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Abstract—In this paper, a Bayesian nonparametric approach to the two-sample problem is pro-
posed. Given two samples X = X,..., X, b Fand Y = Yi,..., Y, i G, with F and G
being unknown continuous cumulative distribution functions, we wish to test the null hypothesis
Ho: F = G. The method is based on computing the Kolmogorov distance between two posterior
Dirichlet processes and comparing the results with a reference distance. The parameters of the
Dirichlet processes are selected so that any discrepancy between the posterior distance and the ref-
erence distance is related to the difference between the two samples. Relevant theoretical properties
of the procedure are also developed. Through simulated examples, the approach is compared to the
frequentist Kolmogorov—Smirnov test and a Bayesian nonparametric test in which it demonstrates
excellent performance.
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1. INTRODUCTION

Two-sample comparison is a common problem in statistics. Namely, given two samples X =
X1,y Xony A PandY =14, .., Yo, & @ with Frand G being unknown continuous cumulative
distribution functions (cdf’s), the problem is to decide whether F' = G. Although there have been many
procedures developed for the two-sample problem, the approach considered in this paper is Bayesian in
nature. First, two Dirichlet processes DP(a;, H1) and DP(ag, H2) are considered as priors for F' and
G. Then the distance between the two processes is compared with a reference distance. The parameters
of the Dirichlet processes are chosen so that any disagreement between the posterior distance and the
reference distance is a consequence of the difference between the two samples.

Recently, there has been considerable interest in developing Bayesian nonparametric techniques for
hypothesis testing. Most of these include goodness-oi-fit tests for one-sample problems. Two standard
nonparametric Bayesian approaches for one-sample goodness-of-fit tests can be found in the literature.
The first approach consists in embedding the proposed model in the null hypothesis into a larger family
of models (the alternative family). Following this step, a prior is placed on the alternative family. Then,
the Bayes factor of the null hypothesis to the alternative is computed. For example, see Carota and
Parmigiani [12] and Florens, Richard, and Rolin [17] used a Dirichlet process prior for the alternative
distribution. McVinish, Rousseau, and Mengersen [29] considered mixtures of triangular distributions.
Another form of the prior, the Polya tree process [28], was suggested by Berger and Guglielmi [7]. The
second approach for one-sample goodness-of-fit tests is based on placing a prior on the true distribution
generating the data. For this test, the distance between the posterior distribution and the proposed one is
measured. Muliere and Tardella [30], Swartz [33], Al-Labadi and Zarepour|[3, 6] considered the Dirichlet
process and used the Kolmogorov distance to derive a goodness-of-fit test for continuous distributions.

"E-mail: 1uai.allabadi@utoronto.ca
“E-mail: zarepourQuottawa.ca

212



TWO-SAMPLE KS TEST USING A BNP APPROACH 213

Viele [35] used the Dirichlet process and the Kullback-Leibler distance to test only discrete distributions.
Explicit expressions for calculating the different types of distance between the Dirichlet process and
its base measure were derived in [6]. On the other hand, Hsieh [22] used the Polya tree prior and the
Kullback—Leibler distance to test continuous distributions. As for two-sample tests, Holmes, Caron,
Griffin, and Stephens [23] developed a way to compute the Bayes factor for testing the null hypothesis
through the marginal likelihood of the data with Polya tree priors centered either subjectively or using
an empirical procedure. Under the null hypothesis, they modeled the two samples to come from a single
random measure distributed as a Polya tree, whereas under the alternative hypothesis the two samples
come from two separate Polya tree random measures. Ma and Wong [28] allowed the two distributions
to be generated jointly through optional coupling of a Pélya tree prior. Borgwardt and Ghahramani [11]
discussed two-sample tests based on Dirichlet process mixture models and derived a formula to compute
the Bayes factor in this case. Generalizations of the Bayes factor approach based on Pélya tree priors
to censored and multivariate data were proposed in [13]. Huang and Ghosh [24] considered the two-
sample hypothesis testing problems under Polya tree priors and Lehmann alternatives. Recently, Shang
and Reilly [32] introduced a class of tests, which use the connection between the Dirichlet process prior
and the Wilcoxon rank sum test. They also extend their idea using the Dirichlet process mixture prior
and developed a Bayesian counterpart to the Wilcoxon rank sum statistic and the weighted log rank
statistic for right and interval censored data.

Note that, the two-sample Bayesian nonparametric tests based on the distance approach are not
found in the literature. The method proposed in this paper is considered the first endeavor in this
direction.

This paper is structured as follows. In Section 2, the Dirichlet process prior DP(a, H) is briefly
reviewed. In Section 3, the Kolmogorov distance between two Dirichlet processes is considered and
several of its theoretical properties are derived. The proposed approach is developed in Section 4. It also
addresses how to choose parameters of the Dirichlet processes. In Section 5, illustrative examples and
simulation results are included. Some additional properties of the proposed approach are discussed in
Section 6. Finally, some concluding remarks are made in Section 7.

2. THE DIRICHLET PROCESS

Before proceeding to describe the Bayesian nonparametric approach to the two-sample problem, it
is necessary to provide a short introduction of the Dirihclet process. The Dirichlet process, formally
introduced in [16], is the most well-known and widely used prior in Bayesian nonparametric inference.
Consider a space X with a o—algebra A of subsets of X. Let H be a fixed probability measure on
(%, A) and a be a positive number. Following [16], a random probability measure P = {P(A)}4eca
is called a Dirichlet process on (X,.A) with parameters a and H, if for any finite measurable partition
{Aq,..., A} of X, the joint distribution of the vector (P(A1),... P(Ay)) has the Dirichlet distribution
with parameters (aH (A1), ...,aH(Ag)), where k > 2. We assume that if H(A;) = 0, then P(A;) =0
with probability one. If P is a Dirichlet process with parameters a and H, we write P ~ DP(a, H). The
parameter a is known as the concentration parameter and the probability measure H is called the
base(centering) measure of P.

An attractive feature of the Dirichlet process is the conjugacy property. If X1, ..., X, is a sample from
P ~ DP(a, H), then the posterior distribution of P given X1, ..., X,, coincides with the distribution of
the Dirichlet process with parameters a* and H*, where

a*=a+m and H = “ gy ™ F,,. (1)
a+m a+m

Here and throughout the paper, F,, = > ", dx,/m is the empirical distribution and dx, denotes the
Dirac measure at X;. We also use a “x" as a superscript to denote posterior quantities. Notice that
the posterior base distribution H* is a convex combination of the base distribution and the empirical
distribution. The weight associated with the prior base distribution H is proportional to a, while the
weight associated with the empirical distribution is proportional to the number of observations m. The
posterior base distribution H* approaches the prior base measure H for large values of a. On the other
hand, for small values of a, H* is close to the empirical distribution.
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214 AL-LABADI, ZAREPOUR

Following [16], P ~ DP(a, H) has the following series representation
P=>"Jdy, (2)
i=1

whereI'; = E1 +---+ E;, E; L exponential(1), Y; L independent of T';, L(z) = afxoo t~le tae,
x>0,L 7 y) =inf{z > 0: L(z) > y}and J; = L~HT;)/ D52, L7HTy).

[t follows clearly from (2) that a realization of the Dirichlet process is a discrete probability measure.
This is true even when the base measure is absolutely continuous [9]. We point out that this discreteness
property of the Dirichlet process has no more troublesome than that of the empirical process. Also,
since data is always measured to finite accuracy, the true distribution being sampled from is discrete.
This makes the discreteness property of P with no practical significant limitation. By imposing the
weak topology, the support for the Dirichlet process is quite large. Specifically, the support for the
Dirichlet process is the set of all probability measures whose support is contained in the support of
the base measure. This means that whenever the support of the base measure is X, the space of all
probability measures is the support of the Dirichlet process. See [16] and [18] for further discussion
about the support of the Dirichlet process. In practice, it is difficult to work with (2) because there is
no tractable form for the Lévy measure L and determining the random weights in the sum requires the
computation of an infinite sum. Recently, Zarepour and Al-Labadi[37] derived an efficient approximation
of the Dirichlet process with monotonically decreasing weights. Specifically, let X,, be a random variable
with a Gamma(a/n, 1) distribution. Define

1 [ee)
Gal) = Pr(Xn > 2) = [ / o—tya/n-1 gy

Let (6i)1<i<n be a sequence of i.i.d. random variables with values in X and common distribution H,
independent of (I';)1<j<n+1. Then, asn — oo,

()
P, = " - n+1 _ 59i (3)
25 ()

converges almost surely (a.s.) to P defined by (2). Note that G, 1(p) is the (1 — p)th quantile of the
gamma(a/n, 1) distribution. This provides the following algorithm.

Based on representation (3), the following algorithm outlines the steps required to generate a sample
from the approximate Dirichlet process with parameters a and H:

Algorithm A: Simulating an approximation for the Dirichlet process

1. Fix a relatively large positive integer n.

2. Generate 6; S f for i = 1,...,n.

3. Fori=1,...,n+ 1, generate E; from an exponential distribution with mean 1, independent of
(9i)1gign andletl'; = By 4+ --- + E;.

4. Fori=1,...,n, compute G, }(I'; /Tpi1).
5. Use representation (3) to find an approximate sample of the Dirichlet process.

For other simulation methods of the Dirichlet process, consult[10, 31, 36].
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3. KOLMOGOROV DISTANCE

A well-known distance between two distributions is the Kolmogorov distance. For cdf’s F' and G this
is defined as
d(F,G) = sup |F(x) — G(z)].
r€R
Note that other distances such as the Cramér—von Mises distance and the Anderson—Darling distance
could be employed in our approach, see [19].
The following lemma demonstrates that, as sample sizes get large, the Kolmogorov distance between

posterior distributions of Dirichlet processes converges to the Kolmogorov distance between the true
(population) distributions generated the data.

zzd i.1.d.

Lemma 1. Let X = Xy,..., Xm, FandY =Y1,...,Yn, ~ G, with F and G being contin-
uous cdf's. Let P ~ DP(al,Hl) and Q ~ DP(agy, Hs). Let P* =P|Xand Q*=Q|Y. Then, as

my, mg — o0, d(P*, Q%) 3 d(F,G).

Proof. From the triangle inequality we have

d(PT;kll?Q’trLg) < d(P’;Ik’Ll7 ’;;Ll) + d(Q’t]’L27H:n )
< d(Pp,y, Hiy,) + d(Qpyyy Hipy) + d(Hyyy s Hy, ).

It follows that,
( 17Qm2)_ ( mpH* )<d(P;Ll7H:nl)+d(Q:n27H;12)
Similarly,
d(Hy,, Hyyy) < d(Pryy, Hyyy ) +d(Pryy, Hy)
< d(Fy,, s Hyy ) + d(@ry, Hyy ) + d(Pry Q)
d(Hp, Hyyy) — APy, @rny) < d(Pry s Hy, ) + d(Qr,, Heyy )
Therefore,
(P, Qrny) — d(Hy,, Hyy )| < d(Py Hypy ) + d(Qry s Hyy)- (4)
The proof of the lemma is complete since, as m1, mo — o0, the right-hand side of (4) converges to zero
[31,4]and d(H,;,, , H,,) — d(F,G) by the continuous mapping theorem and Polya’s theorem [14].

Corollary 2. Under the null hypothesis Ho: F' = G, d(Py,,,,Q;,,) — 0as my, my — oc.

The following result allows the use of the approximation to the Dirichlet process when considering
the prior and posterior distributions of the Kolmogorov distance.

Lemma3. Let P ~ DP(ay, Hy)and Q ~ DP(ag, Hy). Let P,, and Q. be two approximations of P
and Q, respectively, as defined in (3). Then, as ny,ny — 00, d(Py,, Qn,) “> d(P, Q).

Proof. Similarly to the proof of Lemma 1, the result follows since

|d( n1,Qn2) - d(Pv Q)| < d(Pm’P) +d(Qn27Q)
< d(PTL17H1) + d(Pv Hl) + d(Qn27H2) + d(Q>H2)

Now, by Corollary 4.2 in [6], the right-hand side converges to zero as nj,ny — oo.

The next lemma shows that the Kolmogorov distance between two Dirichlet processes is independent
of the base measures when they are identical. This result will play a key role in the proposed approach.

Lemma4. Let P ~ DP(ay, Hy) and Q ~ DP(aq, H2), where Hy and Hs are continuous cumulative
distribution functions. If Hy = Hy, then the distribution of d(P, Q) does not depend on Hy and Ho.
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Proof. Since Hj is nondecreasing, we have
0; <t ifandonlyif Hy(6;) < Hi(t).
[t follows from (2) that

P(t) = P((—00,1]) = Y Jidg,((—00,t]) = Y _ Jidgr, 0, ((0, H1(1)]).
=1 i=1

Observe that, since (0;);>1 is a sequence of i.i.d. random variables with continuous distribution Hj,

for i > 1, we have U; < H,(0;), where (U;);>1 is a sequence of i.i.d. random variables with a uniform
distribution on [0, 1]. Hence, P(t) = Px\(H1(t)), where Py ~ DP(aq,\) and X is the Lebesgue measure
on [0, 1]. Similarly, Q(t) = Qx(Ha(t)), where Qx ~ DP(ag, \). Thus,

d(P,Q) = sup |P(t) — Q(t)| = sup [Px(H1(t)) — Qx(H2(t))|.
teR teR
If Hi = H», and since they are continuous, we have

d(P,Q) = ig{g |PA(H1(t)) — Qa(H2(t))| = Sup. |Pr(2) — Qxa(2)]-

This shows that the distribution of d(P, ) does not depend on the base measures H; and Hy whenever
H, = H».

4. A BAYESIAN NONPARAMETRIC TWO-SAMPLE TEST

Given two samples X = X1,..., X, R oand Y = Yi,..., Y, M ¢ with F oand G being
unknown continuous cumulative distribution functions, we want to test the null hypothesis Hy: F' = G.
To this end, we use the priors P ~ DP(a1,Hy) and Q ~ DP(a, Ha) so, by (1), By, =P [ X ~
DP(ay +my, HY) and Q;,, = Q | Y ~ DP(az +me, Hy). By Lemma 1, d(P;,, ,Q;,,) almost surely
approximates d(F,G). Thus, it seems reasonable to use a test procedure that specifies rejecting the
null hypothesis when the distance between Py, and Qy,, is large. Specifically, we reject Hy if, for some
cut-off number U,

E*(d(Py,, QL)) > U, (5)

where E* is the expectation with respect to posterior probability measures.

The first step in computing (5) is to pick parameters for the two priors DP(ay, H1) and DP(ag, Hs).
Note that, by Lemma 4, it is necessary to set H; = Hj for the approach to be independent of the choice
of Hy and Hs. Another important reason of this choice is to avoid prior-data conflict as discussed, for
example, in[15]and[1]. Prior-data conflict here means that DP(a, H1) lies in the “tails” of DP(aq, H2).
Prior-data conflict will occur whenever there is only a tiny overlap between the effective support regions
of P and @. In this context, the existence of prior-data conflict can yield a failure in computing the
distribution of d(P, Q). To avoid this problem it is necessary that H; and Hs share the same effective
support (note that, P and @ have the same support as H; and Ha, respectively). This can certainly be
secured by setting Hy = Hs. The effect of prior-data conflict is demonstrated in Section 5, Table 2. On
the other hand, by Lemma 4, the distribution of the distance d(P, Q) is independent from the choice of
the base measures. For simplicity we suggest setting H; = Hy = N(0, 1), although other choices are
certainly possible.

The selection of a; and as is also important. It is possible to consider several values of a; and as. In
general, it is highly recommended to choose a; < 0.5m;, i = 1,2, otherwise the prior may become too
influential. For example, setting a; = 0.5m; in (1) gives

H*

m

1 2
- H+°FE,, 6

which means the chance to draw a sample from the collected data is two times of the chance to generate
a new value from H. It is noticed that, for most purposes, setting a; = ag = 1 is considered adequate.
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This issue is further explored in Table 1 in Section 5, where the sensitivity of approach with respect to
the choice of the concentration parameter of the Dirichlet process is discussed.

To compute the threshold U, in an old version of the paper [2], suggested to set U to be dy 975, the
97.5% quantile of a “reference” distance between the following two Dirchlet processes

Pl ~DP(14+my,H=N(0,1)) and QJ,, ~ DP(1+my H=N(0,1)). (7)

The proposed forms of the Dirichlet processes in (7) ensure that any discrepancy between the distance
d(Py,,,Qr,,) and the posterior distance d( Py, , Qy,,) is due to the difference between the distributions of
the two samples. To clarify this point, notice that any Dirichlet process is centered about its mean. The
deviation from the mean is controlled via the concentration parameter. Now, P/, and Q7,, have the same
concentration parameters as P, and Qy,, respectively. Also, by Lemma 4, since the distribution of the
distance is independent of the base measures, we expect that E(d(Py,,, Q%)) ~ E*(d(P},,, Qh,,)) a.s.
whenever F' = G. See also Proposition 5 below for the consistency of the approach. It follows that, we
reject Ho if

E(d(Py,,, Q) > doors (8)

and we do not reject Hy otherwise. Clearly, by Lemma 4, dg 975 does not depend on the choice of the base
measures.

Instead of computing dy.g75 in (8) it seems more rational to use a test statistic that compares the
expectation of the posterior distance with the expectation of the prior distance. That is, reject the null
hypothesis if

|E*(d(Py,,, Q) — E(d(P,, Q1)) | > € 9)
and do not reject the null hypothesis otherwise. One can set values of € by simulating data under the
null hypothesis and then take the empirical 0.95 quantile of the distribution of ‘E* (d(P},, Qb)) —
E(d(lf’,’,ib1 s Qs )) ‘ This method is also used in[23] and is known as “the Bayes, non-Bayes compromise”
described in [20]. See also Fig. 1 for histograms of samples from the distribution of | E* (d(P};,, Qf,,)) —
E(d(Py,, Q)

The following proposition establishes the consistency of the approach to the two-sample problem as
sample sizes increase. So the procedure performs correctly as sample sizes increase when Hy is true.

, when m; = mo = 50 and several values of a; and as.

Proposition 5. Let P}, and Qy,, be as defined in (7). As my, mg — oo, (i) if Ho is true, then
|E*(d(Py,,, Qry) — B(A(Py,, Q1)) | =50
and (ii) if Hg is false, then
‘E* (d(Py,, Q) — E(d(P,;l,Q;w))‘ >0,
Proof. Note that, by the triangle inequality, we have
d(Fpy» Qmy) < d(Py,, H) 4+ d(Qr,,, H).

The right-hand side of this inequality converges a.s. to 0[25, 4]. That is, d(F},,, Q},,) %30. By Corol-

lary 2, d(Py,,, @) %2°0. Now (i) follows from the continuous mapping theorem and Theorem 25.8
in [8]. To prove (ii), notice that, if H is false, then

d(P?j’;Ll?Q:n2) % d(F, G) =c>0.
By arguments similar to (i), we get (ii).

The following algorithm summarizes the steps required for a Bayesian nonparametric test for the
two-sample problem.

Algorithm B:
Bayesian nonparametric test for two samples X = X;,..., X,,, and Y =Y1,....Y,,,

MATHEMATICAL METHODS OF STATISTICS Vol.26 No.3 2017
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E(d(P:;LlyQ;Q))L when m1 = ms = 50.

1. Use Algorithm A to generate approximate samples from the two posterior processes

P =P X~DP<a1 +my,

and

Qh=Q| Y~DP<a2—|—m2,

a
al +mq

a2
as + mo

mi

1
+ 5 )
a1+mlz Xi

i=1

1
5.).
+a2+m2z Y

1=1

Here we recommend to take a1 = ags =1 and H; = Hy = N(0,1). Denote the approximated

processes of Py, and Qy,, by Py

ni,mi

2. Compute d(Py;, 1, Qngms)-

n2,ma

and

*
n2,msa’

respectively.

MATHEMATICAL METHODS OF STATISTICS Vol.26 No.3 2017



TWO-SAMPLE KS TEST USING A BNP APPROACH 219

=

=

0.8
I
0.8
I

0.6
I
0.6
I

Prob
Prob
Prob

0.4
0.4

0.0
I

Prob
Prob
Prob

1.0

0.8
I

Prob
Prob
Prob

0.2

0.0
I

(g) (h) (i)

Fig. 2. The solid lines represent sample paths of the posterior Dirichlet process given the first sample and the
dashed lines represent sample paths of the posterior Dirichlet process given the second sample. (a) X ~ N(0,1)
and Y ~ N(0,1); (b) X ~ N(0,1) and Y ~ N(1,1); (¢) X ~ N(0,1) and Y ~ N(0,2); (d) X ~ N(0,1) and
Y ~ 0.5N(—2,1) +0.5N(2,1); () X ~ N(0,1) and Y ~ t3; (I) X ~ N(0,1) and Y ~ to.5; (g) logX ~ N(0,1)
andlogY ~ N(1,1);(h)X ~ &(1)and Y ~ £(1); (i) X ~ Beta(4,6) and Y ~ 0.2 + Beta(4, 6).

3. Repeat steps (1)and (2) to obtain Ry i.i.d. samples of d(Py;, .., @, m,)- Forlarge ny, ng and Ry,
the empirical distribution of these values is an approximation to the distribution of d(Py, , @;,,)-

4. Compute d, the average of the Ry values generated at step (3).

5. Compute d(Py, ., @, m,) Dy repeating steps (1)—(3) with Py, , Q... P . Ry andd

my» m2’ ~ ni,mi’ nz,maz’
are replaced by P7, , Q... Py mys @ny.m,» R and d;., respectively. Here Py, and Q7 are defined
in (7).

6. Compute 6 = |d — d,|.
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7. 1f 0 > €, then there is a sufficient evidence to reject Hp. Otherwise, we do not reject the null
hypothesis Hj.

The results of the next section are based on a simple implementation of this algorithm. The R codes
are available from the authors.

5. EXAMPLES

In this section, the proposed method is assessed through two examples, where simulated samples
from a variety of distributions are considered. The following notation is used for the distributions in
the tables, namely, N(u,o?) is the normal distribution with mean p and standard deviation o, ¢, is
the ¢ distribution with r degrees of freedom, £()) is the exponential distribution with mean 1/A and
U(a,b) is the uniform distribution over [a,b]. For all cases we set ny = ng = 1000 in Algorithm A
and Ry = Ry = 2000, and my = my = 50 in Algorithm B. The results are also compared with the
(frequentist) Kolmogorov—Smirnov (KS) test and the Bayesian nonparametric test in [23]. To calculate
the distance in the frequentist KS test, the R function “ks.test" is used. The cut-off of the frequentist
KS test can be obtained from standard tables. See, for example, [21]. As for test-B in [23], we use
the code provided by the same authors and posted at http://www.stats.ox.ac.uk/“caron/code/
polyatreetest/index.html.

Example 1. Consider samples generated from the distributions in Table 1, where each sample is of size
50 (Cases 1-9). To study the sensitivity of the approach to the choice of concentration parameters,
various values of a; and aq are considered. The results are reported in Table 1. In particular, when
a; = ag = 1,5,10,20, we get d, = 0.165,0.158,0.151,0.145, respectively. Recalling that we want § =
|d — d,| < e when Hy is true and 0 = |d — d,| > € when Hy is false, it is seen that the methodology
is powerful in every instance. For example, in Case 1, since § = 0.027 < € = 0.132, the two sampling
distributions are identical. On the other hand, in Case 2, since § = 0.397 > ¢ = 0.132, the two samples
are drawn from two different distributions. Notice that, in all cases, the appropriate conclusion is attained
with a1 = ag = 1. The other values of a; and as considered in Table 1 support our conclusions. We
point out that the frequentist Kolmogorov—Smirnov fails to recognize the difference between the two
samples generated in Case 6 (i.e., x ~ N(0,1) and y ~ tp.5). On the other hand, for the other cases,
the three tests gave the same conclusion. In particular, in Case 5, the three methods fail to reject
the null hypothesis. This could be explained since the actual Kolmogorov distance between N(0,1)
and tg is close to 0.049, which is quite a bit smaller than the other cases in Table 1. For example,
the g 5 distribution has Kolmogorov distance from the N (0, 1) around 0.200 while the N(—1,1) has
Kolmogorov distance from the N (0, 1) nearby 0.338. Here, the R code “distrMod" is used to calculate
the exact Kolmogorov distance.

Figure 2 provides a plot of 5 sample paths for each of the posterior Dirichlet processes given the first
sample and the posterior Dirichlet process given the second sample. In Case | (Fig. 2-a), Case 5 (Fig. 2-
e)and Case 8 (Fig. 2-h), the plots of the sample paths for the two posterior processes move toward each
other. This suggests that the null hypothesis is not rejected. On the other hand, in the other cases, the
plots of the sample paths for the posterior processes deviate from each other. This supports the rejection
of the null hypothesis.

[t is also interesting to consider the effect of prior-data conflict on the methodology. As discussed
in Section 4, prior-data conflict will occur whenever there is only a tiny overlap between Hy and Hs.
Table 2 gives the outcomes of particular samples of sizes m; = mgy = 50 with various choices of H;
and Hs. Obviously, when H; = Ha, we get the correct conclusion but not otherwise. For instance,
when X ~ N(=5,1) and Y ~ N(5,1) with H; = N(—5,1) and Hy = N(5,1), we get 6 = 0, which
yields accepting the null hypothesis. Obviously, this conclusion is incorrect. On the other hand, when
H, = Ho, §is close to 0.8 and the right conclusion is attained. This illustrates the importance of setting
H, = H, in the priors DP(ay, H1) and DP(a1, Hy).

Example 2. In this example, we explore the performance of the proposed test as sample sizes increase.
We consider samples from the distributions X ~ N(0,1), Y ~ N(0,1) (Case 1) and X ~ N(0,1),
Y ~ N(1,1) (Case 2). The results are summarized in Table 3. It follows that the null hypothesis is

not rejected in Case 1 but rejected in Case 2. Clearly, the proposed approach works well even with small
sample sizes.
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Table 1. The proposed Bayesian nonparametric test against the (frequentist) Kolmogorov—Smirnov test

and the Holmes et al. test [23]. Here dx s is the (irequentist) Kolmogorov—Smirnov distance.

Samples
X ~ N(0,1)
Y ~ N(0,1)

X ~ N(0,1)
Y ~ N(0,4)

X ~ N(0,1)
Y ~ 0.5(N(—2,1)
+N(2,1))

X ~ N(0,1)

Y ~t3

X ~ N(0,1)
Y ~tos

log X ~ N(0,1)
log’Y ~ N(1,1)

X ~ Beta(4,6)
Y ~ 0.2 + Beta(4, 6)

a1 = a2
1
b)
10
20
1
b)
10
20
1
5
10
20
1
5
10
20
1
5
10
20
1
5
10
20
1
5
10
20
1
5
10
20
1
5
10
20

d(d,)
0.192(0.165)
0.186(0.158)
0.173(0.151)
0.166(0.145)
0.562(0.165)
0.524(0.158)
0.488(0.151)
0.424(0.145)
0.351(0.165)
0.329(0.158)
0.307(0.151)
0.272(0.145)
0.378(0.165)
0.352(0.158)
0.327(0.151)
0.309(0.145)
0.200(0.165)
0.194(0.158)
0.183(0.151)
0.165(0.145)
0.340(0.165)
0.317(0.158)
0.295(0.151)
0.258(0.145)
0.491(0.165)
0.452(0.158)
0.419(0.151)
0.357(0.145)
0.225(0.165)
0.208(0.158)
0.201(0.151)
0.181(0.145)
0.671(0.165)
0.632(0.158)
0.577(0.151)
0.492(0.145)

0 (e)

0.027(0.132)
0.028(0.122)
0.022(0.116)
0.0210(0.088)
0.397(0.132)
0.366(0.122)
0.337(0.116)
0.279(0.088)
0.186(0.132)
0.171(0.122)
0.156(0.116)
0.127(0.088)
0.213(0.132)
0.194(0.122)
0.176(0.116)
0.164(0.088)
0.035(0.132)
0.036(0.122)
0.032(0.116)
0.020(0.088)
0.175(0.132)
0.159(0.122)
0.144(0.116)
0.113(0.088)
0.326(0.132)
0.294(0.122)
0.268(0.116)
0.212(0.088)
0.060(0.132)
0.050(0.122)
0.050(0.116)
0.036(0.088)
0.506(0.132)
0.474(0.122)
0.426(0.116)
0.347(0.088)

MATHEMATICAL METHODS OF STATISTICS Vol.26 No.3 2017

di s(cut-off)
0.100(0.272)

0.540(0.272)

0.300(0.272)

0.340(0.272)

0.120(0.272)

0.320(0.272)

0.480(0.272)

0.160(0.272)

0.660(0.272)

Holmes et al.

Fail to reject

Reject

Reject

Reject

Fail to reject

Reject

Reject

Fail to reject

Reject
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Table 2. Study of prior-data conflict of the proposed Bayesian nonparametric test for various choices of
base measures H; and Hs.

Distribution Hy H, d d, 0=1d—d|
X ~ N(0,1) N(0,1) N(0,1) 0.210 0.165 0.045
Y ~ N(0,1) N(-5,1) N(5,1) 0.204 | 0.796
U (10, 20) N(0,1) 0.208 | 0.792
U(10, 20) U(10,20) 0.206 0.162 0.044
&) £(1) 0.205 0.166 0.039
X ~ N(=5,1) N(0,1) N(0,1) 0.993 0.165 0.828
Y ~ N(5,1) N(=5,1) N(5,1) 1 1 0
U(10,20) N(0,1) I I 0
U (10, 20) U(10,20) 0.999 0.162 0.837
&) &) 0.980 0.166 0.814

Table 3. The proposed Bayesian nonparametric test against the (frequentist) Kolmogorov—Smirnov test
and the Holmes et al. test [23] when considering small sample sizes. Here dx g is the Kolmogorov—Smirnov
distance obtained by the frequentist Kolmogorov—Smirnov test.

X~ N(0,1),Y ~N(0,1)
Sample Sizes

d(d,) d(e) dk s(cut-off) Holmes et al.
my=mg =5 0.486(0.412) 0.074(0.244) 0.400(0.800) Fail to reject
m; =mg =10 0.407(0.326) 0.081(0.196) 0.333(0.600) Reject
my =mg =15 0.337(0.279) 0.058(0.114) 0.385(0.467) Fail to reject
my = mg = 20 0.295(0.242) 0.053(0.143) 0.211(0.400) Reject
my =mg = 30 0.271(0.203) 0.068(0.112) 0.207(0.333) Reject
my1 = mg = 50 0.271(0.165) 0.027(0.132) 0.180(0.272) Fail to reject
my1 = mg = 100 0.145(0.122) 0.023(0.060) 0.081(0.192) Fail to reject
my = mg = 200 0.118(0.090) 0.028(0.038) 0.075(0.136) Fail to reject

6. ASYMPTOTIC THEORY

Similar to the two-sample frequentist’s Kolmogorov—Smirnov test, it is possible to construct a
test based on the fact that the two independent processes \/m1(Py,, — Hyy,,) and \/mo (P, — Hy;,)
converge jointly in distribution to the two independent Brownian bridges Br and B¢, where F and G are
the “true” distributions generating the data. In particular, the next lemma establishes a direct connection
between the frequentist two-sample Kolmogorov—Smirnov test and the one that relies on the Dirichlet
process. Recall that a Gaussian process is called a Brownian bridge with parameter measure F,
denoted by {Br(t),t € R}, if E(Bp(t)) =0 and Cov(Bp(s), Bp(t)) = F(min(s,t)) — F(s)F(t), for
any t,s € R[26].

Lemma 6. Consider the two-sample problem considered in Section 3. Suppose that my, mo — 00,
mi/(my +ma) — v € (0,1). If the hypothesis Hy holds, then
mima d
P (t),Qr, (¢ 2 Bp(t 10
ot 4 g (Fms (8 @iy (D) = sup | Br ()], (10)

where B is a Brownian bridge with parameter measure F.
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Table 4. The proposed Bayesian nonparametric test against the (frequentist) Kolmogorov—Smirnov test and the
Holmes et al. test [23] when considering small sample sizes. Here dx s is the Kolmogorov—Smirnov distance
obtained by the frequentist Kolmogorov—Smirnov test.

X~ N(0,1),Y ~N(1,1)
Sample Sizes

d(d,) d(e) dx s(cut-off) Holmes et al.
mp =mg =5 0.869(0.412) 0.457(0.244) 1.00(0.800) Reject
my1 =mg = 10 0.773(0.326) 0.447(0.196) 0.800(0.600) Reject
myp =mg =15 0.550(0.279) 0.271(0.114) 0.550(0.467) Reject
my =mg = 20 0.552(0.242) 0.310(0.143) 0.550(0.400) Reject
my1 =mg = 30 0.475(0.203) 0.272(0.112) 0.467(0.333) Reject
my1 = mg = 50 0.562(0.165) 0.397(0.132) 0.280(0.272) Reject
my = mg = 100 0.447(0.122) 0.325(0.06) 0.420(0.192) Reject
my = mg = 200 0.409(0.090) 0.319(0.038) 0.39(0.136) Reject

Proof. Note that

mims ( %

P, (1) = Qn, (1) =

mi

_ Vma (@, (t) — Hy, (1)) +

mi + mo

" (P () — HE (1)

m1 + ms mi1 + mso

TR e ) = HEL (). (11)

The first two terms in (11) converge respectively to /1 —yBp(t) and —,/vBg(t) [25]. On the other
hand, the last term in (11) is equal to

it < CoHW+ 0 Fa@- 0 HO- Gm(t))

mi + mo

mi1 + meo \ a+ my a—+mq _a+m2 a+ meo
mimso mq mso
= Fo, (t) — G (T 12
m1+m2<a+m1 ma (1) a + mo mz()> (12)

mimg  a(mg —my)H(t) (13)
mi1 +ms (a+mqi)(a+ms)

[t follows from a well-known result in empirical processes [34] that, under Hy, (12) converges in dis-
tribution to \/1 — yBp(t) — /vBg(t). On the other hand, taking mo = kmy, for some k > 0, simplifies

(13) to
k m3/2

which clearly converges to zero as m; — oco. Hence

mimsa ( *

S P (1) = Qh, (1) — 2(/1 —yBp(t) + /vBa(t)) = 2Bp(t), (14)

where the last equality in (14) holds since Bp(t) is the sum of two independent Gaussian processes and
E(Bp(t)) = E (/1= 1Br(t) + y7Ba(t)) =0,

Cov(Br(s), Br(t)) = Cov (V1 = 1Br(s) + yyBals), /1~ 1Br(t) — 1 Balt))
— (1— ) Cov(Br(s), Br(t)) + Cov(Bg(s), Ba(t))
= Cov(Bp(s), Bp(t)) = F(min(s, t)) — F(s)F(t).

MATHEMATICAL METHODS OF STATISTICS Vol.26 No.3 2017



224 AL-LABADI, ZAREPOUR
Now the continuous mapping theorem completes the proof of the lemma.

Note that the result derived in Lemma 6 is, somehow, close to the following well-known result in the
theory of empirical processes [34]:

T2 (R (), Gony (1)) 5 sup [Br(1)]. (15)

m1 + mg z€R

This is a fairly surprising result as one expects that, asymptotically, the right-hand sides of (10) and
(15) should converge to the same limit, which is not the case.

7. CONCLUDING REMARKS

An approach based on the Kolmogorov distance and approximate samples from the Dirichlet process
is proposed to assess the equality of two unknown distributions. The current study may lead to further
research directions. For instance, it would be interesting to study the effect of selecting other distances
such as the Wasserstein (or Kantorovich) distance, the Cramér—von Mises distance and the Anderson—
Darling distance on the proposed approach. It is also interesting to make an extensive comparison study
between the proposed approach and other Bayesian and frequentist tests. Another important extension is
the generalization of the approach to construct a test for multivariate distributions. Finally, constructing
a test based on the result derived in Lemma 6 and comparing it with the Kolmogorov—Smirnov test
seems motivating. We leave this direction for future work.
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