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Abstract

We develop an estimation procedure of a discrete probability mass
function (pmf) with unknown support. We derive the maximum likeli-
hood estimator of this pmf under the mild and natural shape-constraint
of unimodality. Shape-constrained estimation is a powerful and robust
technique, which additionally provides smoothing of the empirical dis-
tribution yielding thereby gains in efficiency. We show that our uni-
modal estimator is consistent when the model is specified, and that it
converges to the best projection of the true pmf on the unimodal class
under model misspecification. Furthermore, we derive the limiting dis-
tribution of the the estimator, and use the obtained result to build
asymptotic confidence bands for the unknown pmf when the latter is
unimodal. We illustrate our approach using time-to-onset data of the
Ebola virus during the 1976 outbreak in the former republic of Zaire.

1 Introduction

Discrete or discretized data show up in many practical instances, see Harlan
et al. (2014); Chowell et al. (2013, 2009); Laskowski et al. (2011); Breman
and Johnson (2014). If computing the empirical distribution requires no as-
sumptions on the unknown law, gains in efficiency can be made by imposing
additional constraints. Such a constraint is unimodality, which is a natural
and mild assumption in many real statistical applications.

Nonparametric estimation of a unimodal density has been treated in
many research papers. In case the mode is known, the problem boils down
to fitting the well-known Grenander estimator (Grenander, 1956). However,
as noted by Birgé (1997), it is unrealistic in practice to assume that the
location of the mode is known. The main consequence of not making such
an assumption is that the maximum likelihood estimator (MLE) fails to ex-
ist. To address this problem, several estimators have been proposed, see
Wegman (1968, 1969); Prakasa Rao (1969); Wegman (1970a,b); Reiss (1973,
1976) in which the Grenander estimator has been additionally constrained.



More recent work appears in Birgé (1997), where the proposed estimator is
chosen among all the possible unimodal Grenander estimators as the one
with cumulative distribution function closest to the empirical distribution.
Durot et al. (2013) consider the estimation of a discrete convex distribu-
tion, using the least squares criterion. Recently, Diimbgen and Rufibach
(2009); Cule et al. (2010) proposed to use the maximum likelihood estimator
of a log-concave density in lieu of the unimodal assumption, partially due
to the inherent problems faced when estimating a unimodal density using
maximum likelihood. As opposed to the continuous setting, existence of the
unimodal MLE when the data are discrete is guaranteed, even when the
mode is unknown. On the other hand, uniqueness is not always true, but
this problem is rather marginal, as a rule for selecting from among the fi-
nite options is immediate, making our estimator fully automatic and easy to
compute. Furthermore, if the pmf is not unimodal, the MLE is still consis-
tent, in the sense that it approaches the best unimodal pmf among a finite
number of choices. Further details of this behavior are provided in Section 4.

In the recent work of Balabdaoui et al. (2013), the discrete MLE under
the constraint of log-concavity was studied. One important consequence of
this work is that we can evaluate the loss when data exhibit unimodality
but at the same time log-concavity would not be a valid assumption. The
unimodal MLE seems to be a more natural estimator to consider when ad-
ditional features of the true distribution besides unimodality are lacking or
hard to obtain. On the other hand, it is expected the log-concave MLE to
be more efficient than the unimodal one in case log-concavity is a correct
assumption about the model. This is studied via simulations in Section 3.
Although restricted to discrete distributions, our results may be interesting
to those studying the continuous setting as well.

The manuscript is organized as follows. In Section 2, we provide the tech-
nical details required to define and compute the MLE of a discrete unimodal
distribution. In our set-up, the support is assumed to be unknown, and is
also estimated empirically from the data. In Section 3, we consider the finite
sample size behavior of our estimator via simulations. As mentioned pre-
viously, we compare here our estimator with the discrete log-concave MLE,
but also we assess the loss of efficiency when the support is unknown and
must be estimated from the data. Sections 4 and 5 we establish consistency
and global asymptotic theory for the estimator. One of our key contributions
is the application of these to develop global confidence bands for a unimodal
pmf, see Section 6. Finally, we illustrate the estimator on a data set for
the 1976 Ebola outbreak in Zaire; see Section 7. The data clearly shows a
drastic difference in the time from infection to onset of symptoms depending
on the type of infection: whether the individual was infected from person-
to-person contact or from injection with an unsterilized needle. R (R Core
Team, 2014) code for this analysis (along with all simulations) is available
online at www.math.yorku.ca/~hkj/Research/. All proofs and additional



details are left to the Appendices.

2 Maximum likelihood estimation

2.1 Discrete unimodal distributions

In this work, we consider estimation of a unimodal pmf of a discrete real-
valued random variable. We denote the support of such a pmf as S = {s; }icx,
where K is a subset of Z. Without loss of generality, we take s; € R for all
1 € K, and we assume that s; < s;41.

We say that a pmf p is unimodal if there exists an integer m such that

[\

p(s;) p(si+1), forall i>m, and

p(si-1) < p(s;), forall i <m. (2.1)

The element s,, is thus a mode of the pmf p, but is not necessarily unique.
In general, we can define the modal region, denoted here by M, as

M = {s,eS: psatisfies (2.1) at m = K} (2.2)

M is necessarily a finite set and we have that p(s) = p(s’) for all s,s" € M.
Next, let U*(S) denote the space of unimodal pmfs with the same fixed
support S. For the purpose of estimating such a p, it is most convenient to
decompose the space of unimodal pmfs as
uis) = U U9, (2.3)
KkeK
where UY|,.(S) is the space of pmfs which are increasing on {s; : i < x — 1}
and decreasing on {s; : i > k}. Note that a pmf in U!|,(S) is unimodal
either at s,_1 or s, depending on the order of its values at these points. It
may seem, at first, that it would be more natural to decompose U(S) into
the spaces of pmfs that are unimodal at k. However, it turned out that the
decomposition (2.3) is much more convenient. In addition, the MLE will
always “decide” between these two possibilities by choosing the one that
yields the largest value of the likelihood. Note also that if £ = min K, then
UY|..(S) is simply the space of non-increasing pmfs on S. Notably, each space
UY..(S) is convex, whereas U(S) is not.

Known as Khintchine’s Theorem, a density with respect to Lebesgue
measure is unimodal if and only if it can be written as a mixture of uniform
densities, see for example Olshen and Savage (1970). Hence, it is expected
that such a representation exists also in the discrete setting.

Proposition 2.1. A pmf p satisfies p € U|..(S) if and only if
1 « Lictis i
p(si) = % ()« Y S (s, (24)
0 J+1 j<—1 I3

for some pmf q with support S.



A proof of Proposition 2.1 can be found in the Appendix. Using (2.3), a
unimodal p € UY(S) admits a representation (2.4) for some x € K.

Remark 2.2. Suppose that K is finite, and write K = {0,1,...,k}. Then
UMo(S) cUM1(S).

2.1.1 Relationship with unimodal densities

Given a probability mass function p with support on S = Z, one can define
a density function f on R by

flx) = p(z) forxe(z-1,z], z€Z.

The mass function p is unimodal iff the (piecewise constant) density f is
unimodal.

Given a general unimodal density with support on R, one can also define
a unimodal pmf p via

p(z) = /Z_Zlf(az)dx, z €.

Here, the choice of the discretization on [z — 1, z) is arbitrary. Indeed, any
choice of a € R, with [z +a -1,z + a) is possible. One could also consider
intervals of length other than one, as long as the length is fixed.

In this sense, discrete distributions provide a useful way to analyze data
which has been “discretized” in such a manner. One such example is consid-
ered in Section 7. This relationship with unimodal densities is particularly
noteworthy, since, although the MLE of a unimodal density does not exist,
the MLE of its discretized version does.

2.1.2 When the true support is unknown

The discussion above relating unimodal densities and pmfs implies that one
natural assumption on the support S is that it is a connected subset of a+dZ,
for some a € R and § > 0. However, we believe that in certain instances
additional generality may be required. For this reason, the only assumption
we make about the support S is that it is an ordered subset of R. This
assumption provides additional flexibility to our approach: unimodality of
a pmf is preserved under scalar transformations (if the pmf of a random
variable X is unimodal, then so is the pmf of aX), and under removal of
elements of the support.

In order to reflect this flexibility in our estimation approach, we do not
assume that the true support is known a priori. Instead, we estimate both
the unimodal pmf and its support from the collected observations. However,
if the true support is known a priori, then it is expected that more efficiency
would be gained by including this information to the estimation procedure.
Some simulations studying this are given in Section 3.1.
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Figure 1: The same empirical observations (shown in grey) yield two different
solutions maximizing the likelihood.

Notably, our consistency and asymptotic results developed later apply
to both versions of the MLE (either when the support is known or when it
is unknown). All theoretical results are proved and stated for the unknown
support version; the proofs are only simplified when the support is known.

2.2 The unimodal maximum likelihood estimator

Let X4,---, X, be n independent observations from a discrete pmf py. Also,
let p,,(2) = n? o1 L2y (Xi) and Fp(2) = nt 271 Li(<00,213 (Xi) denote the
empirical pmf and the associated empirical cumulative distribution function
(cdf), respectively. Finally, let S,, denote the observed support of p,,, that is
Sp ={z0,...,25-1} is the set of distinct values in the sample {Xy,..., X, }.
We assume in our notation that zg < 2zy <...<zy_1.

2.2.1 Definition

Recall that we do not assume that the support S is known. Thus, we define
the maximum likelihood estimator (MLE) as

Pn = argmaxye i(s,,) Ln(p)a



where the log-likelihood is given by
J-1
Lap) = [logp(x)dFu(z) = ¥ log(p(z))7a(2).
j=0

This maximization is done in two steps: (1) we maximize L,, over the space
UY,.(Sy) for each k, and (2) we find %,, and the corresponding estimator at
which the overall maximum is attained.

2.2.2 The shape operators iso,anti, and uni

To describe and compute the MLE, we find it convenient to first define several
shape operators. For any z € R%, we denote z4; the sub-vector (Zsy---52t)
where 1 < s <t <d. Consider the following sets of constrained vectors

Id = {uz(ul,...,ud)eRd:uls---Sud}
Dy, = {w:(wl,...,wd)e]Rd:wl2---2wd}.
Also, for k € {1,...,d}, let
Z/[d|n = {Z = (21, N ,Zd) € Rd FR1:(k-1) EI,{,l and Zy:d € Dd_,ﬁ_l}, and
Z/{d = Ui=IUd|,€

Lastly, we denote the ¢5 distance by ||v —u|3 = Z;-lzl (vj —uj)?.
We can now define the first two operators iso : R? - Z; and anti : R - D,
as

iso[v] = argmin,.z, [v—ul2

anti[v] argminep, |w - u|2.

In other words, iso[v] and anti[v] = —iso[-v] are the well-known least squares
projections of v on the spaces Z; and Dy respectively; cf. Barlow et al. (1972);
Sen and Meyer (2013). Note also that the operator anti is the same as the
gren operator discussed in Jankowski and Wellner (2009); Jankowski (2014).

Finally, for x € {1,...,d}, define the operators uni, : R —» Uy, and
uni : R? - Uy as

uni,[v] (iso[vlz(,ﬁ_l)],anti[v,i:d]) = argmin,qy,| v = ul2,

unif[v] = argmin,g,, [v - us.
Note that, as before, we have that
uni[v] = unig-z[v], where & € argmin, |v—uni.[v]]2.

The operators iso and anti are unique. However, the operator uni may yield
more than one solution, much like the operator yielding the MLE. Properties
of these operators are discussed in detail in Appendix C.3.



2.2.3 Existence and characterization of the MLE

Using these operators, we may now state some facts about the MLE.

Proposition 2.3. The restricted MLE Dy, exists and is unique. Further-
more, it is characterized by

ﬁn‘fi = uniﬁ[]_jn]-

The (unrestricted) unimodal MLE D, ezists, but is not necessarily unique.
For {Ry,} = argmax,.cj_1 Ln(Pnlx), the (finite) collection of solutions to the
mazximization problem, {p,}, is characterized as

{ﬁn} = {ﬁn|n;/€€{ﬁn}}' (2'5)

Note that the MLE is not defined in terms of the operator uni, however,
the operator does show up in its limiting distribution.

Remark 2.4. One of the key conclusions of Proposition 2.3 is that the
size of the set {p,} may be greater than one (see, for example, Figure 1).
To overcome the computational difficulties that would result from this non-
uniqueness, we simply take the MLE to be equal to the maximizer with the
smallest mode. That is, let ®,, denote the smallest integer k such that

L, (D = Ly, (Pnl1)-

n(Pnl)  max Ln(Pnli)

Then Dy, = Pulz,. Note the slight abuse of notation: we denote R, as the
smallest element of {R,}. Also, note that in order to find R, we can search
only over 1 <k < J -1 using Remark 2.2.

The characterization in (2.5) along with our convention provides a straight-
forward way to compute p;,. Namely, we first find the restricted MLE 7|, as
the right slopes of the greatest convex minorant of {(0,0), (z;,F,(z;), 0<j <
k—1} and the left slopes of the least concave majorant of {(0,0), (z;,F,(z;)), & <
j<J-1}. The MLE p,, will be then taken to be equal to Dy, which maxi-
mizes the overall likelihood for the smallest integer k. Proposition 2.3 follows
immediately from the more general result of Theorem 4.2 as well as the sub-
sequent Lemma C.3.

3 Finite sample performance of the MLE

Here we compare three maximum likelihood estimators for small and medium
samples sizes. The three estimators are

(1) the MLE under no assumption on the pmf; i.e., the empirical MLE,

(2) the MLE assuming the pmf is unimodal (7;, as defined in this work),



(3) the log-concave MLE assuming the pmf is log-concave. Theoretical
and computational aspects of this estimator have been studied in Bal-
abdaoui et al. (2013).

In our simulations, we consider six different distributions:

— The negative binomial distribution with parameters r = 6,p = 0.3. This
is a distribution is both strictly unimodal and strictly log-concave.

— The double logarithmic distribution with S = Z, which we define as
2| 1
2|Z\(p—1gg(1—p)) -
p(z) = oy 270 (3.6)
P

=G log ) 221

This distribution is strictly unimodal but not log-concave. In the sim-

ulations, we take p =0.9.

— The uniform pmf with S = {0,...,9}. This is an example of a pmf
which is neither strictly unimodal nor strictly log-concave.

— The mixture of uniform distributions with support on {0, ...,49}, with
pmf given by taking S =7,k =0 and
1/3 2=9,39,49
a(2) = { 0  otherwise. (3.7)

in decomposition (2.1). This distribution is unimodal (though not
strictly unimodal), and is not log-concave.

— The Poisson with rate A = 2, a strictly log-concave and unimodal dis-
tribution.

— A mixture of Poisson distributions: Letting p) denote the pmf of a
Poisson distribution with rate A, then the mixture we consider is given
by (1/4)-p1(-)+(1/8) -ps(-) +(5/8) -ps(-). This distribution is (strictly)
bimodal, and is therefore neither unimodal nor log-concave.

Table 1: Properties of distributions considered.

unimodal log-concave  finite support
negative binomial yes (strict) yes (strict) no
double logarithmic yes (strict) no no
uniform yes yes yes
uniform mixture yes no yes
Poisson yes (strict) yes (strict) no
Poisson mixture no no no
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Figure 2: Boxplots of the 5 distance of the estimated pmf from the true
pmf under each of three estimators: the empirical MLE (1), the unimodal
MLE (2), the log-concave MLE (3). Each boxplot is the result of B = 1000
simulations. Properties of these distributions are summarized in Table 1.
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Figure 3: Boxplots for the six distributions of Figure 2 of the ¢y distance
of the estimated pmf from the true pmf for the unimodal MLE when the
support is known (a) and unknown (b). Each boxplot is the result of B =
1000 simulations.
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Properties of the six distributions are summarized in Table 1 for convenience.
In Figure 2, we can see that the unimodal MLE performs better than the
empirical MLE for all six distributions. It is, however, outperformed by the
log-concave MLE for the distributions which are log-concave, although they
seem to have very comparable errors in the case of the Poisson distribution
with rate A = 2. On the other hand, the unimodal MLE outperforms the log-
concave MLE when the distribution is not log-concave, at least for sample
sizes which are “large enough”. Our simulations show that this sample
size is related to how far away the true pmf is from the set of log-concave
distributions. In Figure 2, the ¢ distance to the corresponding log-concave
Kullback-Leibler projection (cf. Balabdaoui et al. (2013)) is approximatively
0.363 for the double logarithmic and 0.050 for the uniform mixture. Overall,
we expect that when log-concavity fails to hold, the unimodal MLE will be
the better estimator for larger sample sizes. Moreover, this behavior will
hold also for smaller sample sizes for pmfs that are further away from the
log-concave class. The bimodal Poisson mixture model is the only example
in which neither the log-concave nor unimodal classes are correct. Notably,
although the empirical pmf is the only well-specified MLE in this case, it
outperforms the other two estimators only for the largest sample size.

3.1 Comparison of known versus unknown support

It seems self-evident that some efficiency will be lost by assuming that the
support is unknown. Here, we briefly consider the question of “how much
efficiency is lost?” via simulations. To be precise, when we say that the
support is known, the MLE is defined as

argmax,q sy Ln(p),

unlike in the definition of p,,, where S is replaced by its estimate 5. In order
to avoid existence issues of the estimator defined above, the class U(.9)
should be viewed as the set of probability mass functions p with support
contained in S. Our simulations show that although some difference is seen
for small a sample size, the cost is not great, and the difference disappears
with increased sample size. As mentioned previously, our consistency and
asymptotic results developed later apply to both versions of the MLE.

Figure 4 gives an example of the two approaches (known vs. unknown
support in the unimodal MLE) for a sample from the negative binomial
distribution for n = 50. Both unimodal MLE approaches provide considerable
“smoothing” to the empirical pmf. However, when the support is unknown,
the MLE will only place mass on S,,, whereas the MLE with known support
will place mass on the entire range {X(q),..., X,)}. This is clearly seen
in Figure 4. Thus, the potential loss of efficiency will most likely occur
in the tails of the true distribution, and this will be particularly true for
distributions with a fatter tail.

11
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Figure 4: Example comparing the unimodal MLE when the support is known
vs. unknown. The true distribution is the negative binomial with sample
size n = 50.

We compared the two approaches via simulations, the results of which
are shown in Figure 3. The distributions considered are exactly the same
as those described on page 8. The loss is small for the uniform distribution
which has support on only ten points, and also for both Poisson distributions,
where the tails converge to zero very quickly. For the other distributions,
which slower rate of decay in the tails, some efficiency is lost for the small
sample size (n = 50). However, the loss appears almost negligible for the
medium sample size (n = 200).

Remark 3.1. When S =S, the known support and unknown support MLE
versions will be the same. For the case when |S| is finite, the probability that
this does not happen for a given n decreases exponentially with n. Further-
more, with probability one, there exists an ng, such that for alln > ng, S =35,
in this case.

4 The Kullback-Leibler projection and consistency
of the unimodal MLE

Let pg denote a fixed probability mass function on Sy with distribution
function Fy. We let

p(plpo) = f 1og%dPo,

12



denote the Kullback-Leibler (KL) divergence. In this section, we seek the
KL projection Py € U(Sp) of a given pmf pg. The KL projection has been
considered extensively for the log-concave shape constraint for densities on
R? in Cule and Samworth (2010) and Diimbgen et al. (2011) and for proba-
bility mass functions in Balabdaoui et al. (2013). As in Cule and Samworth
(2010); Cule et al. (2010); Balabdaoui et al. (2013), we can define such a
projection as

—~ . Po .
Do = argmin,g g /; loggdPo = argming,gsy) P(PlPo), (4.8)
0

which is the element of U/!(Sy) closest to the unknown pmf pg in the sense of
Kullback-Leibler divergence. From a practical point of view, this allows us
to view the shape constrained estimator as the closest approximation within
a class of distributions.

Alternatively, Patilea (2001) uses the definition

flog@dpo > 0, forall peld(Sy), (4.9)
p

and refers to the pmf Py satisfying (4.9) as the pseudo-true pmf. If the
integrals involved are finite, one can re-arrange (4.9) into (4.8) and vice
versa. In particular, if inf s,y p(qlpo) = p(Polpo) < oo for some Py then
(4.8) is equivalent to (4.9), since then

flog@dpo - [1og7£@dpo
b Po P

flog@dpwflog@dpo.
Do p

Alternatively, as in Diimbgen et al. (2011), one could also consider

IN

0< f log 224p,
Po

f logPodPy > f logpdPy, forall ped'(Sp),  (4.10)

which is akin to maximizing the likelihood. If pg admits a finite entropy, that
is [ logpodPy > —oo, then (4.10) is equivalent to (4.8). Furthermore, (4.9) is
equivalent to (4.10) whenever sup,q,1(s,) / logpdPy > —oo and is attained.

In what follows, we work with the formulation of Patilea (2001) in (4.9),
although we continue to refer to it as the KL projection. Before stating our
first theorem, we recall that U|.(Sp) is the space of unimodal pmfs with
support Sy and mode at either s,_1 or s..

Theorem 4.1. Let py be a discrete pmf with support So. Let ]’50\,.i denote the
greatest conver magjorant of the cumulative sum of po(s;),i < k-1 and the
least concave minorant of the cumulative sum of po(s;),i > K, and let P,
denote the pmf corresponding to ﬁ0|,{. Then

/log%dpo > 0, for allpEU1|,§(So). (4.11)
p

13



Furthermore, when po € U|(So), or when ¥ ;.0log|jlpo(s;) < o0, q = Polw is
the unique pmf which satisfies [ log(q/p)dPy >0 for all p e U*|.(So).

We next consider the larger class U(Sp).

Theorem 4.2. Let pg be a discrete pmf with support Sp.
1. Suppose that py € UY(Sy). Then Py = po is the unique unimodal pmf
satisfying

flog@dPo > 0 for all peU'(So).
p

2. Suppose that po ¢ U(So) and ¥ j.0logljlpo(s;) < co. Then there exists a
Po € UY(Sy) such that

flog@dpo > 0 forall peU(Sp).
p

When Do is not unique, we shall denote by {po} the (finite) collection of all
such projections.

Theorem 4.2 says that in case the model is well-specified, then the KL
projection of pg is unique and equal to the true pmf itself under no additional
assumptions. However, if the model is misspecified, there may exist several
different KL projections. These are collected in the set {pp} which is neces-
sarily finite. Examples of such non-uniqueness are given later in Figure 5.
We believe that this lack of uniqueness is due to the fact that the space of uni-
modal densities is not convex. Although the condition 3 ,.log|jlpo(s;) < oo
may seem a bit unnatural at first, one can express it in a more transparent
form thanks to the next proposition.

Proposition 4.3. Let pg be a discrete pmf with support Sg. Then

> loglj| po(sj) < oo if and only if  sup logp dPy € (—o0,0].
Jj#0 peld(So)

Recall that under this condition, (4.9) is equivalent to (4.10). Further-
more, if we assume in addition that

0<01 < inf(sjp1-s5) < sup(sj+1—5;) <62<o0,

then one can show that the condition ¥ ,.olog|jlpo(sj) < oo is equivalent
to [logl|z — aldPy(x) € R for some a ¢ Sp. Therefore, this condition gives a
bound on the speed of decay of pg. Also, it is weaker than the assumption
of having a finite mean required by Cule and Samworth (2010); Diimbgen
et al. (2011). Our assumption is also weaker than that made by Patilea
(2001, Corollary 5.6), although the latter is a condition in order to derive
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rates of convergence. In our setting, Patilea’s assumption boils down to
existence of an € > 0 such that

f FocdPy < 0o

where P, is the cumulative distribution function of py. By the inequality
log(x) < x/e for x € (0,00), we find

1
f log(1/py) dPy < = /ﬁgedPo < o0,
€

implying our condition in Proposition 4.3 (since then [ logpydPy > —o0).

4.1 Consistency

For two pmfs p and ¢ defined on S, let £(p, q) and h(p, q) denote the ¢} and
Hellinger distances between p and g, respectively. That is,

to(p.q) = 1 (Zwes (@) —g(@))* i 1< k< oo
) SUPges |p($) - q(m)|’ if k = oo

and

h.0) = 5 3 (Vo) ~Va()"
€,

In the following, we establish almost sure consistency of the unimodal MLE
under a mild condition on the true pmf pg. Let us fix a discrete pmf pg with
support Sy, and assume that we observe i.i.d. data Xi,...,X, ~ po. Here,
we do not necessarily assume that pg is itself unimodal. Let p;, denote again
the unimodal MLE based on the sample (Xi,...,X,). Recall that in the
well-specified model, the KL projection pp in the sense of (4.9) is pg itself.
When the model is misspecified and pg satisfies ¥, log|j|po(s;) < co, then
the KL projection Py exists in the sense of (4.10) but may not be unique. In
this situation, we denote by {Pp} the set of all such KL projections.

Theorem 4.4. Suppose that ¥ ;.o loglilpo(si) < oo, and let d =y, or h. Then
d(pn,{Po}) = _inf d(pn,q) ~0
7e{po}
almost surely. If pg is unimodal, then
d(ﬁnva) -0

almost surely.

Remark 4.5. Pointwise convergence and convergence in fp,1 < k < oo and
Hellinger distance h are all equivalent for probability mass functions. This
follows for example from Lemma C.2 in the online supporting material of
Balabdaoui et al. (2013).
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Figure 5: Convergence of p,, to {Pp} for pp as in (4.12). The boxplots show
the d = ¢y distance for B = 1000 Monte Carlo samples with a sample size
of n = 1000000. The three columns give (a) d(Pn,Dg), (b) d(Pn, D), and (c)
d(Dn,{DPo}). The plot on the right differs from the plot on the left in that, on
the right, in (a) and (b) the boxplots have been split into large/small values
to show the bimodal nature of the data. For reference, the dashed horizontal
line gives d(Pg,pe)-

The fact that {pp} is not necessarily a singleton means that the MLE
does not necessarily converge to a particular element of {pp}. Rather, our
proof shows instead that the MLE is sequentially compact: there exists an
element g e {Ppp} and a subsequence ny, such that d(py,,q) - 0. We illustrate
this behaviour via the following example. Let Sy = {-2,-1,0, 1,2} and define

L [ 1/6 si=-2,0,2
po(si) = {1/4 =11, (4.12)

In this case, {Pp} has two elements, which we denote by ]’7‘(1) and ]’7\(2). Straight-
forward calculations show that

1/6 Si:_272
po(si) =4 1/4  s;=-1,
5/24 87;:0,1

with mode at —1 and Pg(s;) = py(=si) (with mode at 1). Simulations for a
very large sample size are shown in Figure 5, where the convergence in set
distance is clearly visible.

On the other hand, if |[{pp}| = 1, then the unimodal MLE converges to
the unique element of {Pp}. We also note that if we consider the restricted
MLE py|«, then a similar result to the above holds. A proof may be provided
using, for example, Marshall’s lemma as in Patilea (2001, Lemma 5.5, page
114), without any restrictions on py.
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Let M, be the modal region of the unimodal MLE B, cf. (2.2). An
immediate corollary of the preceding theorem is the following statement
about convergence of M,,. For simplicity, we now assume that the KL
projection is unique. However, one may state the following results with
some additional generality, albeit in a less clear manner.

Corollary 4.6. Assume Y ;.qloglilpo(s;) < oo and that {po}| = 1, and let
M denote the modal region of pg. Then with probability one, there exists a

—

sufficiently large ng, such that for all n > ng, M, c M.

If [M| = 1, then Corollary 4.6 implies that, with probability one, there
exists a sufficiently large ng, such that the mode of the MLE coincides with
the true mode. In the case |M| > 1, then this is no longer true, and all we can
say is that eventually the estimated mode will be in M. Note that the latter
has nothing to do with the fact that we make the convention of taking the
smallest mode to define the MLE; any such convention (or no convention)
would result in the same behavior.

From Theorem 4.4 we immediately obtain the following result.

Corollary 4.7. Assume ¥;.ologlilpo(si) < oo and that |{Po}| = 1. Let F,
and Fy denote the cdfs of P, and Py respectively. Then

lim sup |E,(s) - Fo(s)| =0

n—00 s€So

almost surely.

5 Global asymptotics

The asymptotic behaviour of the unimodal MLE, as well as the proof thereof,
share many similarities with those given in Jankowski and Wellner (2009) for
the Grenander estimator of decreasing pmf on N. Our main interest here is to
derive the weak limit of the estimator when pg is unimodal, and therefore we
do not consider the misspecified setting. One could, however, mimic the work
in Jankowski (2014) to obtain the asymptotic distributions in this case under
some further restrictions on pg. Despite the similarity mentioned earlier with
the monotone problem, some technical details need special attention due to
the fact that (1) the mode of the true pmf is unknown, and (2) we do not
assume that the true support is known.

To describe the asymptotic theory, we first need to define an operator,
denoted here as ¢. Recall that M denotes the modal region of pg as defined
n (2.2). Let us write

D = {si :s; ¢ M and po(s;) Zpo(sHl)}, and

I {si s, ¢ M and po(si-1) Spo(si)}
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as the decreasing and increasing regions of Sy respectively. We will write
M= {rl,. .. 7P} (where 7} < 7P), and let {r};51 enumerate the points
in D such that po(s;) > po(sis1), where 7 < 70, Similarly, let {7{}:s1
enumerate the points in I such that po(s;-1) < po(s;), where Tlﬂl < TZ-I . We
will write D; = {s € Sg,Tﬁl <s< TjD} for j>1,and I; = {s € SO,TjI <s< Tj{l}
for 7 > 1. Notice that each of these regions is necessarily finite, and that pg

is constant on each subset I;, D; and M. We therefore have that
I =vulj, D = uDj, and Sy = TuMuD. (5.13)
We also denote the collection of knots as
T = {r].j21 u{r, gyu{r’j>1}. (5.14)

Note that our definition of a knot, as well as the collection of knots, depends
on the underlying pmf py. Finally, let ¢ be an element of ¢2(.Sy), and for a
subset C' c Sy we write the vector go = {¢(s;),s; € C'} to denote the sequence
q restricted to C'. We may now define ¢ :

isolqr;](s)  selj,
elal(s) = | wifgm](s) seM, (5.15)
anti[gp,](s) seD;.

Note that the definition of ¢ technically depends on pg, although we omit
this dependence in the notation. In addition, ¢ satisfies ¢[po] = po.

Theorem 5.1. Suppose that py is unimodal and that Y ;.qlog|ilpo(s;) < oo.
Let W denote the discrete white noise process: That is, W is the mean zero
Gaussian process defined on Sy such that cov(W(s;),W(s;)) = po(si)di; —
po(si)po(s;). Then

\/ﬁ(ﬁn _pO) = SO[W]a
in £,(So), where 2 <k < oo.

An immediate corollary of our result is that if s is such that s € C
where C' = I;, M, or D; and |C| = 1, then /n(Pn(s) — po(s)) = W(s),
since in such cases ¢[q](s) = ¢(s). Namely, this says that in regions where
po is strictly unimodal, the asymptotics of p,, are the same as those of p,,.
Similar observations have been made in Jankowski and Wellner (2009) for the
Grenander estimator and Balabdaoui et al. (2013) for the log-concave MLE.
In addition, we note that £5(Sp) is the smallest space, of those considered
above, where one can prove the asymptotics. In other words, convergence
in a smaller space such as ¢1(Sp) cannot be considered without additional
assumptions on pg. We refer to Jankowski and Wellner (2009) for additional
details.

The next result follow immediately from the definition of the operator ¢
as well as Jankowski and Wellner (2009, Theorem 2.1).
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Figure 6: 95% constant-width (5 = 0) confidence bands for the true pmf when
sampling from the double logarithmic distribution p = 0.9. The sample size
is n = 100 on the top and n = 1000 on the bottom.

Proposition 5.2. For 2 <k < oo, we have that ||[p[W]||x < |[W||x-

In addition, it is also possible to develop a Marshall’s lemma type result
in our setting. The (asymptotically negligible) error term not seen in the
usual type of result here is due to estimation of the support in our approach.

Proposition 5.3 (Marshall’s Lemma). Suppose that 3 g, p(l]/2(s) < oo and
that the true pmf pg is unimodal with associated cumulative distribution func-
tion Fy. Then, with probability one, there exists an ng such that for alln > ng

sup |[Fy,(s) = Fo(s)| < sup [Fn(s) — Fo(s)| + op(n‘l/Q),

s€So s€Sp

6 Global confidence bands for p

The key application of the previous section is the calculation of confidence
bands for the true pmf pg, which we assume to be unimodal. To this end,
let go,o be such that P(|[W||s > go,o) = a. Then, it follows that

h?gnp(ﬁnp‘n—ponmmo,a) > 1-a.
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This follows since

VillBn = pollee = lle[Wlllee < [[W]lo.

It is important to note that if pg is strictly monotone then p[W] =W, and
then the last inequality above becomes an equality, resulting in an asymp-
totically exact confidence band.

In order to estimate go o, we use P, in place of pg. In Proposition B.7,
we show that this yields an almost surely consistent method of estimating
go,o- Also, we estimate each quantile using Monte Carlo simulations. Thus,
let Go,o denote the Monte Carlo estimate of the quantile of |[W||.

It follows that an asymptotically correct conservative confidence band is
given by

(70 -T2 )vo. mus « B2 | s} 010
where supp(p,) denotes the support of p,,. When the support of pg is es-
timated from the data, then supp(p,) = Sp, the support of the empirical
distribution.

In Figure 6, we show an example of confidence bands thus constructed,
when the true pmf is the double logarithmic distribution with p = 0.9. We
found the constant width of the confidence bands, particularly for the smaller
sample size, somewhat visually jarring. For this reason, we also create con-
fidence bands which are visually more appealing in that they do not have
uniform width. Define, for 8 >0,

R V(B=p0) (5)
Wo(s) = { Pn(s)
0, s ¢ supp(Pn)-

, s €supp(Pn)

If 8 =0, then W = Vn(Dn—po), and we are in the situation of constant-width
confidence bands discussed above.

Proposition 6.1. Fiz 8 > 0 and assume that the support of pg is finite.
Then

W = | < |2
Py 0 p 0

In this case, an asymptotically correct conservative confidence band is
given by

([ -m B ) o e 7 B2 | s st

Vi Vi

where @3, is an estimate of ¢z, where P (Hp(;BWH > %,a) = «. Estimation
of this quantile can be done using a Monte Carlo approach, as before.
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Figure 7: 95% confidence bands for the true pmf when sampling from the
mixture of uniforms distribution with mixing distribution given in (3.7). The
sample size is n = 100 and we chose 3 =0 (left, constant width) and 5= 0.5
(right, varying width).

Remark 6.2. When pg has infinite support, the limiting distribution paﬁ W
exists in o provided that Zpé_w < oo, which adds the restriction that § < 1/2.
We conjecture that the above result continues to hold for distributions with
infinite support with the restriction that B € [0,1/2), although we do not
pursue the proof here. We do note that the assumption of finite support
may be highly plausible in certain practical situations, whereas the (weaker)
assumption of Zipg;zﬁ < oo, may not be as easy to motivate.

In Figure 7 we compare the constant-width confidence band to the vary-
ing width confidence band (with 8 = 0.5) when the true distribution is the
mixture of uniforms, whose mixing distribution is given in (3.7). Visually, we
find the choice of g = 0.5 preferable in that the values, where P, is smaller,
express slightly more accuracy, as one would expect. In this particular ex-
ample, the difference is not great, but is still eye-pleasing. For § = 0, the
width of the confidence bands varies from 0.13 to 0.07 (median 0.08), while
for 5= 0.5, the width of the confidence bands varies from 0.17 to 0.04 (me-
dian 0.06). Note that, although for 8 = 0 the confidence bands have constant
width, we have to cut off the lower bound at a maximum value of zero, and
hence the bands end up being non-constant in reality. Without this cutoff,
the width would be constant at 0.13.

In Table 2, we examine the empirical performance of the proposed confi-
dence bands. We consider two different unimodal distributions: the mixture
of uniforms as above, and the double logarithmic with p = 0.9 from (3.6).
Our simulations span various samples sizes and values of 5. Note that when
B = 0.5, and the true pmf is double logarithmic, the conditions for conver-
gence are violated (see Proposition 6.1 and Remark 6.2), and we include this

example for comparison only (seeing as the condition that ¥, péfw < oo may
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be difficult to verify without additional information about py).

Table 2: Empirical coverage probabilities for the proposed confidence bands
with a = 0.05.

B n =100 n = 1000 n = 5000

_ 0 0.972 0.963 0.959
mixture of o5 (991 0.971 0.970
uniforms 0.5 0.959 0.953 0.991

0 0.956 0.949 0.949
double o5 0970 0.950 0.948
logarithmic 0.5 0.980 0.989 0.989

Define, for g >0,

_ _ qs, _
Cru(s) = Du(s)+Dh(s)-5=, s €supp(Dn).
vn
_ _ qs, _
Cui(s) = OV |Duls) ~Po(s) 22 ), s € supp(Pn),
vn
/C\n,u(s) = /C\n,l(s) = 07 s¢supp(ﬁn).

The results in Table 2 give the empirical coverage on the set S, as indicated
in the third column. That is, we report the proportion of times that

Cri(s) < po(s) < ©Tu(s), forallsesS, (6.17)

was observed.

Overall, we find that the confidence bands perform rather well. Note that
the double logarithmic case 8 < 0.5 we would expect to obtain asymptoti-
cally correct bands, whereas in both uniform mixture scenarios, we expect an
asymptotically conservative result. In Appendix A, we provide some addi-
tional results where we study the cost of defining the bands on supp(p,) = Sn
in the simulations.

7 Time-to-onset of the Ebola virus

In a recent article, Breman and Johnson (2014) describe their experiences
during the 1976 Ebola virus outbreak in Zaire (currently, the Democratic
Republic of the Congo). The figure in the article shows histograms of the
time of onset of the disease based on the transmission route: patients be-
came infected either with an unsterilized needle or through person-to-person
contact. This data was also previously published in Breman et al. (1978).
Here, we use the histograms in Breman and Johnson (2014) to transcribe the
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Figure 8: Time to onset of symptoms of the Ebola virus based on trans-
mission type. The sample size is n = 57 for those infected from unsterilized
needles and n = 108 for person to person contact.

data and perform a brief analysis. We note that transcribing the histograms
resulted in samples sizes of n = 57 and n = 108, which differs slightly from
that presented in Breman and Johnson (2014).

Figure 8 shows the empirical observations and the fitted unimodal MLEs
for the two types of transmission routes. The 95% asymptotic global confi-
dence band are also included, where we used the version with constant width;
i.e. those corresponding to 8 = 0. Note that the time-to-onset is measured
in days, and it therefore makes sense to assume that the support of the true
pmf is either equal to the natural numbers, or is a connected subset thereof.
Thus, we use the version of the likelihood maximization where the support
is not estimated from the data. As mentioned earlier, our results apply also
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to this (easier) case. Visually, there is no glaring reason that the assumption
of unimodality is not appropriate in these two cases. On the other hand, the
fitted MLE provides a slight smoothing to the empirical distribution, which
is appealing.

We note also that the confidence bands in Figure 8 appear somewhat wide
at first glance. However, this is due to the smaller sample sizes observed in
both distributions. The average width for the injection infection was found
to be 0.18, and 0.12 for infection from person-to-person contact. As a crude
benchmark, the average widths of 95% pointwise confidence intervals were
calculated for the true pmf

ﬁni1'96 ﬁn(l_ﬁn)a

based on Theorem 5.1 and under the (untested) assumption that the true
pmf is strictly unimodal. Here, the average width for the injection infection
was found to be 0.12; and 0.08 for infection from person-to-person contact.
These are also rather wide, but smaller than the global confidence bands, as
expected.

It is quite interesting how different the two distributions appear to be.
The standard Kolmogorov-Smirnov test does not yield exact p-values in
this setting because the data is discretized, and hence we used a permu-
tation test (Jockel, 1986). This modified approach yielded a p-value of
0.0014 for the hypothesis that the two distributions are the same (incor-
rectly applying the regular Kolmogorov-Smirnov test also rejected the null
hypothesis). This is in line with what we observe in Figures 8 and 9. R (R
Core Team, 2014) code for performing this analysis is available online at
www.math.yorku.ca/ hkj/Research.

A biological explanation for the difference between the two distributions
was provided to us by Jane Heffernan (2014, private communication): “In-
jection gets the pathogen into the blood stream. Person-to-person contact
provides exposure to the mucosa (innate immunity) first, so the pathogens
that ultimately make it to the blood will be different in fitness distribution
than the injection method. Also, the amount of pathogen ultimately making
it to the blood could be smaller compared to the injection method. Both of
these variables will affect the incubation period.” In the data, we see this
difference not only through a mean comparison (the mean time-to-onset is
6.3 days for transmission via injection and 9.4 days for person-to-person in-
fections) but also in the stochastic dominance observed via the fitted and
empirical CDF's in Figure 9. The latter suggest that Tj,; < T), stochasti-
cally, where Tj,; and T}, denote the times to onset for injection and person-
to-person infections, respectively. Repeating the permutation test for the
hypothesis that the two distributions are equal against the alternative that
Fipj > Fpyp yields a p-value of 0.0008.
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Supplementary Material
Appendices

A Some further empirical coverage results

Table 3: Empirical coverage probabilities for the proposed confidence bands
with a = 0.05.

I3 R n =100 n = 1000 n = 5000
0 Sh 0.972 0.963 0.959
) supp(po) 0 0.953 0.959
mixture
of 0.5 S 0.991  0.971 0.970
uniforms supp(po) 0 0.961 0.970
05 Sh 0.959 0.953 0.991
' supp(po) 0 0.944 0.991
0 Sh 0.956 0.949 0.949
po(R) ~0.95  0.001 0.922 0.949
double
logarithmic s S, 0.970 0.950 0.948
p=0.9 po(R) ~0.95 0.001 0.922 0.948
05 Sh 0.980 0.989 0.989
‘ po(R) ~0.95  0.001 0.959 0.990

Let R € Sy. The results in Table 3 give the empirical coverage on the set
R as indicated in the third column. That is, we report the proportion of
times that

Cni(s) < po(s) < Cnu(s), forallseR

was observed. The confidence bands are optimized for R = supp(p;,), and
this allows us to compare the behavior for other choices of R.

The results of Table 3 clearly show the cost of only defining the confi-
dence bands on supp(p;,) = S, in the simulations. For larger sample sizes,
this cost decreases. However, for small sample sizes, the undercoverage is
drastically big, simply because S, does not cover the set R yet. This issue
aside, we find that the confidence bands perform rather well. In the double
logarithmic setting for 8 < 0.5, we expect to obtain asymptotically correct
coverage bands, and hence, empirical coverage probabilities not statistically
different from 0.95 are shown in bold. In all uniform mixture scenarios, we
expect an asymptotically conservative result; that is, the asymptotic cov-
erage should is expected to be greater than 0.95. In the table, empirical
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coverage probabilities not statistically smaller than 0.95 are shown in bold
(for the mixture of uniforms case).

B Proofs and technical details

B.1 Note on finding the MLE

In several proofs, we make use of the following idea (a well known practice
in shape-constrained estimation problems):

To compute pyl., we first relax consideration over pmfs to positive se-
quences, U|,;(Sy,) , by changing the criterion function L,, to

J-1
D,(p) = Lu(p)- Y p(2) = La(p)- ) p(2).  (B-18)
7=0 2€Sn
This is possible because the two maximization problems are equivalent. To
see this, note that if p is a positive sequence with support 5,, maximizes ®,,,
then for all ¢ € R with |c| very small

0 < lim O (p+cp) = Pu(p) _ 1= Y ()

c~>0 c z€Sn

implying that p is necessarily a pmf. In the sequel, we denote by U(S,,) the
space of positive unimodal sequences with support S,,.

B.2 Proofs from Section 4
Proof of Theorem 4.1. We first recall that

p(plpo) = 0, (B-19)

with equality if and only if p = py (Py a.s.). This result is often referred to as
Gibbs’ inequality. We now proceed progressively in steps. We first assume
that |Sp| > 2.

1. Let Q denote the cdf of any discrete distribution on N and @ denote
its least concave majorant (on N). Let § denote the pmf associated
with Q. We first claim that § is such that

/ log ng > 0, for all decreasing pmf p.

p
This follows from the results of Patilea (1997, 2001) for decreasing
densities as follows: Let Fy(z) = Q(z — 1) denote a cdf on R,, and let

Fp denote its least concave majorant on R, (LCM), with associated
pdf fo. Then, from Patilea (1997, 2001) it follows that f; satisfies

flog%dFo > 0,
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for all decreasing densities f, and hence also for all decreasing densities
with the form f(z) = [;° 07 1[og7(x)du(0), where p is discrete with
mass only at Z,. In other words, any f which is piecewise constant,
with points of jump occurring possibly only at Z, . For such densities f,
let p(z) = f;“ f(x)dx = f(z+1),z € N. In addition, note that g(z) =
f;“ﬁ(:}:)dx = fo(z + 1), from the definition of Q and Fy. Then we
have that

T = o z
Joeae = el
= f0(2+ D) z - z
- B e G -AG)

log —OdFo > 0,
J e
and the result follows.

- Next, let o = Yo po(8i), q1(2) = @ 'po(siss), and ga (i) = (1-) " po(sn-1-0)-
Both ¢; and ¢ are pmfs on N and we apply step one above to find their
1, @2- Define Po|x(s;) = aqi(i-k),i > k and Polx(si) = (1-a)@2(k-1-1)
for i < k- 1. Then clearly Polx € U'|<(So). Furthermore, for any

peU(So)

/logﬁOTJﬁdPO _ isg_ll p0|(()l) (Sz)+;{10gp0|( )z)p ( )
v, UmB1-)
= ig%zll g p(Si) pO( z)
+Zl aql(l () al po(s:)
C (1-a o (1—a)qQ(H—1—1)P0(Sz‘)
- a )iggzll & p(si) I-a
aqi (i - K) po(si)
+ai>znlog o(50) -
= (1- a)Zlog )qQ(z)+a210g a( )ql(z)
50 (2) 50 pi(2)

where pa(2) = (1 - @) 'p(se1-.) and p1(z) = a 'p(ses2). Now, let c;
denote the constant such that ¢1 Y ,59p1(z) = 1, and let p; = ¢;p1 (and
similarly for ps). Let 8 =3 ..0P(Sk+z). Then, we have that the above
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is equal to

(1-« Zlog )qg(z)+aZlog a(2)

230 (2) 50 pi(2)

q1(2)

= (I1-a)logces +aloger + (1 - a)210g~( )Q2(Z)

220

+a210g~( )ql(z)

220

(-0), ., o
(-5 " 2

where the last inequality follows from the Gibbs’ inequality in (B-19)
applied to two Bernoulli distributions with success probabilities o and
B respectively. It follows that

f log po|“dP0 >0
p

> (1-a)logey +aloge; = (1-a)log

for any p € U'|.(So). We have therefore proved existence of Pp|s.

. Finally, we prove that pp|. as defined above is the unique solution to
(4.11) in the two cases stated in the proposition.

e Suppose that pg € U'.(Sp). Then, by Gibbs’ inequality, we have
that

/mg@dpo > 0, VpeUlo(So).
p

Suppose then that Py is another candidate for the KL projection, as
above. Then we would have that

[ log bo dPo > 0 and also f log —dPo > 0.
But this implies that
/ log @dPg = 0,
Po
and (again by Gibbs’ inequality) it follows that py = pg, Py a.s..

e Suppose that py ¢ U'|.(S0) with ¥;.0logljlpo(s;) < o0. Then,
by Proposition 4.3, we have that Supp€u1|n(50)flogde0 € (—o0,0].
Hence, (4.11) is equivalent to

Do = argmaxpe1|, (sy) / logpdF.
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By the strict concavity of log, we have that log(aa+(1-a)b) > aloga+
(1 - a)logb, with equality iff a = b. Suppose that p; and p» are two
different pmfs at which the cross entropy achieves its maximum. Then,
by convexity of U, (So), Po = ap1 + (1 — )Py is also in U] (Sp), and
hence

[rosmary = [ log{am+(1-a)m}dr
aflogﬁldPg+(1—a)flogﬁ2dP0

argmaxpew‘n(so)flogpdpo

\

which yields a contradiction. Therefore, we must have that p1 = pa, Po-
almost surely. But this implies that on the set {s € Sy : po(s) >0}, 1
and Ps must both be equal to the slope of the greatest convex minorant
(GCM) of the cumulative sum of py(s;) to the left of s,_; and the slope
of its LCM to the right of s,. Since the latter has the same support
as pg, we conclude that uniqueness has to hold everywhere.

Lastly, suppose that |Sp| = 1. Then py € U!|.(Sp) must be unimodal with
So = {sx}, and Py = po. The same proof as the first part of point three above
applies. O

Lemma B.1. Suppose that ¥ ;.9logl|j|po(s;) < co. Then for each k € Z such
that s, € S, there exists a q € U'|,(So) such that [logqdPy(x) € (-o0,0].

Proof. Fix k € Z with k # 0. Then

Stogli-rlpo(s) = 3 loglil Lo pots;) + log Il po(so)
J#+K ]g{,‘{ O} | |
- Al

> logljlpo(s;) + Y, log il po(s;) +log k| po(so)

j#OH j¢{50}
< Sloglilpo(s)+ Y log U= po(s;) + logwl.
7#0 ]gé{;g()} ||

Now, since limj_, log (|5 - #|/|j]) = 0, and by the assumption of the lemma,
all three terms above are finite, and it follows that 3;., log|j —x[po(s;) < oo
for all k € Z.

Define a pmf ¢ with support Sy as

1 .
q(s;) o Ij—ff\logQ\j—nl jr-Limrd, (B-20)
J 2T0s72 j=rk—-1,Kk,k+1,

for s; € So. Since [, (zlog?z) 'dx = 1/(log2), there exists a normalizing
constant for ¢ € U*|,(Sp). It remains to calculate its entropy. That is,

Y logq(sj)po(sj) = D- > loglj-rlpo(sj)—2 > logloglj - klpo(s;)),
J li—k|>2 li-r|>2
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where D is some finite constant. The second term is also finite by the first
part of this proof. For the last term we have that

0 < logloglj—rlpo(s;) < 3, loglj—clpo(s;),

li—r|>e li—r|>e
and hence this term is also finite. The result follows. O

Proof of Theorem 4.2. The first point can be shown using Gibbs’ inequality
as done above in the proof of Theorem 4.1. To prove the second point, we
first note that by Proposition 4.3, under the assumptions of the theorem,
(4.9) and (4.10) are equivalent. Therefore, to prove that (4.9) holds, it is
sufficient to show that (4.10) holds, for some py. By Lemma B.1, for each
K € Z there exists a ¢ € U'|,,(Sp) such that [ loggdPy > —oo. Therefore, each
[ logPolx(z) dPy(z) > —oo (although this bound is not uniform in x). Next,
by Lemma C.1, we have that

flogﬁo|n($)dpo($) = ZIOgﬁolm(Sj)pO(Sj)
J
< =Y loglj - &lpo(sy)
J#K
< —log|k —m|po(sm),

for some fixed m such that s,, € Sp. Letting kK - +oo, it follows that the
maximum cannot be attained for large values of |x|, and hence the supremum
of [logpolx(z)dPy(x) can be found by considering a finite collection of
values of x. This proves existence of a maximizer Py € U'(Sp) (and also that
{Po} is a finite set). 0

Proof of Proposition 4.5. We first show that if ¥ ;.log|j|[dPy = oo, then
[ logpdPy = —oo, for any unimodal p. This follows since, if p is unimodal,
then p e U (Sp) for some & € Z. Hence, by Lemma C.1, we have that

flogdeo Zlogmin(1,|j—/<c|fl)po(sj)
J

= 2. loglj = Kl po(s;).

JER

IN

Now, if £ = 0, then [ logpdP, < ~Yjenloglj = klpo(ss) = ¥jz0loglilpo(s;).
If Kk #0, then

S togli—#lpo(s) = — % loglil L pots;) — log k| po(s)
jER ]%{50} ||
= - logljlpo(s;) - >, 10% |P0(8g) log |k| po(s0) + log |k|po(sxk)
j#0 Jj#{~,0} | |
< = loglilpo(s;) - >, log po(sg)+10g!ff|
Jj#0 j#{r,0} | L
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Since limy;|,, log (|7 = #|/|j]) = 0, there exists an integer J > 0 such that for

all |j| > J
log |J—_/€| € [—1, 1]
141 2°2

Then,

| — K
S g = 1p6s)

j¢{r,0} |.7|
- K -k
N 1 A P S R A MO
J#{r, 0}l 1 ¢{R,0}, 13> 171
|j - | 1
2 >, log Gl po(s) =5 >, po(s))
3¢ {k,0}ljl<] J je{r,0L13>J
| — K 1
2 Z log J - |p0(8j)—§=—0,
jetsoyigles Ml

for some finite constant C'. Therefore,
[ 108pdPy < = loglilpo(s;) + Cloglr,
§#0

and the first part of the claim follows (noting that since x € Z and k # 0,
then log|k| < o0). The second part of the claim follows immediately from
Lemma B.1. O

B.2.1 Proof of Theorem 4.4
We start by showing the following lemma.

Lemma B.2. Suppose that ¥;.0logli|po(s;) < co. Let M, be the modal
region of Dpn. Then, we can find M > 0 sufficiently large, such that with
probability one there exists an integer ng >0 such that

sup max |k| < M +1.

n2ng keMp,,
Proof. Fix €1 € (0,po(sp)/4), and define the event that A§ = {sup|F,, - Fp| <
e1}. By the Dvoretzky-Kiefer-Wolfowitz inequality the probability of A, is
at most 2e 2n<i. Applying Lemma C.1, we have that

[ 1ogmuledF, < -3 logli- np,(5:)
1#K
< ~loglklp,(s0) < —loglk|(po(so) —2¢1)
< —log|k|po(s0)/2 < —log M po(s0)/2,

if |s| > M. Let B,, denote the event that [ logp,|.dF, > —log M po(so)/2,
whenever |k| > M. By the above, we have that B, c A,. Since P(A,) is
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summable, the Borel-Cantelli lemma implies that P(B,, i.0.) = 0. Thus, we
have shown that, with probability one, there exists an integer ny such that
for all n >ny

flogﬁn]Han < —logMpo(s0)/2, VI|k|>M.

Without loss of generality, we can assume that Sy = {s;,i € K} with
K =7. Next, define ¢ as in (B-20), and note that here we have

> loga(si)lpo(s:) < oo,

using similar arguments to those used in the proof of Proposition 4.3. Recall
that the pmf ¢ € U!|.—o(Sp). Fix €2 > 0. By the strong law of large numbers,
we can find with probability one an integer no such that for all n > no

floquIFn > floquFo—gg.

Since [ logqdFy € R, we can furthermore choose €2 and M so that

floquFn > —log M po(s0)/2.

Thus, it follows that with probability one, there exists an ng (in fact, ng =
max{ni,ng}), such that

f logqdF, > f 108 Pl

for all || > M. But this implies that p,|. cannot be equal to the MLE p,
when |k| > M, proving the result. O

Proof of Theorem 4.4. We want to show that P, — pg. First, we recall that
pointwise convergence and convergence in £, 1 < k < co and Hellinger dis-
tance h are all equivalent for sequences of pmfs. This follows for example
from Lemma C.2 in the on-line supporting material of Balabdaoui et al.
(2013). We also recall that a collection of probability measures is tight if,
for all € > 0, there exists a compact set K = K (&), such that for all measures
11 in the collection, we have u(K¢) < e. Let P, denote the measure induced
by Pn. We first claim that {P,},s; is tight with probability one. Fix & > 0.
Then, by the Glivenko-Cantelli theorem, we can find with probability one an
integer ny > 0 such that for all n > ny, supg, |Fn(s) = Fo(s)| < /6. Also, by
definition of the cdf, there exists a constant My > 0 such that for all M > My,

1- Fo(M) + Fo(-M - 1) < /6.
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Note that this implies that we have with probability one

1-F,(M)+F,(-M-1)
= 1-Fy(M)+ Fy(-M - 1)
+{}%(A4)_’Fn(ﬂi)}4'{Fn(_A4l_1)_'Fb(_ﬂ4l_1)}
< g/2,
for all n > nq and all M > M.
Next, let &, be such that p;, e U'|z, (So). Then, by the result of Lemma B.2,

with probability one, there exist M > My and an integer ny > 0 such that for
all n > ng, sup,s,, [Fn| < M. On this event, we have that

Py ([-M, M]°)

z>M+1 2<-M-1
< B+ ) Pa(?)
z>M+1 z2<-M-1

1-F,(M)+F,(-M-1)<¢e/2

where the inequality in the second line follows from Proposition C.2. We
have therefore shown that there exists a sufficiently large ng = max{ni,ns}
such that {pn}nzno is tight. Since any finite collection of distributions is also
tight, it follows that {P, },s1 is tight, with probability one.

Since {P,} is tight, it is also sequentially compact. Thus, let {?nk} de-
note a weakly convergent subsequence, which, for convenience, we continue
to denote as {P,}. The Portmanteau theorem then implies that the associ-
ated pmf D, (s;) converges for all s; € Sy (since (s —9,s+ ) are continuity
sets for appropriate choice of §), and we let p denote the limiting pmf. To
complete the proof, we need only show that p is an element of {pp}. Note
that convergence in the set metric then follows because {Pp} is necessarily a
finite set.

Now, since we maximize the criterion function [logpdF, - Y .. p(2)
(B-18) over positive and unimodal sequences and since Y.,cg Pn(z) = 1, we
can write

> logPo(2) Pu(25) = 3. Po())

IA

D log P (2)) Pu(25) - 1
< Y log(b+Pn(2))) Pu(z) - 1,
for b > 0. Re-arranging the terms above, this yields
0 < > log(b+Dn(2)) Pnlz) = X 1logPo(2) Bu(2) + Y, Po(z)) — 1
< 21og(b+Pu(2))) Pu(2) = D log Po(25) Pu (%),

where the last inequality follows since Y py(2;) < 1. Finally, because p,, puts
all of its mass only on the z;, we can re-write the latter as

0 < > log(b+DPn(s;))Pn(ss)— Y. logPo(s;) Dn(s))-

A
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On the other hand, we have that
> 1og(b+Du(s5)) Pa(s5) = D logBo(s) Br(s5)
= log(b+Pu(s;)) (Bn(si) —po(s;)) + Y logPo(s;) (po(s5) = Brlss))
b+Pn(s;) b+Po(s;)
Do (e o+ Eos (55 e
(B-21)

Next we get rid of the first two terms on the right-hand side. First, using
summation by parts,

> 10g (b+Du(s5)) (Bn(s5) = po(ss))
=Y (Fn(s;) = Fo(s;)) [log (b+Dn(s;)) —log (b+Dn(sj-1))]-

Now, we know that p;, = Pyl for some x. Then,

> log (b+Bu(s5)) (Ba(s7) — po(s))]

< Supan(Sj)—F(Sj)|{j§_1[10g(b+ﬁn(8j))—log(b+ﬁn(8j—1))]
+llog (b + Bru(5:)) - log (b + Pu(s-1)]
+j§1[log<b+m<sj>>—1og<b+m<sj_1>>]}

< 4{log(b+ max (s,))|sup[Fa(5;) - ;)

< 4max{log(1 +b).| log(B)]} sup[Fu(s;) - Fo(s,)l.

which converges to zero. The law of large numbers shows that the second
term also converges to zero. This follows because sup,q 1(s,) [logpdPy >
—oo, which implies that ) |logDo(s;)|po(s;) < co. Therefore, rearranging
(B-21), we find that

lim:uleog(Z:g—:EZ;)po(sj Zl (%) Po(s5).

Now, letting b — 0, we have by Fatou’s lemma that

b+ ]’50 (8 j)

+ﬁn(3j )
Next, we take the limits on the right-hand side. First, by the dominated
convergence theorem

limnsup Zlog (—212:2:; ) po(sj) = Zlog (bbil’;?((sij))) po(s;),

hmsuphmsuleog( )po(sj) < 0.

b—0
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since |log((b+Do)/(b+Dn))| < 2max{log(b + 1),|logb|}. Next, we want to
show that

lileog(%)po(Sj) = Elog(@((;j)))pg(sj). (B-22)

To do this, consider both pieces separately. First, log(b+7p(z)) is decreasing
in b and bounded above by log2, and hence by the monotone convergence
theorem we have that

1i117nzlog (b+Po(s5)) po(s;) = D logPo(ss)po(s;)-

Similarly —log(b+D(s;)) is increasing as b decreases, and bounded below by
—log 2. Therefore also,

h,{nZlOg (b+P(s5)) po(s5) = D logP(s;)po(s;)-

Note that [logpdPy is always finite for any unimodal p, and therefore we
may subtract the last two lines above to yield (B-22). We have thus shown
that

Zlog(ﬁ(’(sj)) po(s;) < 0.

p(s;)

Rearranging, this gives

sup logpdPy = Y logPo(si)po(si) < > logB(si)po(si),
peU(So)

and hence pe {pp}. O
Recall the definition of knots in (5.14) and the preceding paragraph.

Lemma B.3. Suppose that ¥ ;.0log|jlpo(s;) < oo and {Po}| = 1. Let T €T
be a knot point of po. Then, almost surely, there exists an ng such that for
all n > ng we have that T is also a knot of Py,.

Proof. Without loss of generality, assume that 7 = sg, and that po(sk,) >
Po(8ko-1)- Then, from Theorem 4.4, we know that sup [Do(s;) — Pn(s;)| <&,
where € < (Po(sk,) — Do(Sko-1))/2, for all sufficiently large n. Therefore,

Pn(Sko) 2D0(Sky) =€ > P0(Skg-1) +€ = Pr(Sky-1)s
and the result follows. O

Proof of Corollary 4.6. Write M = {sk,,...,Sk, }, and note that, by def-
inition, we have that Po(sk,) > DPo(Sk;-1) and Po(Sk,) > Do(Sk,+1). From
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Lemma B.3 and the ¢; consistency results of Theorem 4.4, it follows that,
with probability one, there exists an ng such that for all n > ng,

ﬁn(sj) < ﬁn(sk‘l—l) < ﬁn(slﬂ)a jSk‘l—l,
p\n(skg) > ﬁn(5k2+1) 2 p\n(sj)a j2k2+1~

This, of course, implies that the mode of p,, must be in M = {si,,..., Sk, }-
O

Proof of Corollary 4.7. This is an immediate consequence of Theorem 4.4
and the inequality

|Fa(si) = Fo(s)l < 3 1Da(s5) = Do(sy)l.

B.3 Proof of Theorem 5.1
Let {W,(s),s € Sp} = {/n(p,,(s) —po(s)),s € S}, denote the empirical

white noise process.

Proposition B.4. Let C' = {U}_ I;} u {U}_ D;} with k finite and I;,D;
defined as in (5.13). Then, with probability one, there exists an integer
ng > 0 such that for n > ng

V(B ~po)(s) = o[Wn](s), for all seC.

Proof. By the strong law of large numbers, with probability one, we can find
an integer n; > 0 such that for all n > ny, C c §,. Next, by Corollary 4.6,
with probability one, we can find ne > n; such that for n > no we have that
M,, ¢ M. This means that the P, is found as the minimizer in U'|.(Sp)
where k € M. By Lemma B.3, again with probability one, we can find an
ng > no such that the knots TZ-I,TlD,i =0,...,k are also knots of p,, for all
n > ng (recall the definitions of the knots from (5.14) and the preceding
paragraph). Therefore, by Lemma C.4, for all n > n3 we have that for
1<j<k

iso[(P,,)1;1(5),5 € I,
anti[(p,,)p,;](s), s € Dj.

Pn(s)
Pn(s)

That is, we have that p,,(s) = ¢[p,,](s), s € C, for n > ns. Since py is constant
on each I, D; by definition, this implies that

\/ﬁ(ﬁn _pO)(S) = @[Wn](5)7 for all s € C,

see Lemma C.5. O
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Lemma B.5. Let V be a mean-zero Gaussian vector of dimension d > 0
with variance-covariance matriz ¥ given by cov(V;,V;) = d_léizj ~d2. Then
uni[ V] is unique with probability one.

Proof. Suppose that V1 and V, are two different solutions for the minimiza-
tion problem. Our goal will be to show that P(Vy # V3) = 0. Since any
minimizer of uni(V) can be re-written as local averages of the original vec-
tor V, it follows that we can find dxd matrices A; and As such that V; = AV
and Vg = A5V, where A;,7=1,2 can be written as
Ao
A2
- 0 A

0

0
0 0

0O 0 0 0 A™

(A
with Ez, 1 <j <m;, given by the [; x [; matrix
11 ... 1
Aj:_ : : :
i
Jf1 1 ... 1
Also, note that if Vz = ZfiV then

Vi- VI3 = VI(I-A)V.

Finally, let A denote the set of all possible matrices A;, and note that
|A] is finite. Hence,

P(Vl * ?2) = P(Vl * VQ,VT(I—Zl)V = VT(I— ZQ)V)

3 P(VI(I-B)V=V'(I-By)V)
B1,B3,eA,B1+B>

> P(V(B, - B2)V=0).
Bl,BQ,EA,BliBQ

IN

Let S = X2 so that we can write V = SZ for Z ~ Ny(0,I). The ma-
trix ST(By - By)S is Hermitian, and therefore admits a spectral decom-
position, which we write as TATT, where T is an orthogonal matrix and
A = diag(A1, ..., A\p, =Aps1, ..., —Ag) with A; > 0, 1 <i < d. Note that since
By # Bs, there exists at least one index i € {1,...,d} such that A\; # 0. It is
also important to note that only B € A with m =1 yields BV = 0. Finally,
let U =TT Z. Note that U ~ N(0,1). Then, we can write

P(V'(B; - By)V=0) P(Z'TATT Z = 0)
P(UTAU =0)

POUT + .+ NU) = A Up g + ..+ \alUy).
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Notice that in the last line at least one of the quantities on the left or
right hand side is not equal to zero and that in such case it is a continuous
random variable (in fact, each has a gamma distribution). Also, notice that
the left hand side is independent of the right hand side. This shows that
P (VT(By = B3)V=0) =0, and the result follows. O

Proof of Theorem 5.1. The proof is divided into several main steps. We first
address a slight technicality: the MLE 7, is defined on S,,, while pg is defined
on Sp. The results we prove here all “live” in the space of ¢} sequences defined
on Sp. To make our results concrete, we therefore embed all sequences on S,
into sequences on Sy by setting them equal to zero for s ¢ .5,.

Below, we present the proof for /4(Sy) with k& =2 only. Convergence for
3 < k < oo follows immediately, because ||g||x < ||g|l2 for k& > 2 and ¢ € ¢5 and
hence || - || is a continuous mapping on ¢2(Sy) for k > 2.

1. We first show that W,, converges in ¢2(Sy) to the limit W. This is essen-
tially a well known result (cf. Jankowski and Wellner (2009, Theorem
3.1)), noting that for s ¢ Sy, W, (s) = —/npo(s) = /n(p,,(s) — po(s))
is still well-defined, since for s ¢ S, p,,(s) = 0.

2. We will next show that \/n(p, —po) = ¢[W] in £2(Sy N\ M). That is,
we consider the sequence only on the set Sg \ M. This result is proved
in two sub-steps:

(a) We first show that ¢ is continuous in £2(.Sy ~ M). This, together
with step one above implies that p[W,,] = ¢[W] in £2(Sp \x M).

(b) The next step is to show that ||v/7(Bn —po) - o[Wn]|[2 5> 0 (where
the ¢5 norm is calculated only on the support Sp\ M). In fact,
we prove slightly stronger convergence (in expectation).

3. Finally, we will tackle convergence on the set M. This follows essen-
tially from the argmax continuous mapping theorem. Note that since
|M| is necessarily finite, we also have convergence in f5(M) of the
process on the set M.

4. To put the two results together, note that the convergence in steps
two and three can also be stated as joint convergence (and not just
convergence of marginals). This holds because of the joint convergence
of Wy, in step one. From here the full result follows.

We now fill in the details in steps 2 and 3 above. To prove 2(a), consider
a converging sequence g, — ¢ in ¢3(Sp N~ M) and fix € > 0. Then we can find
an integer ng and K > 0 large enough such that

sup . ¢>(s;) <€/6, and > ¢*(s;) < £/6.

n2N0 |4|> K |i]>K
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Now, let K; < -K and K3 > K be such that sk, sk, € T. We then have that
> (pland(si) - elal(si))” < > (plaal(si) - elal(s)”

s ¢M €[ K1,K2],s:¢M
2 Y elals)+2 Y elal?(si)
1¢[K1,K2] 1¢[ K1,K2]

Now, by Lemma C.5 (choosing p = ¢ = 0) we have that

>oelalP(s) < Y aa(si),

i¢[K1,K>] i¢[K1,K>]

and similarly for ¢, replaced with ¢. Also, by continuity of the operators iso
and anti (Proposition C.6), we can choose an n; > ng such that for all n > n,

> (elan](si) - elal(si))” < /3.

iG[K17K2],Si¢M

It follows that for all n > ni, we have that

> (pland(si) - elal(s))® < ¢/3+2 Y an(si) +2 Y, ¢*(si)
si¢M li|>K [i|>K
< g/3+4ef6=¢.

This shows that ¢ is continuous in ¢2(Sy ~ M).

To prove 2(b), we fix € > 0 and pick K large enough so that ¥ ;. x po(si) <
e. Now, let K} < -K and Ky > K be such that sg,,sk, € T. Let W,(s) =
V(P = po)(s). Then

2 (Wn - ‘P[Wn])2(5i) < Z (Wn(sz) - @[Wn](si))Q

s:¢M ie[K1,K2],5:¢M
+2 Z W%(Sl) +2 Z Wi(sl)
1¢[K1,K2],8,€Sn 1¢[K1,K2],5,€Sn

+4 Z W%(sl)
1¢[K1,K2],5:¢Sn

Now, for n large enough, by Proposition B.4 we have that W, (s;) = ©[W,,](s;)
foralli e [Kl, KQ], Si ¢ M. AISO, Zi¢[K1,K2],SiESn W%(SZ) < Zié[Kl,Kz],sieSn Wi(sz)
by Lemma C.5. We therefore have that for n sufficiently large

W~ o[ Wall < 4 3 Wils)).
[i|>K

0 <EmE[|[Wy - o[Wa]lF] < B [lm|[W, - o[W,]|j3]

< AE(Im Y Wi(s;)|<4E| > W(s;)
li|>K [i|>K
= Z po(si) <e.
[i|>K
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Since € was arbitrary, this proves the result.

Finally, we tackle step 3. We will do this by applying the argmax con-
tinuous mapping theorem, cf. van der Vaart and Wellner (1996, Theorem
3.2.2, page 286). Let L,(p) denote again the empirical log-likelihood, and
recall that

Pn = argmax,.g Ln(Pnlx)-

Now, by Lemma B.3 applied to T({ and de , and by Lemma C.4 we can also
have that

ﬁn = argmaXHGMLn(ﬁn‘fi)v

and furthermore, each Dy|.(s),s € M is determined by the LCM/GCM
characterization only on M. Let d = |M| and recall the definition of U,
from Section 2.2.2 as the space of unimodal vectors of length d. Also, let
U; ={uely:u>0}. For s e M, and for sufficiently large n, we have that

| o5(2 2

seM seM

\/ﬁ(ﬁn - Do)

seM

n

seM

n

since Y gepmpo and Yoo W, are constants on which the minimization does
not depend. Now, let

p0+Q/\/_ 1
M,(q) = - 10( )n+— qg- — W,
sg\:/l n \/ﬁsg/\:/l \/ﬁse/\/l
1 g-W, \_ 1 1
= - log(1+— — ) n+ — q-— W,
S§4 N \/ﬁs;/l ﬁs%
~ z 1 q- W _l(iq_wn)2 P +Zi_ %
seM \/_ pn 2 \/ﬁ ﬁn " seM\/ﬁ semM VT
1 q-W, ~
- Ly W) g,
nse pn
where
(- W)?

seM 0]

Finally, since pg is constant on M, we would therefore like to conclude that

Vn(Bn -p0) = aurgminqeuIMI Zj\:/t(q—W)Q = uni[Wy],
S€
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where W, denotes the vector of random variables {W(s),s € M}. To do
this, we need to check the criteria of the argmax continuous mapping theo-
rem, that is

1. /n(Pn—po) is tight (“uniformly tight” in the sense of van der Vaart and
Wellner (1996)) since it is equal to \/n(p, |z, —po) for some %,, € M, and
each /n(Pn|k — po) converges, using for example, Marshall’s lemma.

2. The requirement that M, (\/n(p, — po)) > sup, M, (q) is satisfied by
definition of the 7.

3. By Lemma B.5, ¥,.0¢(¢ — W)? has a unique minimum on U, that is,
uni[ W] has a unique solution. To see this, recall that on M, W is nor-
mally distributed with mean =zero and covariance given by
cov(W(s;), W(s;)) = 05;; — 62, letting 6 = po(s),s € M. Now, define
V(s) = (OM]) 2 (W(s) = oot W(s)/IM]), so that W = (6d)'?V +
Yeem W(s)/d, using d = [M|. A quick check shows that V is still nor-
mally distributed with mean zero and cov(V(s;),V(s;)) =d 16, -d2.
Applying Lemma C.5, we have that

wni[W] = (6d)"?uni[V] + ZMW(s)/d.

By Lemma B.5, uni[V] has a unique solution, and therefore, uni[W]
does also.

4. Note lastly that ¥ .cr¢(q — W)? is a.s. continuous in g.

The result follows. O

B.4 Proof of Proposition 5.3

Lemma B.6. Suppose that } g, p(l)/Q(s) < oco. Then

\/ﬁ Z po(s) = Op(l)-

s¢Sn

Proof. Let Py(A) = Yseapo(s) and Pp(A) = YeeaPy(s). By the Borisov-
Durst theorem (Dudley, 1999, Theorem 7.9, page 279) the power set of Sp,

250 is a Donsker class for Py if and only of Y seSo p(l)/Q(s) < oco. Now, let G
denote the zero-mean Gaussian random field on 2°° with covariance

E[G(A)G(B)] = Py(AnB) - Py(A)Py(B).
The Borisov-Durst theorem tells us that

V(P —P)) = G in £ (2%). (B-23)
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Since Sy is countable, we have that
1
sup ‘Pn(A) —PO(A)‘ == {1(Pn,po) = 0,
Ae250 2
almost surely as n — oo since the class 2°° is also Glivenko-Cantelli. Since
by definition, P,,(S5) = 0, the latter implies that
lim Py(S,,)=0 (B-24)
n—oo

almost surely. Furthermore, using the Skorokhod representation the con-
vergence in (B-23) (see e.g. Theorem 1.10.4 of van der Vaart and Wellner,
1996) implies that we can assume that there exists a common probability
space on which \/n(P, — Py) and G are defined such that

sup [Vn(Pn(A) = Po(A)) -G(A)| -0

almost surely. This implies that

Tim (Vn(Pn(S5) - Po(S7)) = Gry (57)) =0

almost surely. However, G(S5¢) £ Z\/Po(S5)(1 - Po(S5)) with Z ~ N(0,1).
Using this along with P,,(S5) = 0 and (B-24) it follows that

lim /nPy(S¢) = 0.

We conclude that on the original probability space /nPy(S%) —4 0 which is
equivalent to

ViPy(S5) =/ Y po(s) 50,

seSE
because the limit is degenerate. O

Proof of Proposition 5.3. Let us first fix x € M. From Corollary 4.6 we have
that with probability one, there exists a sufficiently large ng such that p,, =
Dnlz, with %, € M if n > ng. This also implies that M c S,, for all n > ny.
Consider such an n.

Since xk € M, we know that py € U*|.(Sp). From the characterization of
the restricted MLE, we know that ka(s),s € Sy (the associate CDF) is
found as the least concave majorant of the graph

(i, Fuli)), b <i <m}

where z; denotes an ordered enumeration of the elements of S, = {z1,..., 2}
and k = k(k, Sy) is such that z; = s, (recalling that M c S,,). Next, define
the function

Fo(z) = Y.po(z).

j<i
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This depends of course on the observed S,,. Note that by definition this
function is concave on k <4 <m and convex on 1 <7< k- 1. Now, the usual
proof of Marshall’s lemma applies. That is, let a = sup;sy, [Fn(2:) — Fo(zi)|-
Then for all i > k, we have (1)

Fop(zi) = Fo(zi) 2 Fu(z) - Fo(z) 2 -a.

On the other hand Fy(z;) + a is a concave majorant of F,(z;) on i > k,
and hence (2) Fo(z) + a > F,(z). Combining the results of (1) and (2)
gives that sup,s, |[Fn(2:) = Fo(2i)| € supss, [Fn(2:) = Fo(2:)|. Repeating the
argument on greatest concave minorants, yields a similar result for ¢ < x -1,
which combined gives

sup.cs, |Fujp(2) = Fo(2)| < sup.cg, [Fn(2) = Fo(2)|-

This result holds for any choice of kK € M. Next, from Corollary 4.6 we
have that with probability one, there exists a sufficiently large ng such that
Dn = Dnlr, with &, € M. Let Fn denote the CDF associated with p,. We
then have that

sup |[Fu(2) = Fo(2)] < sup sup |Fy(2) = Fo(2)]
2eSn KeEM zeS,,
< sup |Fn(z) _FO(Z)|'
2€Sn

Next, it follows that

sup 1F(s) - Fo(s)| < sup [Fn(s) - Fo(s)| + sup |Fo(si) = Fo(si)l
< sup|Fn(s) - Fo(s)| + Z po(s).
seSp seS¢
On the other hand,
[Fa(s)=Fo(s)| = [Fu(s) = Fo(s) + Fo(s) = Fo(s)]
> |Fu(s) = Fo(s)| = |Fo(s) = Fo(s)]

This yields

Sup|Fn(s)—F0(s)| < sup|F,(s) — Fo(s)|+2 Z po(s).

se€So s€S0 seS¢
The full result is obtained by applying Lemma B.6. O

B.5 Proofs for Section 6

Proof of Proposition 6.1. Using our assumption of finite support, the result
follows immediately from Theorems 4.4 and 5.1 via Slutsky’s theorem and
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the continuity of norms on RY. Next, recall the definition of ¢ in (5.15). We
have that

Dy

since pp is constant on the intervals Z;, M,D;. The final inequality now
follows as in Proposition 5.2. O

Proposition B.7. Let W denote a mean zero Gaussian process defined
on Sy such that coo(W(s;),W(s;)) = po(si)di,; — po(si)po(s;), si € So. Let
W,, denote a mean zero Gaussian process defined on supp(py) such that
cov(Wy,(5i), Wy, (55)) = Pn(8i)0i; — Pn(si)Pn(S5), si € supp(Pn). Let oo and
Go,o denote the quantiles such that

P([Wlloo > q00) =, P([Walloo > To,0) = a,
respectively. Then Qoo — qo,o almost surely.

Proof. First, let p, denote any fized pmf such that p, converges to py and
has the same properties as Py, :

(a) pn converges pointwise to pg, and
(b) limye0 limy, g, j5m Pr(si) = 0.

Suppose also that W, is defined as above, except that p, replaces p, in
the definition (in essence, we remove the randomness associated with this
choice). Then one can easily show that W, converges weakly to W in /5.
This follows from (a) convergence of finite dimensional distributions, which
is immediate from convergence of p,, to pg, and (b) tightness in ¢». To prove
tightness, we refer again to Jankowski and Wellner (2009, Lemma 6.2). Note
that we have that

1. E[||W,|3] <1 for all n

2. For sufficiently large n, we have that

> E[Wa(s)] < Y pal(si),

|si|>m |s;|>m

which shows that W, is tight in ¢5. The required weak convergence follows.
Now, since the £ is continuous in f3, convergence of the quantiles follows.

Thus, we obtain convergence of the quantiles (as numbers), based on
conditions (a) and (b) of p,. We will now show that these conditions hold
almost surely, establishing the full result. Condition (a) follows immediately
from Theorem 4.4. To see also that Condition (b) holds, note that from
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Propositions C.2 and B.4, there exists a sufficiently large n such that with
probability one

Z Dn(si) = Fn(—m)+1—ﬁn(m) < Fp(-m)+1-TF,(m)

[ss|>m

for m ¢ M. That lim,, lim, (F,(-m) + 1 = F,(m)) = 0 almost surely follows
from the properties of the empirical CDF and CDF's in general. O

C Additional Technical Results

C.1 Useful bounds
Lemma C.1. Any p e U'.(So) satisfies

p(sj) < min{l, l7 - /@\_1}.

Proof. We have that

L2 ol 2 Splsn) = Gorep(s) 2 (G-nn(sy)

Similarly, we have
k=1 k=1
Lo> Yop(si) 2 X p(s) = (k-7)p(s;).
i=j i=j

Together, these yield the first inequality. O

Proposition C.2. The restricted MLE P,|. satisfies the inequalities

Fn|ﬁ(z) Fn(z) z> sk,

2.ﬁn|.‘4(z) < ]Fn(z) 2 < Sk-1-

v

Proof. Follows immediately from the GCM/LCM characterization of By|s.
O

C.2 Proof of Proposition 2.1

Suppose that there exists ¢ such that p satisfies (2.4). It is clear that p is a
pmf. We now verify that p is unimodal with mode either at s, or s,. Let
(Ap)(5) = p(sj1) —p(s;). We calculate

_‘I(Sj—n) < 0 -
) s S J2K
(Ap)(j) = { aGroa)

FESE >0 j<K-2.

48



Therefore, p is non-decreasing on {s; : j > k} and non-increasing on {s; : j <
k—1}. For j = k-1, we calculate

) S i=k—1 S
pse) =) = 3 20 _als) S als)

2—/<a+1 =i -k

which could be either > 0 or < 0. This shows that p is unimodal with mode
either at s,._1 or s,.

Conversely, if p is a pmf which is unimodal with mode either at s;_1 or
Sk Let g be defined as

VG- ReD)(AR)E) ixk,
as) = {w—mmp)(z’—l) i<r-1.

By the property of p, ¢ > 0. Furthermore, using Fubini’s theorem and the
fact that p is a pmf, we have that

>~ a(s;) =2 -r+D(Ap)G) + Y (k-5)(Ap)(j-1)
J

I2K Jj<k-1
oo K—1-1
= _ZO Z (p(sj+1) = p(sj))"'zo _Z (p(s5) = p(85-1))

= i}p(sﬂn)‘*'i]p(sﬁ_l_i)
= Sp(si)+ > p(si)=1

2K i<k—1

and hence ¢ is a pmf. Finally, q satisfies

SICORN I

t-Kk+1 S k-

52001+ 1) g(sie)

- SZ(Ap)u)az_l(Ap)(i—l)

p(8k) + p(8x-1) < 00

which completes the proof. O

C.3 Properties of the anti,iso, and uni operators

There is a well-known equivalence between the monotonic projection in the
sense of least squares and likelihood maximization (e.g. the maximum likeli-
hood and least squares estimators are the same for a decreasing density).
As such equivalences are not always readily available in a standard ref-
erence on isotonic estimation, for completeness, we state this relationship
explicitly in the following lemma. Let I} = 7, n {u € R? : u; > 0} and
D =Dygn{ueR:u;>0}.
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Lemma C.3. Suppose that v € R? such that v; >0 for j=1,...,d. Then

d
iso[v] argmax, ez { > vjlog(u;
j=1
d
v
j=1

antifv] = argmaxuepé{ jlog(u;

d
)= 2 u
j=1
d
)= 2o
j=1
Proof. 1t is known that

d
argmin,.z, ¥ (vj - uj)?
j=1
is equal to the right slope of the GCM of the cumulative sum diagram
{(0,0), (G, X v),5=1,... ,d}. Note that implies in particular that these

slopes have to be positive if v; >0 for all j e {1,...,d}, and hence
d 2 d 2
argmin, 7, Z(’Uj —uj)° = argmingez+ Z(Uj —uj)°.
i1 j=1

Now maximizing the criterion L(u) = Z;»lzl vjlog(u;) — Z?zl uj on I admits
a unique solution. Let {u’}sn be a maximizing sequence of L. Suppose that
there exists j € {1,...,d} such that

S _

;=0 or lim uf = oo.

lim y
S§—>00

S§—>00
Then, in this case we would have lim,_,o L(u®) = —co contradicting the fact
that {u®}sey 1S @ maximizing sequence since it must satisfy limg_, oo L(u®) >
L(v) = Z;l:l vjlog(vj) - Z;'l:1 vj > —oo. Hence, there exists Ky > K; > 0
such that K1 <uj; < Kj for j =1,...,d. It follows that the maximization is
performed on a compact set and existence of the maximum is now guaranteed
by continuity of L. Uniqueness follows from strict concavity of L. We denote

this unique solution by T. Let j € {1,...,d}. For e € R, let

Ae_
v; =

v; + eli<icj, 1< <d.

Then, for € > 0 small enough, we have 7° € Z, and L(7°) < L(7). Therefore
53%6—1 (L(7°) - L(7)) < 0.

When j is a knot point, that is, Uj,1 > 7; then it is easy to see that

liirée_l (L(7°) - L(D)) = 0.

This yields

4 . (C-25)
U; |=7, if j is a knot point.

i=1

Zvi {sj, for all j e {1,....d}
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Let By, ..., B, denote a partition of {1,...,d} such that Vi € B;, u; = ¢; some
positive constant, for i =1,...,7. Let i1,19,...,%, denote the largest integers
of Bi,...,Bg respectively. Note that i, = d. Then, if follows from (C-25)
that

2

j {gﬁfl =3I, forall je By ={1,...,i;}

] e~ 7 —~ .
i=1 =Jur = Zizl vi,for J =11

The same reasoning can be applied for the other sets B;,2 < ¢ < r to conclude
that

> v, forall je{l,...,d}

=Y i jis aj it (C-26)
721 Uiy 11 7 1S & jump point.

J

2.0

i=1
Hence, the solution ¥ is given by the slope of the LCM of the cumulative sum

of v. The same reasoning can be applied to the projection on Dj, proving
the result. O

In the following, we state a result which shows that isotonic/antitonic
projections can be transformed into “localized” projections between the knots
of the “global” isotonic/antitonic solution. Recall that if v = (v1,...,v4) €
R?, then vgy = (vgy...,vp) for 1<s<t<d.

Lemma C.4. Let v = (v1,...,vq) € R? such that v; >0, j=1,...,d. Also
let T =1iso[v] and 1 < 81 < ... < s, <d the locations of the knot points of T,
that is

—

U1=...=’1751<’1751+1:...i752<...<ﬁ57,+1=...=ﬁd.
Then, for 1<j<k<r

U(sj+1)sy, = 1SO[U(8j+1):sk ] :

Proof. The proof follows immediately from the fact that Uy, 1), Is charac-
terized by the same Fenchel conditions as iso(v(sﬁl):sk). Indeed, we know
from the characterization of T = iso(v) that

>yt v forall te{l,...,d}
=Yt w;,if t is a jump point

t
2.7

i=1
and therefore

2. i

1=85

¢ ZZ§:Sj vi,forall te{s; +1,...,s;}
= Yi=s; Vis if ¢ is a jump point

which give exactly the characterization of the isotonic projection of the sub-
vector U(sj+1)isp -

O
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Lemma C.5. Suppose that v e R* and let p € T;,q € Dy. Also, let a>0,beR
denote two fixed constants. Then the following (in)equalities hold

. 2 2 . 2 2

liso[v] =plla < llv=-plz,  llantifo] —gll; < [lv-qllz

antifav +b] = aanti[v]+b, isolav+b] = aiso[v]+b,
unifav+b] = auni[v]+b.

Proof. The first two inequalities appear in Robertson et al. (1988, Theorem
1.6.1); cf. Jankowski and Wellner (2009, Lemma 6.1). The three equalities
are all proved in a similar manner. For example,

antifv + b] argmin,p, |lu - (v + bl
= argmin,ep, [|(u - b) - vll3
. 2
= argmin,,; p, [[u -3
= argmin,p, |lu - v|3+b = anti[v] +b.
O

Continuity of the operators anti and iso follows immediately from Jankowski
and Wellner (2009, Lemma 6.1).

Proposition C.6. Suppose that v, € R? and that lim,_,e vy = v. Then

lim iso[v,] =iso[v], and lim anti[v,] = anti[v].
n—00 Nn— 00

92



