u,, is
F,, and not G, , the error due to the estimation of (v, o,) is also divided into
an approximation error due to the bias of approximation and a random term due
to fluctuations.

Note that N, follows a binomial distribution B(n,1— F(u,)). We suppose,
in all the sequel, that n(1 — F(u,)) — oo as n — oo, that is N,, — oo in proba-

bility. In such a case, m — 1 in probability, as n — oc.

Let
Fo, ) = Fu,(ony)  and A, (y) = Anu, (0ny)
for all y € R;. We will study the asymptotic behaviour of
Fu,(z) = G5, 5,(x)

where 4,, and &, are the maximum likelihood estimators, or other regular esti-
mators with properties specified later on.

In what follows, we suppose that F' is twice differentiable and that its
inverse F~1 exists. Let V and A be two functions defined as
_ V'(Int)
v (Int)

V(t)=F (™ and A(t)

We suppose the following first and second order conditions:

(1.2) lim A(t) =0,

t——+oo

and
(1.3) Ais of constant sign at co and there exists p<0 such that |[A|e RV, ,

(see Bingham et al., 1987).

Under these assumptions, it is proved in Worms (2000) (Theorem 1.4, p.43)
that as u, — sy (F)

(1.4) Fu, (ony) — Gy(y) = an D, p(y) + o(an), as n — +oo ,
for all y, when

on =0 (up) = V/(V_l(un)) , ap = A(evfl(“”))

Gy(y) =1-Gy1(y),
and
CO,p(?J), if Y= 07

D'y,p(y) = 1
Coyp (5 In(1 + ’yy)> if v#0,
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where

y u
Cyp(y) = e~y Ly p(y) and L ,(y) = /0 ew/o e dsdu .
We also assume that

(1.5) lim \/n(1-F(uy)) ap, = X € R.

n—oo

This is equivalent to suppose that /N, a, tends to A in probability,
as n — o0o.

The main result of this paper is the following. For a regular class of es-
timators, when p is equal to 0, the error due to the fact that F,, is replaced
by C_?%,g,n is of smaller order than the same error in the case p # 0. This re-
sult is closely linked to the penultimate approximation for the distribution of the
excesses established in Worms (2002) (Gomes and de Haan (2000), generalizing
Cohen (1982), Gomes (1984) and Gomes and Pestana (1987), studied penulti-
mate approximation for the distribution of the maximum). At first sight, it can
appear a bit strange since it is well known that, if we consider only the problem
of the estimation of the index 7, the smaller |p|, the more difficult it is to estimate
the index. This problem of bias in the estimation of the index has been widely
studied recently in the literature and justified in particular the work on regression
model by Beirlant et al. (1999). This paper proves that, on the contrary, if we
consider the problem of the estimation of the tail distribution, we do not need
to construct asymptotically unbiased estimators, which is essential in the other
estimation problem.

The remainder of our paper is organized as follows. In Section 2, we give
our main results and the general conditions on the estimators (9;,d,) that we
need to obtain our results. Then, in Section 3, we study the asymptotic bias and
also the functional bias of the estimated GPD in the case of maximum likelihood
estimation with v > 0. The details of the proofs are postponed to the appendix.

2.  MAIN RESULT

We restrict our attention to a class of estimators that we call “regular
estimators” of the couple (v, o). We say that an estimator is regular if it has the

form T(Ay4,) = (T1(Apu, ), T2(Any,)), where T satisfies:
(Al) T(G’Y,O') = (Tl(év,a)a TQ(G’Y7U)) = (77 0')‘

(A2) A form of Hadamard differentiability, namely the existence of linear forms

DT(G,) =: (DT1(G5), DT>(G~)), where

(2.1) DTk(GW)[H] :/ Hdukﬁ s k= 1,2 5
0
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for some Borelian measures py~ and all H € L'(R™, 1) N LY (RT, pg )
such that under assumption (1.5) we have

T(F;,) —T(Gy)

(2.2) nEI_EOO & = DT(G5)[Dx,p]
: % 1 Ik Ik 2 2
(23)  lim /N, (T <Fun O Fun> - T(Fun)> = DT(G,)[BoG,],

in distribution, where «j denotes the uniform empirical process and
B a Brownian bridge, and

(2.4) Jim T(Gys a"a)n_ T(G) _ DT(G.) [88—%] :

Clearly, condition (A3) requires that D.,, BoG, and agiy T are in
LMRY, 11.0) O DR ).

(A3) A scale invariance property, namely for all F' such that T(F) is defined

and all o > 0,
(g)) — o To(F) .

ins]

(2.5) T1<F<§)>:T1(F) and Tg(

As in the Introduction, we use the notation o, = o(u,). Then, if we denote
by (44, 0b) = T(F,,) the values of v and o obtained when G.,, has been
substituted by the true distribution function F,,, of the excesses, we deduce from

(2.2)-(2.5) that

1 b or,l; -
(2.6) a—(% Y 1) — DT(G,)[D,,] =: (L1(7, p), L2(7, p))

n n

and

A b

N g g d

2.7) /N, (’Yn -5, = - —”> —

on  On

d o0 _ (o] _
— /0 BoG,y duy /0 BoGy dusy | =: (Z1,22) .

Consequently,

n

(2.8) \/N_n<% -, On _ 1) (21, Z) + L1y, p)s La(v, p)) -

Note that (2.6) contains the bias of approximation of 7 and o, whereas
(2.7) involves the limiting distribution of 4,, and &,,. This shows that the bias of
approximation on the parameters is of order a,, and under (1.5), 4, and &, /0, are
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asymptotically biased when A # 0. In this paper, we will focus on the asymptotic
functional bias of approximation, defined as:

= —

F* () — G T
Ag(z) = lim u"( ) 75’1705’1/071( ) '

n—00 anp,

This quantity is important since it measures the first order non stochastic
discrepancy between the unknown target tail function, F{fn, and its observable
counterpart, C_J%ﬁn J/on- This bias is important to statisticians who are more
interested in estimating small tail probabilities than in estimating 7 (as Drees
(1998) and Drees et al. (2004) who have studied the asymptotic behaviour of the
maximum likelihood estimators (9y,, dy)).

Using (1.4) and a Taylor expansion, it can easily be proved that
oG oG
(2.9) Ap(x) = Dy, p(z) = L1(7,p) 8—,;(27) + Loy, p)w () -

This expression contains both the bias of approximation (1.4) and the error of
approximation on the parameters (2.6).

This result has been first established in Diebolt et al. (2003) in the spe-
cial case of the probability-weighted moments estimators of Hosking and Wallis
(1987).

Our main result is summarized in the following theorem.

Theorem 1. Under assumptions (A1)—-(As) and (1.5), we have

Ap =0 when p=20.

T (G,0)

Proof: From (A;), we clearly have that o = (1,0) and from (2.4)
we deduce that %7“) = DT(G,) [8557]. Therefore, in the case p=0,

since D, o = %, we derive that £1(y, 0) =1 and L2(7, 0) = 0. Consequently,

Agp(z) = Dyo(z) — 85’;” () = 0 in the case p = 0. This explains why as soon
as we use estimators which satisfy (Aj)—(As), the function Ap becomes the null
function for p = 0. O

This result is particularly remarkable. Indeed:

e This result means that in the case p =0, although the bias of 7, is of
order ap, its contribution is cancelled by compensation with D, ¢ in the ex-
pression of the function Ag. It can be seen that Ag remains small whenever
|p| is small.
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e The second order parameter p is zero for many usual distributions in the
Gumbel domain of attraction (y = 0): e.g., the normal, lognormal, gamma
and classical Weibull distributions. Hence, our result applies to all of these
distributions. In the Frechet domain of attraction, we also have distribu-
tions with p = 0, such as the loggamma distribution.

e This result is closely linked to penultimate approximation in Worms (2002).

e This remarkable behaviour of the error of functional approximation Ag
when p = 0 contrasts strongly with theoretical and experimental results
concerning the semiparametric estimators of ~, for example the Hill es-
timator (Hill, 1975). Indeed, the bias of these estimators explodes when
p tends to 0. This motivates many recent works on exponential regression
model, where estimators with reduced bias are proposed (see, for example,
Beirlant et al., 1999).

3. MAXIMUM LIKELITHOOD ESTIMATION FOR ~v >0

In this section, we will prove the following theorem.

Theorem 2. For v > 0, the maximum likelihood estimators are regular
in the sense that they satisfy conditions (A1 )—(As).

With this aim, we first establish the local existence and unicity of these
estimators. Then, we prove the regularity of 7" in the maximum likelihood setting
with v > 0.

We will need some notation. First, we denote by gs = g,,, the density of
the GPD distribution with parameters . Then the score function sg(x) is the
gradient of In gg(z) with respect to #. It is a function of z taking its values in R2
The score function sg(z) is of the form

sp(x) = (31(1‘;9), sz(x;O))T
where, denoting y = z/0,

(I+7y) n(1+vy) — (v + 1)y

if v>0,
31 siwe) = T+ m)
y(y B 2) if _
— 5 it v=0,
and
-1
(3.2) so(z;7y,0) = Y if v>0.

o(1+y)
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Let also ¥y(x) denote the derivative of sg(z) with respect to x:

() = (s0) (@) := (1 (a:0), va(w;0))" = ((aa:v(ajc)z’ (al++71)2) '

3.1. Existence and local unicity

We consider the Kiillback—Leibler divergence between two densities of prob-
abilities h and g related to a measure of reference v:

e (1) = [ n(22) e vt

It takes, by convention, the value co when the integral is not finite. Let # € © =
{(y,0): v >0, 0 > 0}. Under our assumptions, F' admits a density f and the
two Kiillback—Leibler divergences between gy and f are defined as (note that they
can take the value co)

dci (o) f) = Entf<g—;> -/ mln<?f9((j)))ge<x> dx

drullon) = [ (L) 1) ao

and

These quantities are > 0 and dg(f|g) = 0 if and only if f = ¢ a.e. Similar
properties exist for dgr(g| f). Splitting the logarithm into two parts, we obtain

disfla) = [ fa) f@) do + AB.F).
where
(3.3) A, F) := /Ooolngg(:v) dF(x) = —/Ooolngg(:v) f(x) dx .

Thus, dgr(f|ge) is minimal if and only if A(#, F) is minimal. Here, the family
{go: 0 € ©} is identifiable: the distance dx 1, between gy and gy is equal to zero
if and only if 0 =¢'.

For each F, the function § — A(, F) is continuous on © as soon as

(C1) /1ooln33 f(z) dx < oo

Lemma 1 below guarantees the local existence of the maximum likelihood
estimators.
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Lemma 1. Under (Cy), the restriction of 0 — A(0, F) to each closed ball
K contained in © reaches its minimum value in K and at each point where this
minimum s reached, we have

(3.4) /0 sp(2) dF(z) = 0 .

The proof of this lemma is straightforward. Remark that (3.4) constitutes
the likelihood equations.

We now consider the local unicity. First define

W(,F) := /Ooo F(x)g(x) do .

Integrating by parts yields the following result:

Lemma 2. Under (C),

(Ca) F(z) Inz — 0,

r—00

and if F(0) = 1, we have

(3.5) W0, F) = <0,1>T— /O so(x) dF (z)

Remark that if (Cg) is satisfied, then (C;) can be rewritten as
floo(F (x) / x)dr < oco. Moreover, if we assume the mild condition that there
exists an € > 0 such that
(Cs) F(z)(Inz)'** — 0,

r—00
then (C1) and (Cq) are satisfied. Note that in Appendix (4.3), we will prove that
(C3) is satisfied by F; .

In all the sequel, we use the notation 8* = (y*, 1), v* >0 denoting the true
value of v and G := Gy+. The local unicity is established in the following lemma.

Lemma 3. There exists a closed ball V* centered at 0* such that the
restriction of the application 6 — A(0,F; ) to V* is strictly convex for all n
sufficiently large, as I, converges to G in the sense described in Worms (2000,

2002).

Proof of Lemma 3: We consider the second order differential D? In gg(x)
with respect to 6, represented by a 2x2 matrix-valued function of x. For each
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suitable F' and each § € ©, the matrix
I1(0,F) = / D?1n go(z) dF (z)
0

is a Fisher-type information matrix. Recall that the symmetric matrix I(0, Gy)
is definite positive for each v > —1/2.

We show in Appendix 4.1 via an integration by parts that the matrix
I (G,F{fn) converges, uniformly in 6 in some compact neighbourhood V* of 6*,
to a matrix I(0, G), as n — co. Consequently, 1(6, Fjﬂ) is definite positive for all
f € V* and all n sufficiently large. In this case, we have for all n sufficiently large,
unicity of the minimum of A(f, FJTL) for 6 € V*, i.e. local unicity. We denote by
0, = T(F; ) the point in V* minimizing A(6, F}} ). O

Remark that the functional T is sequentially continuous in the following
sense. Since the T' (Fjﬁ)’s are in the compact V*, the sequence that they form ad-
mits at least an adherence value, which belongs to V*. We deduce from compact-
ness and identifiability that any adherence value of this sequence is necessarily 6*.
It therefore follows that T'(F; ) converges to T(G) = 6*.

3.2. Regularity of T in the maximum likelihood case

In this section, we will essentially prove the Hadamard differentiability of T,
with a differential given by

(3.6) 0 [1(1@).6)" /0 TH(@) bre (@) di

Starting from (3.5), we obtain

0 0

/0 Fy (x) Diy(x) do = [0 __] - /0 Dsy(x) dF, ()

[e.e]
= M —/ Dsy(z) dF; (z)
0
that is

I(0,F;) = —/OOOFJn(x) Dyy(x) de + M .

By local existence and unicity, for all n sufficiently large

1\" _ _
—<07 —) +W(9,F;) =0 ifandonlyif 6 =T(F; ).
o
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Therefore
1 T * *
(0 7y W E - 0
and T
~(0,1) +W(T(@),6) = 0
Thus,
[ * * ~ ~ 1 T T

D= | WEWE)F) - W(TE).6) <o, = (F;:n)> +(0.1) ]

(3.7) = /0 OOF{I"(y) Uz () dy — OOG(y) V() dy

_ <0, @)Z (0, 1)T] .

We know that lim, . T(F;,) = T(G) = (7*,1). For each y, we use a Taylor
expansion of order 2 with integral remainder of tp(y) around ¢y (y):

38) Yy () = Yry(y) +D¢9(?J)‘9:(V*,1) [T(F; )=T(G)] + remainder.

Recall the principle of Taylor expansions of order 2 with integral remainder. Let f
be a function of two variables. Denoting ¢(t) = f(aj + thi, az + the) and using

1
g(1) = g(0) + ¢(0) + /O (1- 1) g"(t) dt
it follows that

flar+ hi, ag + hy) =
= f(ai,a2) + h101f(a1,a2) + h202f(a1,asz)
1
-+ / (1—t) (h% Onf+2hihoO1of + h% 822f) (a1+ thy, as + thz) dt .
0
We will apply this formula to the two functions v¢;(x;v,0), j=1,2, at a fixed z, as
functions of (v, o). The point (a1, az) will be (v*,1) and the point (a;+hi, az+hs2)

will be (v, o) close to (y*,1). Denote by Ay :=~v—~* and Ao := o —1. We have
(01 denoting the derivative in 7, and 2 the derivative in o)

2 (z — 2z —
O (z;v,0) = _% and Ooth1(z; v, 0) = _% ’
Ortha(a: 7,0) = —% and - Ona(w; 7,0) = ‘% |
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We have similar expressions for the second order partial derivatives. As x tends
to infinity, there are all of order O(1). For example,

62%(z — o)

3111/11(33; '770) = (U+’Y.CU)4 .

Thus

1
(A7)2/ (1—t) ot (z; Y+t Ay, 1+t Ao) dt =
0

62%(x — 1 —tAo)

dt .
(1 +’y*:p+(Aa+mA7)t]4

1
— @2 [a-9)
0
We are interested in
/0 Fu () Yrs y(y) dy — /0 G(y) b (v) dy -

In the development ¢z )(y) —¢T(@)(y), the contribution to the integral
remainder due to 01171 is of the form

2 [ ! B 6y%(y — 1 —tAo)
(87) /0 F”"<y)/c)<1 ‘) [1+7y+ (Ao +yAy)t]* iy

which is

o (1 [ e 6y2(y — 1 — t Ao)
(Ay) /0(1 t)/o Fun(y)[1+7*y+(A0+yA7)t]4 dy dt .

We now show that this term is O((Av)?). The range y small is trivial, since the
dominating term in the ratio is —632. Therefore, we will look only at the range
y > yo > 0. We have therefore to study

N 6(1—(1+tA0)/y)
/0(1 t) /yo Fun(y)y[l/y+7*+(m/y+m)ﬂ4 dydt

which can be reduced to study the quantity

1 ooF*
/(1—t)/ Fu,®) dydt ,
0 Yo Yy

which is integrable under our conditions and converges to fol(l—t) fyzo(é v /y) dy dt.
It is thus a bounded sequence.
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From (3.7) and (3.8), we obtain that

_ 0 0
(Iw*,F;n)[O 1 _1>

Ta(Fy,)
[e'e) F* _ G
= / M Yo+ (y) dy + remainder .
0 an,

T(Fy,) — T(G)

Un

an

Using the Appendix 4.3, we have

/OOOMW@) dy — OOODv*,p(yWe*(y) dy .

[e7% n—00

Moreover, T5(F;; ) — 1 and we have established that I(6*, F}; ) — I(6*,G)
which is definite positive, thus

* Tk O 0
) -,
Ta (k)

is inversible for all n sufficiently large. We conclude therefore that

_ _ 0 0 -1
(7% N T un 0 % -1
Ta(F5,)
o) Fv* o G
(3.9) ./0 M Yo+ (y) dy + remainder —

@] Dot i

Therefore (3.6) is now established for F;} and a similar study is carried out

for sequences (F + k;l/Qakn(an))nN in Appendices 4.4 and 4.5. O

We have now to compute the couple of biases, to check that the principal
term of the functional bias of approximation cancels for p = 0, and to compute
it for p # 0. We know that

It = {I(T(G‘),G)}_l = (v+1)

vy+1 -1
-1 2|
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The column 2x1 of biases (first the bias concerning -, then the bias concerning
o close to 1, i.e. for o/0y,), is

y+1
]

T ) Q7517

This formula is also applicable, at least formally, in the case v = 0. When we
choose p = 0, we find a, (1,0)7, as expected.

(3.10)

Remark 1. If we consider the Hall model (1982) defined by
1-F(t) = Ct‘l/V(l + Dt (1 —|—o(1))) . to oo,

where p < 0, C' > 0 and D € R, direct computations lead to A(t) = p D C?(y+p)
-t?(1+0(1)) and so a, = pD (y+p) uﬁ/7(1+0(1)). The vector of biases (3.10) is
the one given in Smith (1987). Remark that this verification is direct for the bias
of v. On the other hand, it is not the case for the bias of / on, taking into account
the fact that Smith (1987) took a o, different from ours. It is thus necessary to
take this difference into account. In the same way, Drees et al. (2004) have
also, but in a different way, obtained the vector of biases for a standardization
different from ours and from that of Smith (1987), but as previously mentioned
a repercussion of this difference gives again (3.10).

Remark 2. We have just shown that the maximum likelihood estimators
satisfy conditions (A1)—(Az) with pg(dz) = Yp(x;y,1)de, k=1, 2.

Since (v4,0%) = T(F,, ), we have (v5,%2%) = T(Fy,). Then, by (3.6) and
(3.7),

ok 2 b Ub
T(F7,) - T(Gha) = (=7 2 -1)

n

R /O "D (@) (2) do + olan)

in T (an)
_ o(a,) .
(L+1p) @+v+10) | |ol
It follows that
b
i) - Gy (25 -

v41 oG, K 9G4

= a,|D + B

’ ( ol (1+]p) (147+]p|) Oy (@) (1+lpl) (14r+pl) O «

+ o(an) -

Therefore, it can be directly checked that, when p=0, Ag(z)=0 for all .
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4. APPENDIX

4.1. Convergence of the information matrices for £}

We use the following notations in all the sequel: G := Gy« and ¥(-|f) :=
Dy(x). We would like to prove that, Ve > 0,

(ylo) dy—/ Ey ( y\9)dy‘ < e,
for n sufficiently large, V8 € V* =

This proof can be divided into two parts. First, we consider an € > 0 and
we will prove that it is possible to choose a number A such that each quantity

'/ G(y) U (yl0) dy’ an ‘/ Ey ( y!9)dy'

is smaller than €/2, V6 € V* and Vn > ny(4).

Then, using this number A, we will establish our result by reasoning on

A —
/0 Fr (1) U(yl0) dy

and using the mean value theorem.

In order to establish the first part of this result, we use the classical change

of variables
‘/ Gy) U(yl0) dy‘ ‘/ )[6) (s) ds
and

an | [TE e e o - | [ e v @) dhte) s

where gn(s) = (€7 —1)/7* + a,Rn(s) and g(s) = (e7™s — 1)/~4*, and we prove
that the latter quantity is smaller than €/2 for an ¢ = (Bj), uniformly in
0 = (7, 0) close to *=(v*,1), and for n sufficiently large. Remark that the first
quantity can be treated similarly and recall that ¢/, (s) is of the form e+ an,rn(s),
an expression that we will use later on. All the proof will be done in the case
~v*>0 and we will use the first component of ¥(-|0), the other ones can be treated
similarly (and in fact more easily). Thus, we have to bound the quantity

9n(8) |gn(s) — o]
(0 +79n(5))’

gu(s)|  for s> B,



36 Jean Diebolt and Armelle Guillou

Recall that y = F; ~*(e™). Since F}~! and s~ e * are decreasing,
y is increasing. Consequently, since g,(s) oo for s oo Vn, we can use
the bound
9%(5) ‘/

In\S
g )
uniformly for # € V*. We have therefore to study
o0 / (o¢] /
) [ gy [ il
. 9n(s) . 9n(s)

since g/, > 0. By integrating by parts, this integral is equal to

cst

o
(4.3) —e Bn In(gn(Bn)) +/ e *In(gn(s)) ds .
Using the fact that the first term is negative and that if s > B, then
9n(8) > gn(By), we obtain the first part of the proof.

Concerning the second part of the proof, we first prove that

A,7 A B
/ Fr(y) U(yl6) dy — / G(y) U (y10) dy
0 0

as n — oo, uniformly in 6 close to 6* = (y*,1). We have

A B
| Ew o)y = [T w(o,0]6) gis) ds
0 0

and B
/ G(y) ¥ (y|0) dy —/0 e_(l_w*)s\lf(g(s)w) ds .

Thus we look at

/ "(y) ywdy—/a ywdy]:

/0 0w (gu(5)]6) — ¥ (g(5)[6) | ds
B
+an/0 e Tn(S)\I’(gn(s)‘e) ds

sup
(A%

= sup
(%

Bn
/ e ® \Il(gn(s)‘H) g (s) ds
B

+ sup
oey*

B . OV (V51
—(1—v*)s -~
/0 e an Rn(s) o ( + &n(s)

+ ay /OBe—s 7 (8) ¥ (gn(s)|0) Js‘

B,
/ e~ U (ga(5)[6) gL (5)
B

= sup
oV~

9> ds

+ sup
oy~

)




Asymptotic Behaviour of Regular Estimators 37

where &,(s) € (0,anRy(s)) and where V* is a compact neighbourhood of 6*.
Therefore, we have to study two supremum separately. We have some very useful
properties (Potter bounds) that we recall below (see Worms, 2000):

V V_l n - n ,Y*S - 1
. (s+ (u )) U _¢€ - F anRa(s) | 4, €R |
On v

|Rp(s)] < cst 6(7””7)5/ eftdt
0

Rn(s) — / e’ / et dtdz .

V! V1 (u, *
° (5+ (U )) — S+anrn(s) ,
On

S
Irn(s)] < cst 6(7*+")5/ept dt ,
0

n—oo

S
ra(s) — €T / et dt
0

For the first supremum, we study the two quantities of the sum separately.
Concerning the first one and taking into account the fact that

ovr
—(zw)\ < oo,

sup | U(z])| < oo and sup 5

eV, z€l0,A] 0eV*, z€l0,A]

we can restrict ourself to a compact in x, i.e. work with the product of the two
compacts. This is what we do below, where we have to study

)

< cst |an|e” 7275 qup
0eVv*, z€[0,A]

) 'S _
e~ 1=7)s g Ru(s) g_i <e’7—*1 + &n(s)

22 (wlo)

Y

taking the fact that |R,(s)| < Ke("*% into account. Consequently, the first
quantity in the first supremum tends to 0 uniformly.

Concerning now the second quantity in the first supremum,

|an|

B
/0 e ra(5) U (ga(s)]0) ds| ,

we use again the fact that |r,(s)] < Ke(" 75 and SUPgev+, oeo,a] |V (2|0)] < oo
in order to conclude.
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The second supremum, related to

9

‘ /BBH‘E_S‘I’(%(S)IG) gn(s) ds

can be bounded by

B
B

where C7 and Cy are two constants. This last equality comes from the fact that
B and B, are large, then U(-|f) is decreasing and ¥ (Cy ey =ms |6) is of order
(9(6_(7*_’7)3) uniformly, which achieves the proof.

By,
\1;(01 e —m)s ’ 9) ‘ Co s gg — @</ e~ (1=2m)s ds> ’
B

4.2. Conditions of integrability for qun

We would like to show that (Cs) is satisfied by Fy . With this aim,
let e=* = F¥ (y) which implies that y = F; ~'(e”%) = g,(s). Using the Potter
bounds, we obtain that

est el < P l(e®) < st el Hms
Since F{fn is decreasing, we deduce that

F;n (Cste(’Y*+77)8) S efs S FJn (CSte(V*in)s) .

Let y = cst eV )5 according to what we want to obtain. We have then
e = (y/cst)_l/('Y*i”), which implies that F (y) = (’)(y‘?) for some 3 > 0.
The integrability condition (C3) is then clearly satisfied by F; .

4.3. Hadamard differentiability of F;

Our aim in this appendix is to deal with

/O‘X’ Fa,(y) = G(y) e () dy —

an

- / e G (ga(s) a(s) ds + / Temtimrs Lelgnle) ~ Porlols))
0 0

an,

with |r,(s)| < cst (Y s



Asymptotic Behaviour of Regular Estimators 39

We will use the fact that all the functions of the matrix 1y« (x) are contin-
uous and of order O(%) as x — oo. Denoting by ¢ such a function, we will first
prove that

/Ooes d(gn(s))rn(s) ds — Ooe(lv*)s/sept dt ¢(g(s)) ds .
0

With this aim, we will split the integral into two parts: the first one from
0 to A and the second one from A to infinity. The first part does not pose any
problem. Therefore, we will look at the second one.

Using the properties of ¢, we have

cst
gn(s)

|6(gn(5))] <

for s > A and for all n sufficiently large.

Using the lower Potter bound for g, (s), we have:

gn(s) > cst e s cst >0, for s> A and for all n sufficiently large .

Therefore, for the same s and n, we have
which implies the domination of the function in the integral by cst e 5121,

We thus obtain the desired convergence using the fact that ¢ is continuous
and that r,,(s) — €7*( [J e dt) as n — oo.

Now we have to study

/°°ew>s Blon(s)) — 0l9(5))
0

Gn

S .

We have
6(gu(s)) — 6(9(5)) = 6(9(5) + anRu(s)) = é(g(s))
— o (g(s) +En(s) an Rn(s)>Rn(s) L 0<éEn(s)<1.

We can use the Potter bound for ¢(s) + &,(s) anRy(s). Therefore

¢, (g(s) +&n(s)an Rn(s)) ‘ < cst (=27 +2n)s

Recall that for R,,, we have the following bound

|Rn(s)] < cste*ms



40 Jean Diebolt and Armelle Guillou

By gathering these various results, we obtain that the function in the inte-
gral is bounded by cst e 5(1=37),

Moreover, ¢ is continuous. Therefore, since Vs, gn(s) — g(s) as n — oo
and g(s) + &n(s) anRy(s) is located between g(s) and g,(s), we have

&' (9() + a(s) an Buls) ) — (9(s) -

Finally, R,(s) — [ e o et dt du.

By gathering the two limiting integrals, we obtain

/ =) ( / o dt) d(g(s)) ds +
0 0
Oo7(17 *)s ° *z - t / _.
—|—/Oe 7 </067 /Oep dtdz)qﬁ(g(s))ds : A+B.

By integrating by parts, we derive the following limit

B = —/ d(g(s))e™* (—/ eV*Z/ePt dtdz + e“s/ept dt) ds ,
0 0 0 0

which implies that

A+B —/ (ﬁ(g(s))e_s/e“z/ept dtdzds .
0 0 0

Now, using the notations of the Introduction, it follows that
A+ B = /Ooogb(g(s)) e Ly p(s) ds
- /ooo¢(9(8)) €7 O p(s) ds
= /Ooo¢(y) Dw*w(y) dy ,

by the change of variable y = g(s).

4.4. Existence and almost surely unicity of 6, for Fr + \/kan o, (Fr)

Un

According to the proof for Ffjn, it is sufficient to establish that

1
Vkn

/Ooakn (F (2)) Dyg(z) dv — 0 a.s. ,
0

n—oo
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uniformly in 6 € V*. We use the fact that Diy(z) is bounded uniformly in 6 € V*.
We split the integral, as in the proof for Fy , into two integrals, one from 0 to A
and the other one from A to infinity.

Concerning the integral from A to infinity, we use the classical change of
variable, leading to (see (3.9))

1 [ —ovl In(s)

Voo Sy, | gy

We use Mason’s theorem (1981) (see Shorack and Wellner, 1986, p.425)
which implies that for a small € > 0, we have

ite
1 (Ink,)2 -

=l (€7 = e 2)

when s — oo, as k, — oco. To conclude, we apply to the term (’)(e_g) an
integration by parts technique similar to the one used in (3.10).

a.s.

Concerning the integral from 0 to A, Mason’s theorem (1981) implies that

1
1 _ Ink,)2"e
N o, (B ()] = ( \/k‘ln O(1) a.s.
for 0 <z <A, asn — .
4.5. Hadamard differentiability of F + \/% ok, (F)

‘We must check that the condition of integrability (Cs) is satisfied. We showed
that ¥ (y) = O(y~?) when y — oo, uniformly for n sufficiently large, and for a
constant 5 > 0. We thus deduce, via Mason (1981), that

1 (Ink,)z+e O(u-2

m\akn(ﬁi‘n(y))! = W Y 2)

as y — oo, uniformly for n sufficiently large.

a.s.

Now, we will show that there exists some versions oy, of oy, and a brow-
nian bridge B on [0, 1] such that

/ Vi, (1 (2)) vo (2) da = / “B(G(x)) o (2) dx + op(1)
0 0

as n — oo. With this aim, we will use the fact that [ig«(z)| = O(1/z) as z — o0,
and the invariance principle for the weighted empirical process given in Einmahl
and Mason (1992). We again split the initial integral into an integral from 0 to A
and an integral from A to infinity, and we carry out the usual change of variable.
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We start with fg; ag, (€7%) Yo (gn(s)) g, (s) ds. Since |Pg«(z)| = O(1/x)
as T — 00, this integral is of order O (fg; |k, (e79)| *Z:’z—gig ds). Here, we will change
ag, into ay, (Einmahl and Mason, 1992) for B,, < s < Ink,, with an error term

of order Op(/cg” e_(%_”)s) for0<v< 1/4. We obtain therefore

Inkn
/ Gk (€7) e (gn(5)) 0 () ds =

Inkyp,
(1.4) = [ Bl v ans)) gis) ds
N ROP<,€_V /lnk"e—(%—v)s |+ (9n(5))] gl (5) ds>
n B, n n

as n — o0o. The error term is

o [ i)

and we conclude that it tends to 0 by integrating by parts.

Now, we will study the integral from Ink, to infinity by using again the
fact that |¢g«(z)| = O(1/x) as x — co. According to Jaeschke’s theorem (see
Shorack and Wellner, 1986, p.600), this integral is of order

(4.5) Vinlnk, Op ( / s/ () ds) ,

Bn gn(s)

and again by integrating by parts, the result follows.

Combining (4.1) with (4.2), we obtain that

In knp,

[ e b0 o) 6u) ds = [ ) o 0(5)) g15) ds + op()

n

as 1n — OQ.

Therefore, we only have to study fOB" ag, (€7°) Yo (gn(s)) g, (s) ds. Again,
we split into two integrals, one from 0 to —In(1 — ﬁ) and the other from

—In(1 - é) to By. The first one is clearly op(1). For the second one, we use
the fact that ¥ (x) is bounded for 0 <z <A, and we replace ay, (e”*) by B(e™*),
which leads to an error term of order

Op (k / f(> e () g(5) ds)

as n — 00. Remark now that (B,),>1 is bounded. Indeed, the Potter bounds
imply that 0 < g,(s) < cste™ s If we note s =g~ (y), we have 0 <y <
cst e M g0 5 < % This leads to B, > %, with a similar result
in the other side.
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Consequently, using again the Potter bounds, but this time for g/,(s), and

the fact that (By,)n>1 is bounded, the preceding error term is op(1).

Finally, we obtain the following result

/()m&kn (e %) ox(gn(s)) g, (s) ds =

In k,
- / B(e™) Yo (9n(s)) g(s) ds + op(1) .
—1n<1—ﬁ)

Now, we only have to let n tending to infinity in the integral of the second

member. Since B is a.s. continuous, Ink, — oo, —In(1 — ﬁ) — 0, gn(s) — g(s)
and g/, (s) —¢'(s) for all s as n— 00, we only have to establish an a.s. domination
for B(e™*) 1o+ (gn(s))| gi($) in order to apply the Lebesgue dominated convergence
theorem. We use again the fact that |1g«(gn(s))] = O(1/gn(s)) as s — oo for n
sufficiently large, and we conclude using the Potter bounds on g, (s) and g¢/,(s),
and the law of iterated logarithm for B(¢), ¢t — 0.
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1. INTRODUCTION

Let {J(t), t >0} be a semi-Markov process with a Markov renewal pro-
cess {(In,Tn), n = 0,1,2,...}. The state space of {7,} is assumed to be N =
{0,1,2,..., N}. A reward process is a certain functional that is defined on a
semi-Markov process (Markov renewal process) by

) ) = S plTn Turr —T) + plT (), X (1)) |

n: Tpp1<t

where X (t) is the age process. The function p in (1) is a real function of two
variables; p : N xR — R, and p(i,7) measures the excess reward when time 7
is spent in the state i. The process Z,(t) given by (1) provides the cumulative
reward at time ¢, under the given reward function p. This process was introduced
and studied in [4], for general p. For p(i,7) = ir, the reward process Z,(t)
has been treated by different authors, see [1] [2] [5]. Let T, be the first passage
time of Z,(t) from Z,(0) = 0 to a prespecified level z. Asymptotic behaviors of
ET,, ET? as z — 0o, were obtained in [5] for p(i,z) = ix, and in [3] for general p.
In this article we provide exact formulas for ET,, ET? and var(7), under general p.
We apply our formulas to certain type I counter models and provide precise re-
sults. The main results are Theorems 2.1, 3.1, Corollary 3.1, Remark 3.1, and
formulas (23), (24).

2. NOTATION AND PRELIMINARIES

Let {J(t), t > 0} be a semi-Markov process and {(Jn,7,), n = 0,1,2,...}
be a Markov renewal process, where 7, is a Markov chain in discrete time on
state space N' = {0,1,2,..., N}, and 7, is the n-th transition epoch with 7o = 0.
The behavior of the Markov renewal process is governed by a semi-Markov matrix
A(z) = [Ajj(x)], where

(2) As(@) = P{Tus1 = jp Toi T <@ | Ju=i} .

We assume that the stochastic matrix P = [P;;] = A(oco) governing the embedded
Markov chain {7, : n =0,1,2,...} is aperiodic and irreducible. For convenience
let,

Ak:ij :/ :z:kA”(d:c) >
0
(3) N
A =/ a* A;(dx) | k=0,1,2,...,
0

if they exist, where

AZ((L') = Z Az‘j , Zz(x) =1- AZ(CIT) .
JEN
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We note that A4;(z) = P{T,4+1 — 7T, < | J, = i} is the cumulative distribution
function of the dwell time of the semi-Markov process at state i, and A;(x)
is the corresponding survival function. Let d;; =1 if ¢ = j and d;; = 0 if 7 # j.
We define,

Ap(@) = [6;4;(x)] . Ap(x) = [6;4;(x)] ,

A = [Arajl, Apag = [0i5Aka] k=0,1,2,...

(4)

Note that Ap.g = I. The Laplace—Stieltjes transform of A(x) is denoted by

o)

(5) a(s) = [ ()] . auys) = /0 €57 Ay;(dw) |

Laplace—Stieltjes transforms «;(s), ap(s), etc. are defined similarly. We define
n-fold convolution A(x) by

A (3) = / Ade’) AP (3 — o) |
0
0 ift<O
AV ) =
g () {5j if £>0

and
0 ift<0

AW () = t _
i (1) Z/Ajl,(dy) APD( ) i >0
v 0

if M is a matrix of measures and N is a matrix of measurable functions, the
convolution of M and N (written M x N) is defined by M« N (t) = [(M * N );(t)],
where

M*Njk(t) = Z /Oij(dy) Nuk(t_y) .

Let A(x) be a semi-Markov matrix. Then

Alw) =Y A (z)
n=0

is called the Markov renewal matrix corresponding to A(x). Also denote the
Laplace transform of the Markov renewal matrix by

1 _
LA =~ [T a(s))
The transition probability matrix of J(¢) is denoted by P(t), i.e.,
(6) P() = [P;(0] . Py)=P{I0)=j | JO)=i}.
The state probability vector at time ¢, p'(t) = ( po(t), p1(t),...,pn(t) ), is given

by p'(t) = p’(0)P(t), where p’(0) is the initial probability vector. In this article e
is the unit vector, i.e., e = (1,...,1)".
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Let X (t) be the age process, i.e., the time elapsed at time ¢ since the last
transition of J(t), X(t) = t — 7,, where n = sup{m : 7,,, < t}. The joint
distributions corresponding to the bivariate process {(J(t), X(t)), t > 0} and
the trivariate process {(J(t), X(t), Z,(t)), t > 0}, respectively, are given by

Gyl t) = PLI(W) =j, X()) <o | J(0) = i},
(7)
Fy(n,2,t) = P{T() = j, X(t) <z, Z,() <2 | T(0) =i} .

The Laplace transform of Fj;(z, 2,t) is denoted by

(8) ¢ij(1), w, S) = / / / e vrTwrst Fz'j (da:, dz, t) dat ,
0 —00 J0

in the matrix form ¢(v,w,s) = [¢i;j(v,w, s)]. It is demonstrated in [4] that the
following informative transform formula plays a crucial role in studying the sta-
tistical properties of the reward process (1), see also [5],

(9) o(v,w,s) = [I — C’(w,s)]_1 Ep(w,v+s),
where
C(w,s) = [Crj(w, )], Chi(w,s) = / Ooe—wﬂ<k7x>—sxAkj(dx) ,
(10) .
Ep(w,s) = [0k Ej(w,8)] ,  Ej(w,s) = /O e~ wPUD) =S A (1) da .

Let z be a given level, then the first passage time of the level z for Z,(t), given
Z,(0) =0, is defined by

T, = inf{t> 0: Z,(t)=2| 2,(0) :0} .
Clearly
(11) P{T. >t} = P{Z,(t) < 2} .

Let H(z,t) be the distribution of T, and denote the Laplace transform of E[e~*7#]
by

(12) Y(w,s) = /Oooe_‘“zE[e_STz]dz :

Similarly we denote the Laplace transform of the survival function H(z,t) =
P{T, >t} by ¢(w,s). We recall from [5] that,

(13) 7/}("‘)75) =1 _SE(WVS) )

where s € Dy = {u: Re(u) >0} and w € Im ={u:u=1it, t € R}. The follow-
ing theorem was provided in [2] for p(i,x) = iz, and in [3] for general p.
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Theorem 2.1.

(14)  Blws) = %p'(O) = C(w,8)]  Ep(w,s)e,  wseDy.

For deriving the moments of T, we first note that

(%)k@(w,s) = (1) /0 T ( /O e P{T. > 1) dt)dz,

[e.e]

<—1>k<k+1>(%)k B o)l = [ BT d:

0 < k < K, where E[TX+!] < 00 is assumed. Hence from the formula given above
and Theorem 2.1,

(5) [T Bt = ) (-0 Ly (%)kwo,w oo e

In next section we use (15) to derive exact formulas for E[TF].

3. EXACT FORMULAS

In this section we apply (15) in order to derive formulas for ET,, ET?2,
and var(7T,). Throughout this section we assume that p satisfies the following
condition.

(A) For each k, p(k,x):[0,00) — [0,00) is one to one, admits a continuously
differential inverse, and p(k,0) = 0.

We also introduce the following matrices:
F(t) = [dn(p™" (b, 0)) Ao (k,)] |
B®) = > B0,
=
K(8) = (307 (k) (07 (6,0)) Aeo™ (k1))
o) = | [ 7'k am)].

where B is the matrix with entries By;(2) = Ay;(p~'(k,2)) and B™ is n-fold
convolution of B.
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Theorem 3.1. Let T, be the first passage time of the reward process
Z,(t), t > 0, given by (1) with a reward function p(k,z), k € N, x > 0, that
satisfying condition (A). If B(t) exist then

(@)  ET. = (0) {/OZB*F(:E) d:n}g,
(b) ET? = 2p/(0) {/OZB*K(x) dx}g + 29'(0) {/OZB*D*B*F(:C) dm}g,

(c) var(Ty) = 2 {/B*K )dx}e+2p ){/OZB*D*B*F(:c)da:}Q
{ {[aermal)

Proof: (a): By using (15) and (9) we obtain that
1
(16) Lo(BT:) = —p'(0)[I - Clw, 0)] ' Ep(w,0)e ,

where
C(w,0) = [Ckj(w,0)]
with ~
Cij(w,0) :/ e~ wrlkz) dAgi(x) .
0

Now for each k, j, let By;(A) = Agj{z € [0,00): p(k,xz) € A}, A C[0,00), then
By;(.) is a probability distribution on [0, c0) and it follows by change of variable
that,

ij(w,O) = / e vt dBkj(t)
0

= Brj(w) .

Therefore Cj;(w, 0) is the Laplace transform of the distribution By, and in matrix
form

(17) [[ = Cw,0)]" = [ -pw)™

Also note that
Ep(w,0) = [0;; Ej(w,0)] ,

where

E;(w,0) :/0 e~wPU) A () da

and it follows by change of variable that

Fj(w,0) = /0 et (o (o) Ay (o (5.1))

= / e “'EF(4,t)dt .
0
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Therefore in matrix form we have

(18) Ep(w,0) = / e LR (t)dt .
0

If we replace (17) and (18) in (16) we obtain

Ew(ETz) - p/(O)

S

or equivalently
ET. = p(0) {/ B F(1) dt}g,
0
giving (a).
(b): It follows from (15) that
(19) L, E[T? = P p'(0) 2¢(0 w, s)| e.
w z w 85 s W s=0 [ =

But from (9),

0¢(0,w, s 1 0C(w, s _
% = [ C(w, s)] 1% [~ C(w,5)] "' Ep(w, )
(20)
b ) 2R
where o
Crj(w, s) —/ e—wplkz)—sz dA;(z) ,
0
80%(00,5) . _ _/ xepr(k,x) dAkJ(x) )
S s= 0
Again it follows by change of variable that
OCk;(w, s ot —
% o = —/O e tp 1(k,t)dBkj(t) .

Therefore in matrix form
0C (w, )
(21) 0s

s=0

where
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On the other hand
8Ek (wv 3)

and using change of variable

OFEk(w,s)

Therefore in matrix form

OEp(w, s)
(22) 0s

= /0 LK (1) dt
_ LK)

By replacing (17), (18), (21) and (22) in (20), we obtain from (19) that

L, (ET?) = 2p/(0)

~

— BW)] ™ Lu(DW) [I= Bw)] ™ Lu(F(t)) e

[I=Bw)] " Lu(K(t) e,

1
w

+ 2p'(0)

S

or

ET? = 2p/(0){/OZB*K(a:)d9:}Q + 2p/(0){/(]zB*D*B*F(:E)dx}Q.

Part (c) Follows from (a) and (b).

53

Corollary 3.1. Let p(k,z) = gn(k)a™, k € N, z € [0,00) and g, (k) > 0.
If B(t) exists, then the formulas (a), (b) and (c) of Theorem 3.1 are satisfied.

Moreover




54 G.A. Parham and A.R. Soltani

Proof: The reward function satisfies condition (A), therefore Theorem 3.1
can be applied. O

Remark 3.1. Let n = 1 in Corollary 3.1, i.e., the reward function is linear.
Then Corollary 3.1 holds with n = 1.

4. APPLICATIONS TO CERTAIN TYPE I COUNTERS MODELS

Arrivals at a counter form a Poisson process with rate ¢. An arriving par-
ticle that finds the counter free gets registered and locks it for a random duration
with distribution function F(t). Arrivals during a locked periods have no ef-
fect whatsover. Suppose a registration occurs at Ty = 0, and write Ty, 11, 15, ...
for the successive epochs of changes in the state of the counter. Write X, =1
or 0 according as the n-th change locks or frees the counter. Clearly Xg =1,
X1=0, Xo=1, X3=0, .. and (X,,T,) is a Markov renewal process.
Its semi-Markov matrix is

0 l1-ew
F(z) 0

Let F(z) =1—e 2% and Z,(t) be the reward process that is defined by (1)
with reward function p(k,z) = prx, po=1, p1=2. Let T, be the first passage
time reward process Z,(t) from Z,(0) = 0 to a prespecified level z. We apply the
formulas of the previous section to give explicit expressions for ET, and ET?2.
Note that for each k, j

t
Bi(t) = Api| — ),
k]() k]<pk>
B(®) 0 1—e
B 0 ’
BO#) =1T.

By induction it follows that

(2n+1)
B(2n+1)(t) _ 0 BOl
B%n—i—l) 0
where
2,2 2n 12n
@ntl) _ pCntl) _ gt g—at U g T g
By, = By, =1l-—e¢ qte 51 e o e 1
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and (2m)
n
B () = By 0
0 B(2n) ’
11
2,2 343
2 2 - g TV _yp ¢t _ q
B(()on) = B£1n) = 1—e % —gte qt——2 e qt——3! e qt—~-—7(2n71)! e

Therefore

Boot) = 3 Beg(t) = 1+
n=0 n=1

Boo(t) = Bii(t) ,

2n—1 k
_,—qt (qt)
L=e™ Y S|

k=0

00 o) 2n k
Boi(t) = ZBgf) (t) = Z [1 - eqtz%l )
n=0 n=0 k=0

Boi(t) = Bio(t) ,
Boo(t) = 1+ i[1 _P(Y<2n+ 1)]
n=0

(o]
=1+> PY>2n+1),

n=0

e}

Bou(t) = Y [1 ~P(Y < 2n)]

n=0
o

=Y P(Y >2n),
n=0

where Y is a Poisson random variable with A = gt. Therefore

1+iP(Y>2n+1) iP(Y>2n)
B(t) _ n=0 n=0

iP(Y>2n) 1—|—§:P(Y>2n—|—1)

L n=0 n=0

The derivation of B(t) can be simplified by noting that if

PLE
Pr = X
where A\ = gt, then
Pp = P{Yeven} = Z Dk
ke{0,2,4,...}
and
Pp = P{Yodd} = Z Dk

ke{1,35,..}

2n—1 th—l

95
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implying that (after simplication)

o
S P(Y >2n+1) = (p2+2pa+3ps+...) + (p3+ 2ps + 3p7 + ...)

n=0
A A 1
= SPo+{=(Pg—e )= =(Po— A
20+{2(E e?) = 5(Po — e )}
_A_Po
2 2
similarly

[e¢]
ZP(Y >2n) = (p1+2p3+3ps +...) + (p2 + 2ps + 3ps + ...)
n=0
1 A
= E{APE+P0}+§P0
A Py
2 2
Now if P(s) = Y2220 px sk = e A5 then
P(1) =po+p1+p2+ps+..=1= Po+ Pg,
P(-1) =po—p1i+p2—p3+..= e — P — Po

implying Pgp = 3(1+e?) and Pp = (1 — e ). Hence

o0
A1 e gt 1 e 2
PY >2 )= = -—-Z= - _Z
§(>”+)24+4 2 1T 1
oo
A1 e gt 1 e 2
PY >2n) = =+ - — - 4 -
> P >m) 21 1 s 1T 1
n=0
and
2qt —2qt
B(t)— q?t+%+e4q %t+%_e4q
o q_t+l_€2qt q_t+§+e2qt
2 T 1 1 2 T 1 1
P et 0 te~at 0
(t) - 0 %e_qt ) (t) - O ie‘qt )
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hence
{1 — 279" 4 =241} {1 — e}
B F(t) =
{1 — e 2} {1 —2e7 % 4 e~ 2t}
and
z 2 — 4% + %e_qz — 4—1qe_2qz i 8—1q + 8—1(16_2(12
/ Bx F(x)dr =
0

1 1.2 3 1 - 1 -2
5—4_[1“‘@6 9z 2_8_q+2_q€qz_8_qe 9z
In the example Xy = 1, the initial probability vector is clearly p’(0) = (1,0),
then

3 7 1 1
23 ET, = Sz — —+ - ¥ — —¢ 20,
(23) = et g 8

B D xBxFy(zx) BxDsxBsxFy(x)
B+« DxBxF(x) = )
BxDxBxFig(x) BxDxBx*Fii(x)

where

1
B D xBx Fy(x) = §{3x — g + 262(136 + 12ze 9" + 33;62‘”} ,

1 10 12 10
B D xBx Fy (x) = —{330 — — 4 eI 2% _ 3pe 2T 4 4qm26_qz} ,
16 7 q q
1 1 8
B D« Bx Fip(x) = —{3:6' _8 + —66_‘“ — —e 20T _ 3pe2 4 2qa:26_qx} )
8 7 q q
1 9 9 —2qx —qx —2qx
BxDxBxFyi(x) = 6 3x — — 4+ —e “* + 12z 9" 4 3xe 1" .
q g
Also
%{% — %edqm — 23:6*(1‘”} %{% - %efqm + %6*2‘11}
B+ K(x) =

1)1 1_—2qx 2 _—qx 1)1 Dpe— 1T 1 _—2qx
5=+ = — = 4= — —-e
2{q + 4€ € } S{q xe p

If we replace B D Bx F(z) and B* K (z) in formula (b) of Corollary 3.1, we get

(24)
1 36 103 48 7 32 3
T2 2 2 2 2

Remark 4.1. The asymptotic behaviors of ET,, ET? were derived in [5]
for p(k,z) = prx, and in [3] for general p. For the case considered in the Example
given above,

m K,k 1 *%
ET, = m*l*z + p'(0) {Ho Apa — 5 Hi PD:1AD;2}§ + o(1) ,
1

m1

ETZ?:{

2
} 22 — p'(0) {2 Vi%Apg — V57 + HT*AD:Q]}QZ + o(2) ,

*kk
my
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as z — oo, where m;= n'Aje, pp.1 = diagonal matrix of p;,

1
Bk = PD:kAk s mik* = W/Blg s Hf* = Wgr/ s Z() - [I - P+ 677/]71 )

1

1 1 1 1
H* = —en'{—B B ! Zy— 'B1Z, P——B !
0 mf*éﬂ{ 1+2mT* 2§7}+{ 0 m en by 0}{ m 1§7T}7

Vi = (H{"ppaAs — Hy" A )H™ — H{" A Hp™
‘/2** = —HT*AlHik*,OD:IAD:Q .

For the semi-Markov A(zx) defined above

0 1
pP=
1 0

7P=7n = 7' =(0505),

3
= /A = —
mp=TmTAre 4q

0 3
By = pp2 s = | , .
Z 0
Zy=[I-P+en]!,
therefore
1[5 3
Z =35 3]’
2 2
H" = **eﬂ',
1
therefore
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1 1 1 1
Hy* = —; QW/{—BH- - B2§W/}+{Zo— pm QTF’Blzo} {p_731§7r’},
ml 2m1 m1 ml
hence
_1 1
e 1 4
4 1
V™ = (H{"ppaAs — Hy"Ar) H" — Hi" A Hy™
therefore
12 14
Vl** - o 10 ] )
10 12
16 16

Vot = —H{"A1H{"pp.1Ap:2 ,

3 3
4q 8q
kk
Vit = -
3 3
4q 8q

In the example, Xy =1, so that the initial probability vector is clearly p’(0)=(1,0).
Then by replacing values in ET,, ET?, we have

3 7
ETZ = Zz_8_q+0(1) N
9 18
Ejjjz2 = EZQ — @Z =+ O(Z) y

as z — 00, which also can be observed from the formulas (23), (24), as z — 0.

Remark 4.2. If one wishes to compare ET, with the asymptotic be-
haviour it is sensible to allow for a general initial probability vector say p’(0) =
(po(0), p1(0)). In this case

3, _ To(0) +5p1(0) | 2p0(0) +1(0) 5o _ P1(0) +P0(0) 5

ET, =
© 4 8¢q 2q 8¢q
3 Tpo(0) +5p1(0)
=z 1) .
17 e +o(1)

This last result is also obtained for the asymptotic expression for ET, with a
general initial probability vector.
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1. INTRODUCTION

Robbins and Zhang ([13], [14], [15]) consider the estimation of a multiplica-
tive treatment effect under biased allocation. For example, with a slight change
from their notation to allow for generalization, suppose that within a Poisson er-
rors in variables model (0;, X;,Y;), i=1,2,...,n, are independent random vectors
such that

(i) given 6;, X; is Po(6;);

(ii) given ﬂl, ﬂg, 91 and Xy,
(1.1) Y; is Po(f10;) if treatment T} is used;
Y; is Po(B20;) if treatment T is used;

(iii) given a, Ty is used if z; < a and Th is used if z; > a ;

where Po(u) represents a Poisson distribution with mean p. No distributional
assumptions about the 6;’s are made, and their values are not observed.
The unknown parameters 31 and s could be thought of as multiplicative treat-
ment effects. An alternative parameterization would be through logarithmic link
functions with additive treatment effects.

Robbins and Zhang [15] discuss two scenarios for this model. The first
concerns the number of accidents at road junctions. Suppose that X; counts the
number of night accidents during year 1 at junction i, :1=1, 2, ...,n. Extra lights
are installed at the beginning of year 2 at those junctions for which z; > a, with
no change being made to the light system at other junctions. Then, Y; records
the number of night accidents at junction ¢ during year 2. Of particular interest
is whether or not the extra lights reduce the frequency of night accidents.

The second, more controversial, application is in the context of clinical
trials in which the allocation of treatments is based on the screening variable X.
Robbins and Zhang [15] then seek to estimate the differential treatment effects
based on this biased allocation of treatments to patients.

In both situations Robbins and Zhang [15] consider the problem as one of
estimation, and take the difference 3 — 3; or the ratio 2/3; as a measure of the
differential treatment effect. Based on data (", y") = {(zi,vi): i=1,2,...,n},
they derive the following consistent estimates for 81 and (o:

n n
Zyil(xi<a) Zyif(:):iZa)
i—1 i=1
62,11 =

(12) ﬁl,n —

n Y n 9
inl($i<a+1) Zq:ﬂ(xiZa—H)
i=1 i=1

where I represents the indicator function. They suggest the use of the cen-
tral limit theorem to obtain confidence intervals for (31, (2, B2 — (1 or B2/
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with coverage probabilities that tend to 0.95, say, as n — oo, but omit details.
They also note that the Poisson assumption for the conditional distribution of Y;
in (ii) of (1.1) is not required for the consistency of the estimates in (1.2).

Godambe and Kunte [6] provide an alternative semi-parametric solution
for the estimation of B; and (5 through the use of optimum estimating functions
(Godambe and Thompson, [7]). Their model does not require the Poisson as-
sumptions in (1.1) for X; or ¥;, but only the mean value specifications. However,
they do require an additional assumption, namely that

(iv) given x; the mean value of 0; is f(z;),
f being a specified function of z; .

The assumption that the ; are (unobservable) random variables distinguishes the
model from one in which they are unknown parameters. In this latter case, one
might then consider the 6; as “incidental” parameters, following the terminology
of Neyman and Scott [10], as opposed to the “structural” parameters 3; and .
Kiefer and Wolfowitz [8] discuss problems of consistency with maximum likelihood
estimation in such cases, and illustrate how these may be overcome if the ; are
independent chance variables with a common distribution, as in here.

We develop here, in Section 2, an approach to treatment comparisons based
on predictive criteria, which perhaps seem more relevant for answering, in the
medical context for example, the question “Which of the two treatments do I give
to the next patient?”. The approach extends the models used in Dunsmore
and Robson [2] for other Poisson errors in variables models. We concentrate
attention on the outcomes Y, 11 and Y12 from separate applications of the
two treatments, 177 and T5, applied to patient n+ 1, and seek to make predictions
for future values y,41,1 and yp412 based on (", y") and 4.

An illustrative example is provided in Section 3, and extensions to several
treatments and other distributional models are discussed briefly in sections 4 and 5.

2.  POISSON PREDICTIVE MODELS

2.1. Predictive distribution

Consider the Poisson errors in variables model specified in (1.1). Suppose
further that for a future individual, labelled by n 4+ 1, we observe x,4; from a
Po(0,,+1) distribution and model potential outcomes from the two treatments
through

(21) Yn+171 is PO(ﬁ19n+1) ; Yn+172 is PO(/BQGTL+1) .
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The dependence between the outcomes for this individual from the two treatments
is modelled through the common (unobserved) 6,,41.

Such an individual will only be given one of the two treatments, and the
predictive paradigm suggests that the choice centres around properties of the joint
predictive function p(yn+171,yn+1,2 | Zpt1, 2™, y”), or perhaps considerations of
Yit12 —Yot11-

We denote the treatment given to an individual, for i =1,2,...,n, by

1, if individual ¢ gets treatment 7},
(51']' =
0, otherwise ,

so that d;1 4+ d;2 = 1 for each ¢; and let, for j = 1,2,
n
nj225ij; n=niy+ng;
i=1
n 2 n
Sei =Y bijai;  Te= Sej =3 @i
i=1 j=1 i=1
n 2 n
Syjzzéijyi; Ty:ZSyj:Zyi-
i=1 j=1 i=1

The maximum likelihood estimates of the parameters are given by

S

5 Ti + Yi . A 5 P
(2.2) 0; = 127%, i=1,2,..,n; Opp1 =zpt1; G5 = S—W, ji=1,2.
A~ x]
1—1—2(51‘]‘,3]‘
i=1

In this notation the Robbins and Zhang [15] estimates (1.2) based on (", y")
are given by

_ S
Sacl + aNa ’

Sy

2. n = o a0
(2.3) p, Ry

52,71 =

where N, are the number of x;’s equal to a. The additional information provided
by 2,41 could be used to amend these estimates to

1 S
Bin = (1+= s :
’ n) Sg1+aNg + zpi1 I (241 < a+1)

(2.4)
Ban

141 Sz
n/) S —aNg + xpi1 I (Tpe1 > a+1)
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2.2. Plug-in estimates

Predictive approaches within the classical framework typically involve plug-
in estimates, pivotal statistics or tolerance regions. A simple plug-in estimate for
the probability function of Z =Y, 112 — Y111, for example, would be given by

~

o0 2 ~
(2.5) Pz=2 = Y 1] (B Ont1)
i=max(0,—z) j=1

i+(j—1)z

exp(—=03; On11)
(i+ (j—1)2)!
Other such estimates are available if specification of the underlying distribution

for the 6;’s is provided. As an illustration, we take p(6;) to be v exp(—~6;) with
unknown parameter v > 0. The model specification in (1.1) then reduces to

0i1Yi 0i2Yi
(xi + yi)! ’761 v 52 2y
it Yt (14 y 4+ 0B + 51252)xi+yi+1

(2.6) p(ziyi | b1, B2,7) =

whilst Godambe and Kunte’s [6] condition (iv) above is satisfied by
f(z) = (z+1)/(v+1). Both Robbins and Zhang [15] and Godambe and Kunte [6]
consider this case. The former demonstrate that their estimates (1, and (2,
in (1.2) compete well with the maximum likelihood estimates based on (z",y")
from this fully parametric model; whilst the latter’s solution coincides with them.

With the additional information from x,4;, the maximum likelihood esti-
mates are now given by
o Syl v Sy n+1
2.7 =145 —L—: [o=(1+%)—"L—: V=
27) 1+7) Sz1+n1 (1+7) Sz2 +na 7 Ty + Tpy1
A simple plug-in estimate for the probability function of Z =Y,112—Y,y11
would then be given by

o (z+2i) 5 04 B
2.8 P(Z=2) = , , e Ve .
( ) ( Z) Z ) 7l (Z + Z)! (’\._)// + ,31 + /82)24-21—}-1

t=max(0,—z

2.3. Hierarchical prior structure

Within a Bayesian framework for the model specified by (1.1) and (2.1),
the central feature is the predictive function p(yn+171, Yn+1,2 | Tng1, ", y”) given
by

2
(2.9) / H{P(Z/n+1,j | Bjs0n+1)} p(Ons1, B1, Bo | Tns1, ", y™) dOny1 dBidBs
i=1
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where p(9n+1, b1, B2 | Tpt1, 2™, y”) is the posterior density function. Notice here
that 8" = (61,02, ...,0,) behaves in the same way as a nuisance parameter, and
we only require the posterior distribution of (6,41, 51, 32) — or indeed only of

(B10n+1, B20n11).

Following the ideas in Gelfand and Smith [5], we adopt a Bayesian hierar-
chical prior structure. At the first stage we take

n+1 2

p(0" Onir, B, Bo | vomume) = [ p0i17) T3 1m)
=1

Jj=1

whilst at the second stage we assume

2
p(vmme) = p(y) [] o) -
j=1

An appropriate structure here would be of the form

0; ~ Ga(k,~) , Bj ~ Ga(gj,mj)
vy~ Ga(l,m) , n; ~ Ga(uj,v;) ,

fori=1,2,...,n,n+1 and j=1, 2, where Ga(a,b) represents a gamma distribution
with density proportional to 09~ exp(—b6), 6>0, and where k, g1, g2, £, m, u,
v1, ug and ve are known constants. Gaver and O’Muircheartaigh [3] and Gelfand
and Smith [5] suggest, in a similar framework, that k, g1 and g» might be treated
as tuning parameters or estimated in an empirical Bayes spirit. Notice that the
distributional assumptions about 8™ and 6,, 11 in Section 2.2 are a special case of
the above.

The posterior density function p(@”, On+1, 51, B2, 7, m1M2 | Tnt1, 2™, y”) is
proportional to

n 2
exp{—ei <1 + Z 5z‘j ﬁj + "}/> } 9?i+yi+k X
el

% 7j=1

(2.10) « 6Xp{*9n+1(1+’7)} HZIEH_IC ,y(n-i-l)k-i-ﬂ exp{—my} X

2
x H{ﬁj” W exp(—n;B;) exp(—vjm)}-
j=1

Eliminating 6™, n; and 72 we have that p(9n+1,61,ﬁ2,'y\mnﬂ,a:",y") is pro-
portional to

2
exp{—9n+1<1+’)/)} 623__;14»]6 H{/B‘;‘Syj“i’gj } 7(n+1)k+£ eXp{_m,.y}
i=1

g ,
TT{C+ 85+ )" () + 8yt

Jj=1

(2.11)
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where W= S;; + Sy; + kn;, 7=1,2. Elimination of v cannot be undertaken
explicitly, but we find that p(ynHJ, Yn+1,2 | Tng1, ", y”) is proportional to

!

/ D(Tp41 + Ynt11 + Y12 + k)
Yn+1,1! Ynt1,2!

2
H{ﬁSyﬁynH,ﬁgJ‘}
Jj=1 '
(2.12) X (1 + 51 + 52 + ry)$n+1+yn+1,1+yn+l,2+k
(n+1)k+¢ _
x - v exp{—m~y} A6y By dv
1L +8+0)" (v + 8%t}

J=1

for yp+1,1=0,1,... and y,4+12= 0,1, .... The joint predictive probability function
may then be found numerically through three dimensional integration techniques.

Although no simple analytical form is available for (2.12) here, it is possible
to obtain the marginal (but dependent) predictive probabilities in the case of
vague second stage priors (¢, m, uy, vy, us, va — 0) explicitly, namely, for j=1, 2,

B(xni1+ Ynir,j+k, W)
B(ynt1,+1, Sij—1)

(213)  p(Yns1j @01, 2", y") Ynt+1,;=0,1,...,

and these can easily be compared graphically.

2.4. Approximations

Alternatively, we might consider approximations through the use of, for
example, posterior normality assumptions, Gibbs sampling or Laplace approxi-
mations to evaluate the predictive probabilities.

Noting that, as the sample size increases, the number of parameters in our
model also increases, we surmise that problems may arise over assumptions of
asymptotic normality of the overall posterior distribution, especially for the usual
asymptotic normal approximation for the full posterior distribution in (2.10) —
see, for example, Bernardo and Smith ([1, pp.285-97]). A better result is likely
from following O’Hagan’s ([11, pp. 208]) suggestion of using a normal approxima-
tion for the reduced posterior p(9n+1, B1, Bo, v | Tny1, ™, y”) alone, based on the
posterior mode and modal dispersion matrix. We do not pursue this approach
here, but further details can be found in Magalhaes [9].
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2.4.1. Gibbs sampling

The conditional distributions of 6,11, 51, f2 and v follow from (2.11) in a
straightforward manner, and, using rejection sampling with ¢ iterations in each
cycle, we obtain M random samples

(®) ) Hlt) @) _
(9n+1(é)’ﬂ1(4)vﬁz(4)»7(g)) ) £=1,2,...M.

The prediction function (2.9) can then be estimated using

M2
) 1 “
(2.14) P(Ynt1,15Ynt12 | Tng1, 2", y") = Z H L

where 1, = ﬂ;? 07(31(0, j=1,2. If interest lies, say, in Z = Y, 112 — Y111, we

then need to derive the predictive distribution of Z.

Notice that, although it is necessary to generate values of 7(? in this Gibbs
routine, the values of this hyperparameter are not required further for our pre-
diction problem.

2.4.2. Laplace approximation

Since the joint predictive probability function in (2.9) is a posterior expec-
tation, which may be written, in generic form, as

/ 9(t) L(data) p(t) dy / exp{—nh*($)} dy
E{g(¢)|data} = = ,
/ L(data) p(t)) d / exp{—nh()} di

we may also use the Laplace approximation method; see, for example, Bernardo
and Smith ([1, pp.340-5]). In the posterior expectation above, ¢ represents an
unknown parameter and L(data) is the likelihood function. Also, functions h(v))
and h*(1)) are defined such that

—nh(y)) =Inp(¥)+In L(data) and —nh*(¢) =Ing(y)+Inp(y)+1n L(data) .

Again, we present the results for the special case of vague second stage priors.
A good approximation for (2.9) is given by

(215) 1 1 1 (g) eXpl:_n{h*(9;+17ﬂik7ﬁ§77*) - h(§n+175~17 B?v:y)}] P

Yn+1,1) Yng1,2!
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where

—nh(Oni1, 81, 62,7) = —Oni1(1+7) + (Tnyr1+k) N0y + (n+1) k Iny
2

+ 3 {Sums - Wi (14549 }
j=1
_nh*(en—i-hﬂlaﬁQ?/Y) =

= —nh(lp+1, 51, 02,7) + {yn+1,j(111 Opt1+1n5;) — i1 /Bj}
j=1

and where 0,11, f1, B2, 7 and 0%, 3%, B3, v* are the modes of —h and —h*,
respectively. The former are given by

(n+1)k
Tpy1 + T, 7

é o (xn+1 + Tx) (anrl + k’) _
n+l — ) Y=
Tpt1 + T + (n+1)k

(2.16)
/é' — {x”+1 + Tz + (n—l_l)k}syﬂ j —1.2:
’ (Tpy1+ Ty) (Wj - Syj) ’ T

whilst the latter are found iteratively from

2 2
b <1+Zﬁj+v) N

j=1 j=1

5] <6n+1 + = Ynit1,5 +Syj ) .7 = 172 )

J
1+ﬁj+’y>
2 W,
0, —J | = Dk .
7( +1+;1+ﬁj+7> (n+1)

Finally, & and o* are the square roots of the inverse of the determinants of the
appropriate hessian matrices of second order derivatives, namely

o = }anh(én—&—laB«lvﬂE)’?)‘_% ’
o* = }nvzh*(02+17/81<7/3;77*)‘_% '

Full details can be found in Magalhaes [9].
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3. ILLUSTRATION

In order to illustrate the different approximations, we consider the data
shown in Table 1.

Table 1: Simulated data set of size n = 20.

T 01 Yi T 01 Yi
7 0 3 11 0 22
8 0 8 6 0 13
9 0 1 9 0 10

13 0 16 6 0 10
5 1 1 10 0 16
2 1 2 17 0 16

13 0 12 3 1 0
4 1 2 2 1 2
6 0 12 2 1 1
7 0 4 8 0 11

These n = 20 data values were simulated from models with g; = 0.3 and
By = 1.4, with a = 6, and for a random selection of 6; values. Note that 3; = 0.44
and By = 1.25 from (2.2), whilst the equivalent Robbins and Zhang [15] are
Bin = 0.22 and fBa,, = 1.46 from (2.3).

Predictions are given for y211 and yo12 corresponding to xo; =4. The
amended maximum likelihood estimates are now ﬁvl = 0.38 and 52 = 1.29 from
(2.7), whilst the Robbins and Zhang values are updated to 37, .; = 0.21 and
B3 ni1=1.53 from (2.4).

In the analyses we assume a vague second stage prior (£, m, u1,v1, ug2,v2 —0).
For such a case, specification of g1 and gs is not necessary. We take £ = 6
based on matching the first two marginal moments of the X;’s; see Dunsmore
and Robson [2].

A clear picture emerges if we consider the marginal predictive functions
for y211 and yo1,2 separately. Figures 1 and 2 show the approximations from
the two methods together with the exact forms from (2.13). Clearly, the Gibbs
and Laplace methods provide excellent approximations to the exact distribution.
Also shown in Figures 1 and 2 are the marginal predictive functions with the
posterior normal approximations mentioned in Section 2.4. Normal approxima-
tion 1 refers to the Bernardo & Smith [1] approach and normal approximation 2
refers to O’Hagan’s [11] approach. The anticipated problems with a sample size
of only 20 manifest themselves, although perhaps not surprisingly O’Hagan’s [11]
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suggestion, based on only four parameters, seems superior to the more usual pos-
terior normal approximation, based on 26 parameters. Figures 1 and 2 also show
that the predictive approach leads to more disperse distributions than the ones
obtained through the plug-in method. This fact is not surprising because the
predictive approach incorporates uncertainty about the parameters.

0,35
0,3 - g
¥ A
0,25 ° o Exact
. 5 & MLE
%‘ 0.2 7 s N.Approx.1
nE_ 0,15 1 4 o N.Approx.2
s + Laplace
0,1 - x Gibbs
g
0,05 ® o
& o o
0 T T T T T \g $ § kil
0 1 2 3 4 5 6 7 8 9 10
y

Figure 1: Comparison of the predictive functions p(ya1,1 | z21, 220, y2°)
from the four approximations with the exact form in (2.13).

0,2

0,18 - .

0,16

0,14 - s o o Exact
sory . A"il’"f
3 o4l - = o2 = N.Approx.1
mg 00'8 I . b o N.Approx.2

’ o . + Laplace

0061 R « Gibbs

0,04 1 , = se "o

002 1 4 T

0 : e L S PR
0 5 10 15 20 25
y

Figure 2: Comparison of the predictive functions p(y21.2 | 221, %%, y?°)
from the four approximations with the exact form in (2.13).

We may conclude that the Gibbs and Laplace methods lead to excellent
results when compared to the exact predictive distribution. The speed of the
Laplace method, in comparison to Gibbs sampling, is a strong point in its favour.
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Figure 3 compares the predictive functions for Z = Y512 — Y211 for the Laplace
method and the plug-in method of (2.5), and illustrates the unsatisfactory nature
of the latter.

Similar conclusions were drawn in several other simulations.

o1+ * 7 o MLE
0,08 4 ~* x = Laplace

Prob(z)

-10 -5 0 5 10 15 20

Figure 3: Comparison of the predictive functions for Z = Y519 — Y211
from the Laplace method and the plug-in form in (2.8).

4. GENERALISATION TO J > 2 TREATMENTS

The models can be extended to the case of J treatments in a straightforward
manner. Suppose that we can define mutually disjoint and exhaustive subsets
C1, Ca, ..., Cj of the non negative integers, such that treatment 7} is used for
individual I if 2; € C;. We assume that Y; is Po(3;6;) if treatment T is used for
individual 7, (: =1,2,...,n+1; j=1,2,...,J). Notice that the identification of
subsets through cut-off points a1 < as < ... < ay_1 is only one possible partition.

Robbins and Zhangs [15] method generalises (1.2) above to give consistent
estimates

Zyi I(a:, € C])

ﬁjn - nz:l

inl(a@i—l € Cj)
=1

for j =1,2,...,J. Similarly, with an obvious extension of the notation for d;;,
nj, Sxjs Syj» T, Ty, the maximum likelihood estimates corresponding to (2.2)
generalise in a simple way.
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Numerical integration for the joint predictive probability

p(yn+1,1, Yn+1,25 -y Yn+1,J ‘ Tn+1, mnv yn) )

corresponding to (2.9) becomes impractical, but the Gibbs and Laplace methods
provide approximations. Full details are again given in Magalhaes [9].

Of interest now might be predictive probabilities associated with
Max(Yn4+1,1, Ynt+1,25 - Yn+1,7). Within the Gibbs framework, one way of deri-
ving these would be to consider the ¥,,11,1, Yn+1,2, ---, Yn+1,7 @s missing data and
within each cycle to generate values of y,41,; from a Po(3;0,+1) distribution,
i=12..J.

From the resulting samples (97(31,1(6)’ yr(th)rlQ(Z)’ v yffil’J(O) it is then
straightforward to approximate the probability that treatment 77, say, provides
the maximum response.

5. CONCLUSIONS

We have developed Bayesian predictive models for a Poisson errors in vari-
ables situation in which there are simple, multiplicative effects. Whilst standard
numerical integration techniques, here in three dimensions, might be suitable
for the determination of the appropriate predictive distributions, we have found
that Laplace approximation and Gibbs sampling can provide alternative and reli-
able approaches. The use of the posterior normal approximations can be suspect
because of the high dimensionality of the parameters, although O’Hagan’s [11]
approach improves matters somewhat.

Robbins and Zhang [15] also consider estimation in a binomial model, whilst
Robbins [12] discusses the exponential case. Similar predictive frameworks can
be developed for these situations. For example, in the model specification in
Section 2 we might replace the Poisson assumptions (i) and (ii) by

0;
(i) given r and 6;, X; is Bi <r, T 9i> :

(ii) given S ﬂlvﬁ??ei and T4,

0,
Y; is Bi <s, ﬁll) if treatment T3 is used ;
1+ 516;

0
Y; is Bil s, L if treatment T is used .
1+ 326;

Here, the odds ratios are #; for X; and (3160; or 320; for Y;. Details of the predictive
distributions for the binomial and exponential cases can be found in Magalhaes
[9].
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1. INTRODUCTION

The likelihood function plays a central role in parametric statistical infer-
ence since it contains all the information in the observed data. It is used in
both frequentist antagonistic approaches, Fisherian and Neyman—Pearson—Wald
(NPW), but in neither methodology it is the main tool. On the other hand, the
only experimental source of information to the ones fond of Bayesian methodology
is exactly the likelihood function. Hence, for Bayesians using uniform (proper or
improper) densities, the only relevant tool for analysis is the likelihood function.

Most Bayesians and frequentists may disagree with the views presented here
(see [2] and [21]) since they are close to the ideas described by Ronald Fisher in
his last and controversial book, [12]. We believe that it is closer to the Bayesian
perspective than to the standard frequentist approaches. A recent revival of
interest in the likelihood approach is in action; see [23], [25], [30], [39], [40],
and [41] for instance. The site http://www.stat.unipd.it/LIKASY /biblio.html
presents a comprehensive list of references.

A brief history is presented in Section 2. The likelihood perspective is pre-
sented and discussed in Sections 3 and 4. In Section 5, diagnostic tests results
are compared to the contingencies of statistical results of the different views.
In Section 6 we present an index for the diagnostic ability of a clinical test.
Section 7 contains the likelihood view of a diagnostic test with a graphical illus-
tration. Finally, in Section 8 we present a real example to illustrate the ideas
discussed in previous sections.

2. STATISTICAL TESTS — A BRIEF HISTORY

Some of the material of this section can be found in [42]. The idea of
significance tests was proposed by Fisher, who introduced the p-value as an index
of agreement between the data and the null hypothesis: the greater the p-value,
the greater the evidence in favor of the null hypothesis. A p-value of 5% is
commonly used as a standard threshold for deciding against H (p < 0.05) or in
favor of H (p > 0.05). However, we strongly support the idea that the choice of
the threshold should depend on the problem currently faced by the scientist, the
sample size, and the amount and type of information being collected. This is in
fact the idea of significance tests as prescribed by [7] and [22].

The subjective judgment of an observed p-value to decide against or in
favor of H led Neyman and Pearson ([29]) and Wald ([43] and [44]) to proposing
the theory of Test of Hypotheses. This theory, contrarily to Fisher’s significance
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tests, was designed to replace the subjective judgment of the strength of evidence
in favor of the null hypothesis, provided by a p-value judgment, with an objective
decision-theoretical approach. By fixing, in advance, the Type I error rate, a,
and minimizing the Type II error rate, 3, the number of wrong decisions, made
over many different repetitions of the experiment, would be limited. This may
generate some controversy since only in very few medical applications repetitions
are possible.

Originally, the NPW theory required the specification of single point null,
H, and alternative, A, hypotheses. By fixing Type I and Type II error rates, the
sample size could be determined. Sample size determination is an area in which
NPW theory has been appropriately used in medicine (and also in industrial
quality control), although a confuse mixture of the Fisher and NPW approaches
to hypothesis testing may be found in the medical literature. Statements such
as “p-values smaller than 5% were considered statistically significant”, without
specifying the alternative hypothesis and the Type II error rate, are common.
It is usual to have a table with p-values and intervals obtained by summing and
subtracting twice the sample standard error from the sample mean.

Jeffreys [20] attacked the problem under a Bayesian perspective. Let x
denote the observations, m and 7(x) the prior and posterior probabilities for H.
Alternatively the corresponding probabilities for A are (1 — ) and [1 — 7 (x)].
Defining the prior and posterior odds by

p=n(l-m7" and  p(z)=m(@)[1 -x(x)] ",

Jeffreys proposed to look at the posterior odds, also called Bayes Factor, as the
index of evidence in favor of H.

In the case of single point hypotheses, let fr(x) and fa(x) be the two al-
ternative densities being compared. The likelihood ratio is R(x) = fr(z)/fa(z).
Hence, one can easily prove that p(z) = pR(z). Also, for 7 = 1/2 we would have
p(x) = R(z). Hence, for the case of single point hypotheses, judging H based
on the likelihood ratio corresponds to a Bayesian judgment with very particular
prior choices. On the other hand, recall that the likelihood ratio is the function
used by the Neyman—Pearson theorem of optimal decision. Also, note that one
can use R(x) to order the sample space, [8], [28] and [38]. If the computation
of the p-value were performed under this ordering, the alternative hypothesis
would be taking into consideration. As one may see, the three methods have
their conclusions based on the likelihood ratio, R(x).

Real controversial problems emerge with the consideration of composite
hypotheses. Many of the practical problems in medicine involve sharp null hy-
potheses. That is, the dimension of the subspace where H is defined is smaller
than the dimension of the subspace where A is defined. Let us consider the well-
known standard problem of the test for independence in a 2 x 2 contingency table.
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Let C; and C9 be two populational characteristics and x = (z11, 12, T21, T22) be
the vector of the sample frequencies for the respective combination of the levels
of categories C| and Cs. The parameter space associate with this experiment is
the simplex

2
0 = {(911,911,011,911)‘ 0i >0, Zez‘j _1}

4,j=1

and the null hypothesis is defined by the subset

Oy = {[pq, p(1—q), (1-p)g, (1—19)(1—(1)} | 0<p,q<1} :

Note that the two hypotheses are composite and that p =617 + 612 and
q = 011 + 021. The sets that define the null and the alternative hypotheses, ©
and © 4 = © — Oy, have different dimensions, i.e., dim(©) =3 > dim(Og) = 2.

Letting f(z|0) denote the likelihood function, frequentists will define Sg(x)
and S4(z) as the suprema of f(z|f) under H and A, respectively. The profile
likelihood ratio is defined as PR(x) = Sp(z)/Sa(x). Bayesians, on the other
hand, in addition to the prior probabilities for H and A, namely n(H) and
[1—7(H)] = 7(A), define densities over Oy and © 4. Considering these densities
as weighing systems — systems indexes that defines a preference order on the
points of the space — and taking the weighted likelihood averages, My (z) and
My (x), under O and © 4 respectively, they define the Bayes Factor BF(z) =
pMR(x) where p = m(1—m)~! is the prior odds and M R(z) = My (x)/Ma(x)
is the weighted likelihood ratio. To compute the weighted averages one must
uses the weighing systems considered for Oy and ©4. [18] uses this approach
for a Bayesian version of the McNemar test for also comparing two composite
hypotheses of different dimensions in a 2x2 contingency table. NPW (Jeffreys’s
Bayesian) approach for hypothesis testing consists of the evaluation of PR(x)
[BF(x)]. The Fisher approach for testing independence is a modification based
on a conditional distribution of the data in the basic cells of the table given
the marginal cells. It does not seem appropriate to consider that the marginal
cells are known before the data were observed. For example, consider an overall
frequency of 20 for the contingency table. The number of possible tables (the
sample space size) in this case is 1771. If a marginal total is 5, for instance, the
number of possible tables with this marginal is 6. That is, for considering a given
marginal we reduce our sample space from 1771 possibilities to only 6 possibilities
and the p-value could be much greater than it should be. For a detailed discussion
on this matter see [17] and [35].

The fourth approach to hypothesis tests is that of (pure) likelihood, which
is described in the next section.
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3. LIKELTHOOD APPROACH

The deductive nature of probability versus the inductive nature of statisti-
cal inference is clearly reflected in the dual concepts of probability distributions
and likelihood ([24] and [11]). Given a probability model and the corresponding

Deduction: Probability

Population Sample

Induction: Inference

e

Figure 1: Probability and Statistics Harmonization.

parameter values, we may calculate the probabilities associated to all possible
observations, x. Suppose that before observing the performance of the next 10
patients that will be submitted to a drug known to have efficacy of 60%, a doctor
writes his probability model function for “the number of recovered patients, X”
as:

f(@l-6) = Pr{X=2l6=06) = (1;) (6) (4)10% .

The probability of having 7 recovered patients is f(7|.6) = .215. Note that f(x|6)
is a function of two variables: x, the observation, and @, the parameter. For fixed 6,
f is a probability function of x and for fixed z, f is a function of 8 called likelihood
function associated to the observed value, x. Suppose that we observe 7 success
and 3 failures for this sample of 10 patients. The likelihood function is

LO|X=17) = Pr{X="7]0} = (170> 07(1—0)3 = (120)07(1 — 6)* .

In order to illustrate the differences between probability and likelihood
functions, in Figure 2 we present the corresponding probability functions for
f# = .6 and for 8 = .3, while in Figure 3 we present the likelihood functions for
x =T and for x = 2.

Note that the two probability functions in Figure 2 are discrete. Since
the parameter space © is the interval [0;1], the likelihood functions depicted in
Figure 3 are continuous. A statistical model has two arguments, the possible
observations and the possible values of the parameter. The likelihood function is
not a probability density function. However, dividing it by its integral over the
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parameter space (whenever this integral exists), the resulting normalized likeli-
hood is a probability density over ©, and corresponds to the Bayesian posterior
density under a uniform prior. Areas under this curve define probabilities of
subsets of the parameter space.

°
Q o
[ ] o 06=0.6
S - e O © ® 6=0.3
S
Q ° o
S °© o
0
° o ° o
o 4o o ©° ® o o 3
I I I I I I
0 2 4 6 8 10
X

Figure 2: Binomial probability functions for n = 10.

The likelihood function, L, induces an ordering of preferences about the
possible parameter points. Note that this order is not changed if a proportional
function is defined. This means that we can divide L by any constant without
modifying the conclusions about parameter point preferences. We can divide L
by its integral obtaining the normalized likelihood, the Bayesian way, or divide
it by the maximum value of L whenever it exists, obtaining what we call relative
likelihood. Comparing two parameter values, we would say that the one with
higher (normalized or relative) likelihood is more plausible than the other.

An important feature of the Likelihood approach is that it is independent of
stopping rules. That is, it does not violate the likelihood principle, [1], [3] and [5].
For instance, suppose that another doctor in another clinic decided to start his
analysis only when he obtain 3 failures, i.e., 3 patients that do not recover.
As soon he obtained his 3rd failure, corresponding to the 10" patient, he realizes
that he had 10 patients with 7 successes and 3 failures. Although he has the same
results as his colleague, the underlying statistical model is completely different
but his (normalized) relative likelihood is equal to the one obtained from the
previous models. Here the probability model is a negative binomial distribution.
That is, the random variable is the number Y of failures to be observed since the
number of failures k was fixed in advance. The model here is given by

P{y=ylo} = (y“; 1) Y (1 — )" .
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For the sample with £ = 3 and y = 7, the likelihood is proportional to the one
illustrated in Figure 3. Figure 4 shows the negative binomial probability distri-
butions for k=3, 6 = .6 and 6 = .3.

)
® |
S
o _
S ©
= N
S o
e}
8 _
£ 9
£ o |
= i
)
S |
o T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Drug Eficacy

Figure 3: Binomial likelihood functions for n = 10.

Note that for both Figures 2 and 4, the probabilistic models, Binomial
and Negative Binomial, have their sample space well defined since the stopping
rules were defined previously. However there are many cases in medical statistics

[ o
S 1°a ® 0=0.6
o O o 0=0.3
.g
3 I o
S 24 ..
s © 0.‘:‘...0
40 o e,
[ ] [m} ..
S °
g — D‘:‘Dnunnnngﬁﬂﬁﬂaannlnnnnnq
I I I I I I I
0 5 10 15 20 25 30

successes

Figure 4: Negative Binomial probability function for k£ = 3.

where the sample space is not well defined. For instance, suppose that a doctor
wants to write a paper and decides to look at the data he has collected up to
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that moment. In this case, neither the sample size nor the number of success (or
failures) was fixed a priori. However, if he had observed 7 recoveries in 10 patients,
his likelihood would be proportional to #3(1 — 6)7, which is proportional to both
observed Binomial and Negative Binomial likelihoods. Hence, in all 3 cases, the
relative (normalized) likelihoods are exactly the same and then the inference
would be the same as prescribed by the likelihood principle. We emphasize that
the normalized likelihood for the example of 3 failures and 7 successes is a beta
density with parameters a =4 and b= 8. The relative likelihood is the beta
density divided by the density evaluated at its mode, which is the maximum
likelihood estimate, 3/10 = .3.

In Figure 5 we illustrate the relative likelihood for 3 failures and 7 successes,
with a solid line intercepting it at points with plausibility equal to 1/3 (relative
to the maximum) and a dotted line at points with plausibility equal to .8057.

S

g — 00000000000000000000000000000000000000000

©

Q]

N

S T Y R W

N

(=)

S |

S T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

0

Figure 5: Relative Likelihood, and 1/3 and .8057 Plausible Levels.

Recall that the maximum of the likelihood function is attained at 8 = .7. Also,
at @ = .6, the suggested drug efficacy, the plausibility is .8057. Note that both
01 = .4681 and 62 = .8770 have plausibility equal to 1/3. Any parameter point in-
side (outside) the interval I(1/3)=[.4681;.8771] has palusibility larger (smaller)
than 1/3. If one uses the normalized likelihood as the posterior density, the
(posterior) probability that the unknown parameter 6 lies in I(1/3) is equal
to .8859. That is, I(1/3) is a credible interval for 6 with credibility 88.59%.
This probability (or credibility) is calculated by computing the area under the
curve limited by the vertical segments at .4681 and .8771 divided by the total
area under the curve.
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Consider the other point, g9 = .7886, with the same plausibility as the sug-
gested drug efficacy, 6y = .6. These two points have plausibility equal to .8057
and the interval I(.8057) = [.6000;.7886] has credibility 51.65%. Considering
now 6y = .4, the corresponding parameter point with the same plausibility is
foo = .9124. These points have plausibility equal to .1592 and the interval
1(.1592) = [.4000; .9124] has credibility 95.90%.

Observing the low (high) probability of having a parameter value with
more plausibility than .6 (.4), we would say that the hypothesis H: 6 = .6
(H: 6 = .4) should be not rejected (accepted). We suggest that the credibility
of the interval [fy; 0yo] may be interpreted as an index of evidence against the null
sharp hypotheses H: 8 = 6y or H: 6 = 6y9. The probability of the complement of
this credibility interval is an index (like a p-value) of evidence in favor of H; see
[37] and [27] for more on this measure of evidence. For the two cases presented
here, the evidence in favor of H is 48.35% for H: 0 = .6 and 4.10% for H: 0 = .4.

We end this section by stating arule to be used by Pure Likelihood followers.

Pure Likelihood Law: If the relative likelihood function of two points,
0o and 0y, satisfy RL(0y) >(<) RL(01), we say that 0y is more (less) plausible
than 0y. We say they have the same plausibility if equality of the likelihood
functions holds. For single point hypotheses H: 6 = 0y versus A: 6 = 0, if
RL(6p) <(>) RL(61), we reject (accept) H. The strength of evidence of the data
x in favor of H against A is measured by the likelihood ratio, LR(0y;61)=
RL(0y)/RL(6y).

For the example above, we have LR(.6;.7)=.8057 and LR(.6;.4)=>5.0625.

4. LADDER OF UNCERTAINTY AND CONTROVERSIES

Tests of hypotheses are decision procedures based on judgments and one
can only judge something in relation to the alternatives. The concept of statistical
evidence of some data, x, in favor or against some hypothesis must be relative in
nature. We should not talk about evidence for or against H without mentioning
the alternative A. Pereira & Wechsler ([38]) show how to build a p-value that
takes the two antagonistic hypotheses into consideration.

An implication of the pure law of likelihood is that: “uncertainty about
x given 0”7 and “statistical evidence in x about #” have different mathematical
forms. The statistical model is based on a trinity of mathematical elements: the
sample space X, the parameter space © and a function f(-|-) of two arguments
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(x,0) € XxO. For every fixed § € ©, f(:|0) is a probability (density) function
on X and for every fixed x € X, f(z|) = L(:|z) is the likelihood function.
The following sets characterize the statistical model:

i) S={f(z|9)| =z €X, 6O} is the overall statistical model,
ii) V0e®, So={f(x]0)|z € X} are the probability models, and
iii) Vo eX, S, ={f(z|0)=L(0|z)| § € O} are the likelihood functions.

Uncertainty is measured by probabilities, Sy, and evidence is measured
by the likelihood, ;. This is a critical insight: the measure of the strength of
evidence and the frequency with which such evidence occurs are distinct mathe-
matical quantities, [6]. [39] clearly explains alternative areas of Statistics where
these concepts appear. Suppose a patient has a positive result in a diagnostic
test, the physician might draw one of the following conclusions:

1. The person probably has the disease,
2. The person should be treated for the disease,

3. The test results are evidence that the person has the disease.

These possible attitudes front the tests results may represent, respectively,
answers to different questions:

1’. What should I believe?
2. 'What should I do?

3'. How should I interpret this body of observation as evidence about
having the disease against not having the disease?

These questions involve distinct aspects of statistical methods, namely:
frequentist or Bayesian inference, decision theory and, lastly, interpretation of
statistical data as containing evidence, the significance test of hypothesis.

The correctness of the answer for the first question requires, the additional
information of the behavior of the test in other (exchangeable) patients or the
personal opinion about the probability of the disease before the test (prior prob-
ability). For the second question, in addition to the requirements of the first, one
also needs knowledge about the costs or utilities of the decisions to be made.
Only the third one does not require additional information other than data.
[4] considers these arguments to suggest that the role of the likelihood in Statistics
is equivalent to the role of diagnostic tests used in Medicine.

Royall ([39]) also discusses a possible paradox in the use of the pure likeli-
hood approach through the following example:

“We pick a card at random out of a deck of 52 cards and observe
an ace of clubs. Then consider two alternative hypotheses H: it is
a deck with 52 aces of clubs or A: it is a standard deck of cards.
The likelihood ratio of H against A is 52. Some find this disturbing.
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What this result shows is that this strong evidence is not strong
enough to overcome the prior improbability of H. A Martian faced
with this problem would find H most appealing.”

Clearly, the Martian’s ignorance about card decks does not permit him to
use the tools used by both Bayesian and frequentist statisticians. These peo-
ple may achieve stronger results than pure likelihood statisticians do, but at the
price of more assumptions in their applications. [30] tentatively tries some rec-
onciliation among the different approaches using the Fisherian idea of ladder of
uncertainty. It remains to be proved that his ideas will succeed in Statistics by
means of practical applications.

5. DIAGNOSTIC TESTS AND STATISTICAL VEREDICTS

The inadequacy in relying only and strongly on p-values in medicine has
been widely emphasized in recent years. Worst yet, is the lack of understand-
ing of what p-values are. In this section we present quantities that may be of
more interest to medicine than the p-values are. For more discussion on the
subject we refer to [9] and [32]. We use the following notation: DT = Disease,
D~ = No Disease, T7T = Positive test result and T~ = Negative test result.
For the populational parameters let N(++) be the frequency of units in category
(DTTT), N(+—) the units in category (DTT~), N(—+) the units in category
(D~TT), and N(——) the units in category (D~T~). N(+e) denote the num-
ber of units with the disease, N(—e) the number of units without the disease,
N (e+) the number of units with positive test result, and N(e—) the number of
units with negative test result.

The following quantities are of great interest for physicians evaluating
patients. For a randomly selected unit from the population we define the fol-
lowing quantities:

a. Sensitivity is the conditional probability of responding positively
to the test given that the patient has the disease, i.e., S = Pr{T"|D*} =
N(++)/N(+eo).

b. Specificity is the conditional probability of responding negatively to
the test given the absence of the disease, i.e., E = Pr{T~|D~} = N(——)/N(—e).

c. Prevalence is the probability that the patient has the disease, i.e.,
7 =Pr{D"} = N(+e)/N. Alternatively, (1 — ) =Pr{D~} is the probability
that the patient does not have the disease.
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d. Test Positivity and Test Negativity are the probabilities of positive
and negative test results, i.e., 7 = Pr{T"} = N(e+)/N and (1—7) = N(e—)/N.

e. Diagnostic Parameters are the posterior probabilities of the states
of a patient given the response to the clinical test:

PPV: Positive Predictive Value is the conditional probability of presence
of disease given positive test response: w(TT) = Pr{DT|T*} =
N(++)/N(e+) and

NPV: Negative Predictive Value is the conditional probability of absence
of disease given negative test response: [1—m(T7)|=Pr{D~|T"}=
N(==)/N(e—).

The quantities of higher interest in clinical practice are the predictive val-
ues, PPV and NPV. Using Bayes formula, we obtain important relations be-
tween the predictive values and the other terms of the model, namely

PPV = 7(T") = 7TSJr(liri)Q_E) - {1+ Kﬁ) <%>]_1}

and

NPV = [1-x(T")] = (1_75)15:)751_5) - {H [(F%) <%>]1}_1

Denoting the likelihood ratio for positive results by LR(+) = S/(1-FE),
the likelihood ratio for negative results by LR(—) = (1—S5)/E and the prevalence
odds by p = 7/(1— 7) we have:

-1

PPV — {1 + [pLR(+)]_1}_1 and PPV = {1 +pLJ~2(—)}_1 .

Considering p as the prior odds in favor of the disease and 1/p as the prior
odds against it, the posterior odds in favor and against the disease become
p(+) =PPV =+ (1- PPV) and p(—) = NPV =+ (1- NPV). Relating all these
quantities we obtain the following interesting formulas:

p(+) = pLR(+) = [(pm'or odds) x (likelihood ratio for —I—)} ,

p(—) = [pLR(f)]_1 = {(pm’or odds) x (likelihood ratio for —)}71 ,

prevalence sensitivity
p(+) = % i
1 — prevalence 1 — specificity
1 — prevalence specificity
p(=) = e
prevalence 1 — sensitivity

-1 -1

PPV = p(+)[1+ p(+)] and NPV = p(—)[1+ p(-)]
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The important question for a physician working with diagnostic tests is to
decide what to do when the result is positive (or negative). In fact, measures
of sensitivity and specificity, when available, would be of great help to him since
they may yield other valuable quantities, see [9] and [32]. Note that if there
is a big change from prior to posterior odds the test will be considered of great
value. In the next section we discuss a way of defining diagnostic power of clinical
evaluations. This index is of great value to state an order of preference in a set
of clinical procedures

6. DIAGNOSABILITY

In this section we discuss the diagnostic power of a medical test. To evaluate
the diagnostic ability of a test 7', we should focus on the change from p to
p(+) and from (1 — p) to [1 — p(—)]. This is related with the weight of evidence
provided by T (T7) in favor of Dt (D~) and denoted by w'™ = w(D*;T)
[w™=w(D7;T7)]. Good ([14]) showed that the function w, to follow reasonable
requirements, ought to be an increasing function of the odds ratio — the ratio of
posterior to prior odds — or, equivalently, an increasing function of the likelihood
ratio. That is, w* and w™ must be increasing functions of p(x)p~t= LR(+) =
S(1—E)~' and pp(—) = [LR(=)]'= E(1—5)"1, respectively.

The usual cross-product ratio (in the context of contingency tables), useful
in measuring association, is simply
_ LR(+) SE B (PPV) (NPV)
~ LR(-) (1-S)(1-E) (1-PPV)(1-NPV) "’
As we will see in the sequel, the larger R is, the better the test for detecting
disease D, i.e., the better its diagnosability.

R

As a consequence of the requirement of additivity of information, [13] proves
that the weights of evidence, wt and w™, are the natural logarithms of LR(+)
and LR(—). [13] also points out that the expected value of the weight of evidence
is more meaningful than the likelihood ratio. Hence, the measure of the ability of
a medical test, T, to discriminate in favor of Dt (D7), given that the true state
of nature is DT (D7) is the conditional expectation of wt (w™) given S, FE and
the state of the patient, D" or D~. We denote these conditional expectations by
€™ and €~ Finally, the diagnosability of T is by definition A = e¢* 4+ ¢~. Let us
explicitely introduce these formulas:

Weight of Evidence

a) In favor of DT,
w(DT;TH) =wt=In[LR(+)] and w(D";T~)=—w" =In[LR(-)].
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b) In favor of D,
w(D™;TH)=—wt=—In[LR(+)] and w(D";T")=w™ =—In[LR(-)].

Average Weight of Evidence

¢) In favor of DT = ¢t = Swt — (1-5)w™.
d) Infavorof D" =¢ = Fw™ — (1-E)w™.

Diagnosability Index
e) A=(S+E-1)InR.

We would like to call the attention to the fact that all these indices depend
strongly on the values of many parameters that are in fact not completely known.
Usually the prevalence, the sensitivity and the specificity have to be estimated
with sample data. [36] introduced Bayesian techniques for such purposes. They
also consider the case where a set of clinical tests are observed in the same subject
and show how a combination of them improves the diagnosability of the medical
procedure. In a predictivist context, [33] and [34] show that if we look at a
particular patient, the computation of her/his posterior probability of having the
disease simplifies significantly the diagnostic calculus.

In order to decide if a new (possibly expensive) test must be considered
in lieu of some other test, one must collect, observe, and analyze a new sample.
Usually the size of a sample of patients, known to have the disease, is the number
of patients under treatment at the clinic and the test is applied to all possible
patients. A control group of units without the disease is also selected and tested
after all ethical procedures have been fulfilled. Based on the two samples, S and
E are estimated. Estimates of LR(+), LR(—), and R are then obtained.

The association measure R plays the most important role in the determi-
nation of the diagnostic power of a test T'. In the next section, we present plots
that will help to use only the likelihood ratios to define situations where a test is
of interest for the clinician. We end this section with an analogy linking different
schools of statistics and the clinician’s interest in the properties of diagnostic
tests:

A Fisherian clinician would be mainly concerned with the false posi-

tive rate, cases where the treatment is harmful for the patients (e.g.

prescribing a surgery when it is not necessary).

e A Neyman—Pearson—Wald clinician would be concerned with the false
positive and false negative rates.

e A Bayesian clinician would be concerned with the positive and negative
predictive values.

e A likelihood clinician view would be concerned with positive and nega-

tive likelihood ratios, which will be discussed further in the next section.
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7. LIKELTHOOD ANALYSIS OF A DIAGNOSTIC TEST AND
LIKELIHOOD RATIO PLOTS

For a given diagnostic test we have defined, respectively, the likelihood
ratios of positive and negative test results as LR(+) and LR(—). We also show
how to measure the diagnosability of a test, which is based on the change of
the pre-test to the post-test odds ratios. According to [19], the directions and
magnitudes of the pre to post changes using likelihood ratio values as a rough
guide are as follows:

1. LR’s larger than 10 or smaller than 0.1 generate conclusive changes.

2. LR’s in the interval (5;10] or [0.1;0.2) generate moderate shifts.

3. LR’sin the interval (2;5] or [0.2;0.5) generate small (important some-
times) shifts.

4. LR’s in the interval (1;2] or [0.5;1) generate small (rarely important)
shifts.

Jaeschke et al. ([19]) also presented a modification of a monogram suggested
by [10]. The monogram is as an old calculus rule where in the left side we have
values for the prevalence, in the middle the likelihood ratio and in the right side
the PPV values. By drawing a straight line from the prevalence value throughout
the likelihood ratio value and ending the line at the right side, the value obtained
at this end is just the PPV observed.

Biggerstaff ([4]) presented another interesting graphical method for com-
paring diagnostic tests. A large value of LR(+) indicates that the test has good
sensitivity and a small value of LR(—) means that the test has good specificity.
If both situations hold we have that R is large and the test has a high diagnostic
ability or equivalently high diagnosability. In many situations, due to costs or
the health conditions of a patient, one must choose among a set of diagnostic
tests a subset that will be performed. In this way ordering the tests by their
diagnosability becomes important. To order a set of diagnostic tests according
to their diagnostic ability one should have in mind the risks, the costs and the
likelihood ratio values. Note that ordering the tests according to LR(+), high to
low values, is equivalent to ordering them based on the values of their PPV’s.
On the other hand, ordering the tests according to LR(—), low to high values,
is equivalent to ordering them based on the values of their NPV’s.

Similarly to the ROC (Receiver Operator Characteristic Curve), in Figure 6
we plot, for a diagnostic test 77, the point A = (1—F7;S7). That is, the false
positive rate, X = (1—Fj), against the true-positive rate, Y = S;. Additionally
we draw two lines through this point; (i) a solid line-segment through (0;0) and A,
ending in the horizontal line (X;1) and (ii) a dotted line-segment through (1;1)
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and A, ending in the vertical line (0;Y). It is not difficult to prove that the
slopes of the solid and the dotted lines are, respectively, LR;(+) and LR;(—),
the likelihood ratios for the test T7. The diagonal line delimitates the area where
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Figure 6: Regions of Preference: A = (1-F;S) = (.4,.7).

a test is useful. Also, it is easy to show that, for a test, if the point A is below the
diagonal line the test is useless. We end this section with the following example:

Example: Consider a diagnostic test 7} where S; =.7 and FE; = .6.
For this case we have A= (.4;.7), the solid line is Y’ = 1.75 X and the dashed line is
Y = (14+X)/2. We have then LR;(+) = 1.75 and LR;(—) = .5. If a new test T»
is considered we have four possible locations for the point Ay = (1—Fs; Ss):

i. Ay € Region 1, which implies that T3 is better than T} overall, since
LR2(+) > LR1(+) and LRQ(—) < LRl(—) ;

ii. Ag € Region 2, which implies that T» is better (worse) than 73 for
confirming absence (presence) of the disease, since

LRy(—) < LRi(-) [and LRo(+) < LRi(+)] ;

ili. Ay € Region 3, which implies that T is better (worse) than T3 for
confirming presence (absence) of the disease, since

LRy(+) > LRy(+) [and LRy(—) > LRi(-)] :
iv. A € Region 4, which implies that T5 is worse than T overall, since

LRy(+) < LRi(+) and  LRs(—) > LRi(—).
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8. FINAL REMARKS

We would like to end this report with an optimistic view for the future of
pure likelihood approach of Statistics. Let us recall that the work of a statistician
lies in a trinity of problems; design of experiments, estimation, and hypotheses
testing. We want to show how the likelihood approach works well for the three
problems.

In the domain of design of experiments, consider the problem of determina-
tion of number of patients to be tested in order to estimate S, the sensitivity of a
clinical test. The maximum of the likelihood is the prescribed estimate. However,
we would also need to fix an interval around this estimate in order to guarantee
the control of our sampling error. For this purpose we use the normalized like-
lihood and would like to have the smallest interval with relative plausibility (or
credibility) around 95%. Since the binomial distribution is an adequate model,
the normalized likelihood follows a beta distribution with parameter (X+1;Y +1)
where X (Y) is the number of true positive (false negative) results in a sample
of size n, to be determined. Recall that the mean and the variance of this beta
distribution are, respectively, m = (X +1)/(n +2) and v =m(1 —m)/(n + 3).
Note that v < [4(n+ 3)] 7! since 0<m <1. Hence, the worst case (m=1—m=.5)
is a symmetric beta distribution; i.e. X =Y. In this case the mean and the mode
(the maximum likelihood estimate) are equal to .5. Adding and subtracting twice
the standard deviation to m, we obtain a fair plausible interval (as usually we do
when considering normal distributions). Let us represent this interval by [I1; I2],
where

II=5—(n+3)"° and Iy=5+(n+3)°.

Let us now fix the length of the interval of highest plausibility as Io — I} =
2(n + 3)® = .1. For this value we obtain n = 397. In order to satisfy the restric-
tion X =Y, we would take n =298 as the sample size. Note that, for n = 398
the normalized likelihood would be a beta density with parameter (200;200);
that is, X =Y =199. Considering this case, the interval [.45;.55] would have
credibility 95.49% and length .1. Now suppose that we perform the experiment
and observe that X =53 =398 — Y. The parameter of the corresponding beta
density is (54; 346). This is not a symmetric density around its maximum, 53/398,
and the smallest interval with a fixed credibility has equal plausibility in its limits,
I and I. For this non-symmetric case we would have the interval [.1033;.1703]
with credibility 95.01% and length .067. To obtain this interval we recall that a
beta distribution with parameters larger than 1 is uni-modal. Hence, to every pa-
rameter point there is a corresponding one with the same plausibility. Considering
a pair, say I; and I, with the same plausibility in such a way that the interval
[I1; I5] has posterior probability equal to the fixed credibility, say 95%, we ob-
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tain our interval. For bi-dimensional parameter spaces, obtaining a set of 95% of
credibility, corresponds to obtaining a level curve where its interior has posterior
probability of 95%.

In the above discussion we have shown how a likelihood approach will solve
the sample size determination and both point and interval estimation problems.
We now discuss the testing problem. We use here real data presented in [36].
Two samples of size 150 were taken respectively from a subpopulation of patients
having a disease D and from a healthy control group. A new clinical test was
applied to these samples. For the patients, we observed x = 20 = 150 — y true
positive cases and for the control sample we obtained z’ = 3 = 150 — 3/ false
positive cases. We have here two likelihood functions, one for the sample of pa-
tients and another for the control sample. We want to compare this new test,
T1, with a standard one, Tj, know to have sensitivity Sy = .15 and specificity
Ey = .91. To replace T; for Ty, we would like to have S1 > Sy and E1 > Ej.
To make a decision about the use of the new test we first identify the set of
parameter points with plausibility higher than S; = .15 in the sample of patients
and then compute its credibility. For the control sample we identify the set of
parameter points with plausibility higher than F; = .91 and then compute its
credibility. Note that the normalized likelihood for Sy (Fj) obtained in the pa-
tient (control) sample is a beta density with parameters 21 and 131 (148 and 4).
Before we describe the computations let us recall that LRo(+) = 5/3 = 1.67 and
LRy(—) = 85/91 = .93. On the other hand, the maximum likelihood estimates
for the likelihood ratios of the new test are LR (+) = 20/3 = 6.67 and LRi(—)=
130/147 = .88. The odds ratio for the standard test is Rp = 1.78 and the
maximum likelihood estimate for the odds ratio of the new test is R;= 7.54.
The Good’s weights of evidence are Ay = .0347 and A; = .2289. These values
already provide evidence that the new test is superior. However, to quantify this
superiority we proceed as follows:

1. For the sample of patients, the set of possible values of S; with plau-
sibility higher than Sy = .15 is the open interval (.1178;.1500); this
set has credibility 43.92%. Hence, the evidence in favor of H: S;= .15
is 56.09%. With these figures we cannot reject the hypothesis that the
two tests have equivalent sensitivities;

2. For the control sample, the set of possible values of £ with plausibility
higher than Ey = .91 is the interval (.910;.999); this interval has cred-
ibility 99.95%. Hence, the evidence in favor of H: E; = .91 is .05%.
The conclusion here is that the new test is far more specific than the
old one; and

3. Finally, constructing a plot like in Figure 2 with A = (1 — Ey;Sp) =
(.09;.15), one would show that the estimated value of A1 = (1—E1;.51),
which is ( %; 1—25), belongs to Region 1, supporting the superiority of the
new test, T7.
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We believe to have covered the three problems without using other elements
than the likelihood function. We did not have to bring into consideration sample
points that could be observed but were not, as in the usual frequentist techniques
of unbiased estimation, confidence interval construction or standard significance
and hypothesis testing. The most important feature of the methods described in
this paper is that the likelihood principle is never violated.

We finalize the paper by presenting p-values for the hypothesis H: §1= .15
and H: F; = .9. In the first case we have 64.78% and in the second case .02% as
exact p-values. Had we used the chi-square test, we would have 56.76% and .42%.
Recall that our evidence values, based only on the likelihood function (defined
on the parameter space, not on possible sample points), for these two hypotheses
are 56.09% and .05%.
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