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Abstract. We discuss circular distributions obtained by wrapping the classical expo-
nential and Laplace distributions on the real line around the circle. We present ex-
plicit forms for their densities and distribution functions, as well as their trigonometric
moments and related parameters, and discuss main properties of these laws. Both
distributions are very promising as models for directional data which are asymmetric.
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1 Introduction

Let X be a real random variable (r.v.) with probability density function (p.d.f.) f and
characteristic function (ch.f.) ¢. Then the corresponding wrapped r.v.

Xy = X (mod 27) (1)
has density
fu(@) = > f(0+2km), 6€]0,2m), (2)
k=—00

and the characteristic function (the discrete Fourier transform)
¢, = Be'P = ¢(p), p=0,+1,42,... (3)

(See, e.g., [8, 13]).



The cases of wrapped Cauchy, normal, and stable distributions have been studied
extensively (see, e.g., [4, 12]). In this work we present basic theory of wrapped expo-
nential and double-ezponential (Laplace) distributions, which were introduced recently
in [6, 7].

The exponential distribution, with its important memoryless property, provides a
standard model in diverse fields such as reliability, queuing theory, and others (see,
e.g., [1]). The classical Laplace distribution and its skew generalizations are competing
with normal and other distributions in stochastic modeling, particularly in financial
applications (see, e.g., [11] and references therein). We believe that their circular
analogs can find interesting applications in directional data, when they resemble the
characteristic shape of the Laplace distribution (with its possible skewness and sharp
peak at the mode). Such data frequently results from orientation experiments in biology
(see, e.g., [2, 3, 5, 14, 15]).

Below we sketch a theory of wrapped exponential and Laplace distributions. First,
we define them in Section 2, where we also present their basic properties. Then, we
summarize their important properties in Section 3. More detailed information with
estimation, applications, and proofs can be found in [6, 7].

2 Definitions and basic properties

When we apply (2) and (3) to the exponential distribution with p.d.f. f(z) = \e™?,
x > 0, we obtain a wrapped exponential distribution, denoted by W E(X) with A > 0.
The following Table 1 provides the characteristic function (ch.f.), density function

(p.d.f.), and cumulative distribution function (c.d.f.) of the wrapped exponential dis-
tribution WE(N), A € R.

chf | ¢y =1Lty p=0,%1,%2. .

pdf. | f(8) = 2, 0€0,27)

cdf | F(0) = =55, 6€[0,2m)

Table 1: The wrapped exponential distribution W E(X).



The p.d.f. should be extended in a periodic fashion for the values of 6 outside of the
interval [0,27). The case A = 0 is defined by a continuous extension and corresponds
to the circular uniform distribution (when A — 0% then the c.d.f. in Table 1 converges
to %) The case A < 0 results from wrapping the “negative” exponential distribution
with parameter |A| > 0, whose p.d.f. is f(x) = |A\|e® 2 < 0. Moreover, we have the
relation

© ~ WE()) if and only if 2r — © ~ WE(=\). (4)

Remark. We note a very interesting and curious property: The restriction of the
linear exponential r.v. X to the interval [0,27) (that is X|X < 27) has the same
distribution as the wrapped r.v. X,, given by (1).

Consider now an asymmetric Laplace r.v. X with the density function

[ el for 2 >0,
f(x) = )\(1/’43 + K/) ! { e—(A/“)|$|7 for i ; 07 (5)
and the ch.f.
1 1 :
" t € R, (6)

T2/ —it(l/k—r) /N 1—it/k) L+ it/(AK)’

where A, k > 0; see [11] for theory and applications of these distributions and their var-
ious generalizations. (For k = 1 we obtain the classical (symmetric) Laplace density.)
When we apply (2) and (3) to the above distribution, we obtain a wrapped Laplace
distribution, denoted by W L(A, k). This is defined in Table 2 below, which provides
the characteristic function (ch.f.), density function (p.d.f.), and cumulative distribution
function (c.d.f.) of the wrapped Laplace distribution W L(\ k), A € R,k > 0.

— 1 1 —
chf | ¢y = oo mmio P=0 L2, .

pdf fw<9) = 1_)'\_22 (1_6;_)\;:)\}1 + 6267(r>>\\7:)f1) ) 0 € [07 271—)

c.df. | Fy(0) = iyt 4 2 L0 g e [0, 2m)

14+K2 1—e—27AK 1+kK2 1—e—27A/K>

Table 2: The wrapped Laplace distribution W L(A, k).



The p.d.f. should be extended in a periodic fashion for the values of 6 outside of the
interval [0,27). Observe that the p.d.f. in Table 2 integrates to 1 on [0,27) for any
values of A, including A < 0, and we have

WL(=\ k) =WL(\ 1/k). (7)
It is also easy to see that
© ~ WL(\ k) if and only if 27 — © ~ WE(\ 1/k).

In case of a symmetric Laplace distribution with x = 1, the wrapped Laplace density

simplifies to
N @m0 | A0 .
5 eQﬂ.)\ 1 ) ( )

and we have 2 — © £ © in this case, where 2 denotes distributional equivalence.

Remark. The Laplace distribution is a mixture of a positive and a negative exponen-
tial distributions, since f in (5) can be written as

f(@)=pfi(z) + (1 =p)fa(z), v €R, (9)
where
fi(@) = Ae™ (2> 0), folz) = Me™® (2 <0), (10)
and 1
P = /{274—17 /\1 :)\Ii, )\2:)\/%. (11)

Consequently, the wrapped Laplace distribution is a mixture of two wrapped exponen-
tial distribution, as the p.d.f. in Table 2 can be written as

)\167)\19 )\26)\20
fu(0) =PT e (1 —p)m7 0 € [0,2m), (12)

with the parameters as in (11). The corresponding wrapped Laplace W L(\, k) r.v. ©
admits the representation

d
- 1 - 3
OLI0,+(1-1)0, (13)

where ©; and O, are independent wrapped exponential W E(Ax) and W E(—\/k) r.v.’s,
and [ is an indicator random variable (independent of ©1 and ©,) taking on the values
1 and 0 with probabilities 1/(1 + x?) and x?/(1 + x2), respectively.

Remark. By the factorization of the asymmetric Laplace ch.f., the corresponding r.v.
has the same distribution as the difference of two independent exponential random
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variables (see, e.g., [11]). Since the wrapped Laplace ch.f. given in Table 2 admits a
similar factorization, we obtain an analogous representation for the wrapped Laplace
r.v. © ~ WL(A, k) viz.

0 £ 0, + 0, (mod 27). (14)
where, ©; and O, are independent wrapped exponential WE(Ax) and WE(—=\/k)

r.v.’s, mentioned before.

Remark. The W L(\, k) distribution converges weakly to the circular uniform distri-
bution as A — 0, or Kk — 0T, or Kk — 0.

Remark. A three-parameter class of distributions can be defined by introducing a
location parameter ) € [0, 27) and shifting the wrapped Laplace p.d.f. (defined on R
by a periodic extension) by n with the resulting densities of the form

9(0) = fuw(0 —n)

with f, given in Table 2. Parameter 7 clearly corresponds to the mode for such a
family.

2.1 Characterization of the densities

Note that the p.d.f. of the wrapped exponential distribution W E()) is strictly decreas-
ing on the interval [0, 27) if A > 0, and strictly increasing on [0, 27) if A < 0.

In case of the wrapped Laplace distributions, the densities are unimodal with the
sharp peak at the mode. Basic properties of the densities are described in the following
result taken from [7].

Proposition 2.1 Let f(-; A\, k) be the density of the W L(\, k) distribution with A > 0.

Then
(i) f(-; A\, k) is strictly decreasing on (0,6%) and strictly increasing on (6%, 2m), where
i} A -1 ) 627r)\/n -1
0 = (H + )\/f) ln </{ m . (15)
Moreover
0" >m for k<1, 0"=m for k=1, and 0" <7 for k> 1, (16)

(ii) The mazimum and the minimum values of f(+;\, k) are

) AR 1 1
P05, k) = 9155177“0’ A k) = 1+ K2 <€27")‘/“ -1 * 1-— 62”’\”> (17)
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and
2

—K —1
2N e27r>\//< — 1\ #s2 627r)\/4 — 1\ 2
0%\ =el+r? | —M8M8M —— _ 18
R o (15)

respectively.
(i1i) For any given X > 0 and k > 0, we have

fO;N1/k) = f(2mr —0; )\ k), 0 €]0,2m). (19)

2.2 Trigonometric moments and related parameters

Computation of the trigonometric moments and related parameters of the wrapped
exponential distribution is straightforward. For the convenience of the reader we sum-
marize some common parameters in Table 3. Note that since the ¢,’s are the Fourier
coefficients, we have the following Fourier representation of the wrapped exponential
density:

sinp&] . (20)

= Z ¢pe_ip9
p

Ap
1+2 5 cospl + ————
Z )\2 p )\ + p2
Similarly the trigonometric moments of the wrapped Laplace distribution are also
easy to derive, utilizing the mixture representation (13) and formulas for the trigono-
metric moments of the wrapped exponential distribution given in Table 3. Here, the
density of the W L(\, k) distribution admits the Fourier representation

fO; N\ k)= 142 Z 022 + ) (22 + N) (21)

KA[RA(P? + A?) cos pf + pA*(1 — K )Slnpﬁ]]

Other common parameters of the wrapped Laplace laws can be obtained with ease,
perhaps with the exception of the circular median. They are summarized in Table 4.
Note that the mean direction lies in the interval [0,7/2) for x < 1 and in the interval
[37/2,2m) for k > 1. This restriction is caused by the fact that the mode is equal to
Zero.

A median direction & of a circular distribution with density f is any solution (in

the interval [0, 27)) of
So+m Eo+2m 1
| o= [ j0)a0 = 3, (22)
o ot 2

where the density f satisfies
f(&) > f(&o + ), (23)

6



Parameter Definition Value
]
. Qb =« +iﬁ Qy = 2)\ >
Trig. moments PP b AP
p=0,+£1,4+2,... By = /\fjpg

Central trig.

ay, = pp cos(p,y — pho)

(0 1Al -1 11
moments By = ppsin(p, — pio) s St (tan R —ptan X)
_ 1A
Pp = \/)\Q—Jrz
iy ?
pp and ug Op = ppet'r, p >0, 0 _ tan_lg, A>0
Pl 2r+tant R A <0
Resultant length p=p1 )lé‘ﬂ
tan~! £ A>0
Mean direction o = p¥ AT
1 27 + tan by A<O0
Circular variance VWw=1-p %
Circular standard _ /2m(1— V) In(1+1/)2)
deviation 70 = 0
> -
Skewness 7? = 52/% (1+)\2)1/4(4+)\22))(\\/1+/\2,)\)3/2
- 0 _ ax—(1-W)? 32
Kurtosis Vo = % (02 (VI )2
. A
Median See (22)-(23) In He% - ?r? A i 8

Table 3: Trigonometric moments and related parameters of the wrapped exponential

distribution W E(\).

see, e.g., [13]. Clearly, the median direction of the wrapped symmetric Laplace dis-
tribution W L(A, 1) is equal to zero (and coincides with the mean direction and the
mode). In the following result, proved in [7], we describe the median direction for the

general case.

Proposition 2.2 Let © ~ WL(\, k). Then, © admits a unique median direction given

by

soz{ <

forA>0,0< k<1,
E+m, forA>0, k>1,

(24)




where £ € [0, 7] is the unique solution of the equation

1 —AkE ) A/ kK 1 )
_— 5
1+ K2 1—i—e"\m+’i 1+ er/w 2 (25)

Clearly, the median is less than 7 for Kk < 1 and greater than 7 for x > 1.

Parameter(s) Value(s) Case k=1
a 2)\2(p +)\2) _ 22
Trig. moments (’\2”;:5 )Pt +A%) W I a
ﬂp = (A2n2+p2)(p K2 +A2) 61) =0
Central tri A, = (10 — ) D G
entral trig. ), = pp COS ,up Dito W = 355
moments B b = Ppsin(u) — ppio) B, =
_ )
Pp = N YTyl p=0 a2
d 0 —1 —1 pk pp - A2+p2
pp and fi, o J tan™' & —tanT" EF, k<1 10 =0
Hp =1 27 + tan~! £ —tan ' B, k> 1 b
— \? — A
Resultant length P= S P =%
tan~!' L —tan=' % k<1
3 3 — Ak A — —
Mean direction o { 97 + tan-1 Tln a5, k> 1 to =0
. . _ )\2 - 1
Circular variance Ww=1- NSNS Vo = e
Circular standard B 5 | 1 1 1 B 1
deviation %0 = \/ln I{ T ﬁ) +1n (ﬁ + /\72) g9 = 4/2In (1 - 72)
62/% ) where
SkeWHeSS 5 . 23k ()\2 2+3) ()\3/,{)(/\2/,{2+3) ")/(1) =0
2~ (1+/\252)(4+/\2/{2)(1+)\2 w2) (422 /K2)
K . 7 = 7% Yol where 79 = (1 + M)A\ x
urtosis A AI(AZk243)(A2 /12 43) 441 s (1 _ Aiﬁ)
Q2 = 1+)\2n2 (A1 22r2) (1 N2 /r2) (A4 A2 /R2) 4432 (14X2)2
A>0,0<k<1
Median 5* +m, A>0,k>1, where & =0
e~ ARE* 2 %/ %
1+){2 14e— ART + 1_;’_ee>\7r/m> - 5’ 5 E [07 ﬂ-:l

Table 4: Trigonometric moments and related parameters of the wrapped Laplace dis-
tribution W L(A, k). For the definitions see Table 1. The entries in the last column
correspond to the symmetric case with x = 1.



3 Some important properties

In this section we show that wrapped exponential and Laplace distributions share some
of the well-known properties of their analogs on the real line.

3.1 Infinite divisibility

An angular r.v. © (and its probability distribution) is infinitely divisible if for any
integer n > 1 there exist i.i.d. angular r.v.’s ©4,..., 0, such that

O1+ -+ O, (mod 27) £ ©. (26)

Since a circular variable obtained by wrapping an infinitely divisible random variable
is infinitely divisible (see [13]), the infinite divisibility of the wrapped exponential and
Laplace distributions follow from that of the linear exponential and Laplace distribu-
tions.

Proposition 3.1 If © ~ WE(\) with A € R, then © is infinitely divisible. Moreover,
for any positive integer n > 1 the equality in distribution (26) holds where the ©;’s
have the uniform circular distribution for A = 0 and the wrapped gamma distribution

with the ch.f. /
1 1/n
O = (1_p/A> (27)

for X # 0.

Proposition 3.2 If © ~ WL(\ k), where \,k > 0, then © is infinitely divisible.
Moreover, for any positive integer n > 1 the equality in distribution (26) holds with
uniform circular variable ©y if either A =0 or k = 0, and otherwise with

01 £ 0 + 0" (mod 2r), (28)

where ©" and ©" are independent wrapped gamma r.v.’s with ch.f.’s

1 1/n 1 1/n
(1—p/<M>> and (Hp/w,{)) ’ (20)

respectively.



3.2 Geometric infinite divisibility

Motivated by the stability property of the exponential distribution with respect to
geometric compounding, Jammalamadaka and Kozubowski [6] introduced a notion of
geometric infinite divisibility for angular distributions.

Definition 3.1 An angular r.v. © is said to be geometric infinitely divisible if for any
q € (0,1) there ezist i.i.d. angular r.v.’s ©1,0,, ... such that

1+ -+ 6,,(mod 2m) Lo, (30)
where v, has the geometric distribution
Plrg=k)=(1-q""q, k=1,2,3.... (31)

The following properties of wrapped exponential and Laplace distributions, established
in [6, 7], follow from analogous results of classical exponential and Laplace laws.

Proposition 3.3 If© ~ WE(\), where A € R, then © is geometric infinitely divisible.
Moreover, for any q € (0,1) the equality in distribution (30) holds where the ©;’s have
the uniform circular distribution for A =0 and the W E(\/q) distribution for X\ # 0.

Proposition 3.4 If © ~ WL(\ k), where \,k > 0, then © is geometric infinitely
divisible. Moreover, for any q € (0,1) the equality in distribution (30) holds where the
©;’s have the uniform circular distribution for A = 0 or k = 0, and the WL(\,, k)
distribution for A,k > 0, where

A= AVa (32)

and Kq 1s the unique solution of the equation

1—/§q:\/§(1—/@). (33)

Kq K
3.3 Maximum entropy property
Recall that the entropy of a r.v. © with p.d.f. f is defined as
2w
H(©) =~ [ f(6)n f(8)ab, (34)
0

and provides a measure of uncertainty. Jaynes [9] proposed general inference procedures
of finding a distribution that maximizes the entropy, and this method has been applied
in a variety of fields including statistical mechanics, stock-market analysis, queuing
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theory, and reliability (see, e.g., [10]). It is well-known that if the mean direction and
circular variance are fixed, then the entropy is maximized by the von Mises distribu-
tion, and under no restrictions on f the entropy is maximal for the circular uniform
distribution (see, e.g., [10]). As shown in [6], the wrapped exponential distribution
W E(\) maximizes the entropy under the condition

/027r 8f(0)d6 =m, 0<m < 2. (35)

Proposition 3.5 Consider the class C of all circular r.v.’s with density [ satisfying
the condition (35). Then, the mazimum entropy is attained by the W E(\) distribution,
where A = (2m€)™1 and € satisfies the equation

m 1

o T AT (36)

Moreover, the mazximal entropy is

o 67271'/\ 1 27.‘_67270\
ocC A 1 — e—2mA

1
maxH(@)zln( ) + - (37)

Remark. By the monotonicity properties of the function g(¢) = € — (e'/¢ — 1)71,
it follows that the distribution maximizing the entropy under the restriction (35) is
wrapped exponential (A > 0) for 0 < m < 7, wrapped negative exponential (A < 0)
for 7 < m < 27, and circular uniform (A = 0) for m = 7.

Remark. This above result is analogous to the well-known property of the expo-
nential distribution (which maximizes the entropy among all continuous probability
distributions on (0, c0) with a given mean, see, e.g., [10]).
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