Chapter 2 )
Exponential Dispersion Family Shethie

We introduce the exponential family (EF) and the exponential dispersion family
(EDF) in this chapter. The single-parameter EF has been introduced in 1934
by the British statistician Sir Fisher [128], and it has been extended to vector-
valued parameters by Darmois [88], Koopman [223] and Pitman [306] between
1935 and 1936. It is the most commonly used family of distribution functions
in statistical modeling; among others, it contains the Gaussian distribution, the
gamma distribution, the binomial distribution and the Poisson distribution. Its
parametrization is taken in a special form that is convenient for statistical modeling.
The EF can be introduced in a constructive way providing the main properties of
this family of distribution functions. In this chapter we follow Jgrgensen [201-203]
and Barndorff-Nielsen [23], and we state the most important results based on this
constructive introduction. This gives us a unified notation which is going to be useful
for our purposes.

2.1 Exponential Family

2.1.1 Definition and Properties

We define the EF w.r.t. a o-finite measure v on R. The results in this section can be
generalized to o-finite measures on R, but such an extension is not necessary for
our purposes. Select an integer k € N, and choose measurable functionsa : R —
Rand T : R — RK.! Consider for a canonical parameter € R¥ the Laplace

1'We could also use boldface notation for 7' because T(y) € R¥ is vector-valued, but we prefer to
not use boldface notation for (vector-valued) functions.
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14 2 Exponential Dispersion Family
transform
£6) = /Rexp[eTT(y) +a}dvy),

Assume that this Laplace transform is not identically equal to +o0o. The effective
domain is defined by

o= [0 c R £() < oo] c R, @2.1)

Lemma 2.1 The effective domain ® C R¥ is a convex set.

The effective domain ® is not necessarily an open set, but in many applications it
is open. Counterexamples are given in Problem 4.1 of Chapter 1 in Lehmann [244],
and in the inverse Gaussian example in Sect. 2.1.3, below.
Proof of Lemma 2.1 Choose 6; € RK, i = 1,2, with £(0;) < co. Set 0 = c0; +
(1 — ¢)8 for ¢ € (0, 1). We use Holder’s inequality, applied to the norms p = 1/c
andg =1/(1 —o¢),

£0) = /R exp { (01 + (1= 82T (1) +a () | dv(y)

c 1—c
=/exp[0IT(y>+a(y>} exp[0] T +am] vy
R
< £(01)°L(02)' ¢ < o0.

This implies § € © and proves the claim. O

We define the cumulant function on the effective domain @

k:0 — R, 0 — k() =1ogL().

Definition 2.2 The EF with o -finite measure v on R and cumulant function
k : ® — R s given by the distribution functions F on R with

dF(y:0) = f:0)dv() = exp{0TT(y) = k(6 +a()}dv(y).
2.2)
for canonical parameters § € ® C RF.
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Remarks 2.3

¢ The definition of the EF (2.2) assumes that the effective domain @ C R¥ has
been constructed from the choices ¢ : R — Rand 7 : R — R¥ as described
in (2.1). This is not explicitly stated in the surrounding text of (2.2).

* The support of any random variable Y ~ F(-; #) of this EF does not depend on
the explicit choice of the canonical parameter @ € ©, but solely on the choice of
the o-finite measure v on R, and the distribution functions F(-; #) are mutually
absolutely continuous (equivalent) w.r.t. v.

* In statistics, the main object of interest is the canonical parameter 6. Importantly
for parameter estimation, the function a(-) does not involve the canonical
parameter. Therefore, it is irrelevant for parameter estimation and (only) serves
as a normalization so that F in (2.2) is a proper distribution function. In fact, this
is the way how the EF is often introduced in the statistical and actuarial literature,
but in this latter introduction we lose the deeper interpretation of the cumulant
function «, nor is it immediately clear what properties it possesses.

e The case k > 2 gives a vector-valued canonical parameter 6. The case k = 1
gives a single-parameter EF, and, if additionally T (y) = y, it is called a single-
parameter linear EF.

Theorem 2.4 Assume the effective domain ® has a non-empty interior ©. Choose

Y ~ F(;0) for fixed § € ©. The moment generating function of T(Y) for
sufficiently small r € R¥ is given by

Mz () = Eg [exp {rTT(D)}] = exp k@ + 1) = (0))

where the expectation operator Eg illustrates the selected canonical parameter 0
forY.

Proof Choose 0 € © and r € R¥ so small that 6 + r € ©. We receive
M1y (r) = fR exp {0+ TT() = @) +a)] dviy)

= exple® + 1)~k ®) [ exp [0+ 0TT0) k@41 + 0] dviy)
R
= expli(® + 1) — k).

where the last identity follows from the fact that the support of the EF does not
depend on the explicit choice of the canonical parameter. O

Theorem 2.4 has a couple of immediate implications. First, in any interior point
6 € © both the moment generating function r > My y)(r) (in the neighborhood of
the origin) and the cumulant function @ +— « (8) have derivatives of all orders, and,
similarly to Sect. 1.2, moments of all orders of 7' (Y) exist, see also (1.1). Existence
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of moments of all orders implies that the distribution function of 7 (¥) cannot have
aregularly varying tails.

Corollary 2.5 Assume O is non-empty. The cumulant function @ — «(0) is
convex, and for Y ~ F(-;0) with§ € ©

n=Eq [T(Y)] = Vor(6) and Varg (T (Y)) = VK (8),

where Vg is the gradient and Vg the Hessian w.r.t. vector 0.

Similarly to T : R — RF, we will not use boldface notation for the (multi-
dimensional) mean because later on we will understand the mean pu = (@) € R*
as a function of the canonical parameter 8; see Footnote 1 on page 13 on boldface
notation.

Proof Existence of the moment generating function for all sufficiently small r € R¥
(around the origin) implies that we have first and second moments. For the first
moment we receive

1=Eg [T(V)] = VeMry)(r)|,_y = exp{k(@ +1) — k(0)} Vrk (@ +1)l,—o = Yok (6).

Denote component j of T(Y) € R¥ by T;(Y).Wehaveforl < j,l <k

2
Eg [T;(1)T(Y)]

My y)(r)

or;or =0

2

9 9
0 0 0
8r_,-8r1K( +r)+arj;<( +1), € —|—r)>

exp{k(@+r)—«(0)} (
r=0

a2 9 9
= (89j891K(0) + 26, k() 20, K(0)) .

This implies for the covariance

2

a
Cove (T (Y), Ti(Y)) = 39'39116(0)-
J

The convexity of k follows because Vglc (#) is the positive semi-definite covariance
matrix of 7(Y), for all @ € ©. This finishes the proof. |

Assumption 2.6 (Minimal Representation) We assume that the interior (e}
of the effective domain ® is non-empty and that the cumulant function « is
strictly convex on this interior ©.
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Remarks 2.7

* Throughout these notes we will work under Assumption 2.6 without making
explicit reference. This assumption strengthens the properties of the cumulant
function « from being convex, see Corollary 2.5, to being strictly convex. This
strengthening implies that the mean function § — p = (@) = Vgk () can be
inverted; this is needed for the canonical link, see Definition 2.8, below.

* The strict convexity of x means that the covariance matrix Vg/c(ﬁ) of T(Y) is

positive definite and has full rank k for all 8 € O, see Corollary 2.5. This property
is important, otherwise we do not have identifiability in the canonical parameter
0 because we have a linear dependence between the components of 7'(Y).

* Mathematically, this strict convexity is not a restriction because it can be obtained
by working under a so-called minimal representation. If the covariance matrix
Vg/c(ﬁ) does not have full rank k, the choice k is “non-optimal” because the
problem lives in a smaller dimension. Thus, w.l.0.g., we may and will assume to
work in this smaller dimension, called minimal representation; for a rigorous
derivation of a minimal representation we refer to Section 8.1 in Barndorff-
Nielsen [23].

Definition 2.8 The canonical link is defined by & = (Vg/c)’l.

The application of the canonical link % to the mean implies under Assumption 2.6
h(w) =hEe [T(Y)]) =0,

for mean u = Eg[T(Y)] of Y ~ F(-; 0) with @ € ©.

Remarks 2.9 (Dual Parameter Space) Assumption 2.6 provides that the
canonical link /4 is well-defined, and we can either work with the canonical
parameter representation € © C RF or with its dual (mean) parameter
representation u = Eg [T (Y)] € M with

M Vi (©) = (Vor(0); 6 € ©) C R-. 2.3)

Strict convexity of x« implies that there is a one-to-one correspondence
between these two parametrizations. @ is called the effective domain and M
is called the dual parameter space or the mean parameter space.

In Sect.2.2.4, below, we introduce one more property called steepness that the
cumulant function « should satisfy. This additional property gives a relationship
between the support T of the random variables 7'(Y) of the given EF and the
boundary of the dual parameter space M. This steepness property is important for
parameter estimation.
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2.1.2 Single-Parameter Linear EF: Count Variable Examples

We start by giving single-parameter discrete linear EF examples based on counting
measures on Ny. Since we work in one dimension k = 1, we replace boldface 6 by
scalar 0 € ©® C R in this section.

Bernoulli Distribution as a Single-Parameter Linear EF

For the Bernoulli distribution with parameter p € (0, 1) we choose as v the counting
measure on {0, 1}. We make the following choices: T'(y) =y,

0

a(y) =0, () =log(l +e), P:",(e)zliee’ 6:h(p)=10g<lfp),

for effective domain ® = R, dual parameter space M = (0, 1) and support ¥ =
{0, 1} of Y = T (Y). With these choices we have

y

0 y 1 1—)
dF(y;@):exp{@y—log(l-i—ee)}dv(y):(1_7_89) <1+e9) dv(y).

0 +— «’(0) is the logistic or sigmoid function, and the canonical link p — h(p) is
the logit function. Mean and variance are given by

6
p=E =K@ =p and Vay (N =k'O)= | N g2 =P =),

and the probability weights satisfy for y € T = {0, 1}

PolY =yl = p’(1— p)' 7.

Binomial Distribution as a Single-Parameter Linear EF

For the binomial distribution with parameters n € N and p € (0, 1) we choose as v
the counting measure on {0, .. ., n}. We make the following choices: T (y) = y,

0
a(y):log(z), k(©) = nlog(l+e”), w=«'0) = 1rfeﬁ’ ezh(u)zlog<nfu),

for effective domain ® = R, dual parameter space M = (0, n) and support T =
{0, ...,n}of Y = T (Y). With these choices we have

dF( '0)—<n>ex {6y — nlog(1 + %)} d( )—(”)( e >V< ! )Hdu()
o= y Py & V= y) \1+éf 1+ ¢? e
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Mean and variance are given by

0

n=Eg[Y]=«'(6) =np and Varg (Y) =«"(0) =n i np(1 = p),

e
1+

where we set p = e’/(1 + e?). The probability weights satisfy for y € T =
{0,...,n}

n " n—v
PolY = y] = (y)p)(l—p) Y.

Poisson Distribution as a Single-Parameter Linear EF

For the Poisson distribution with parameter A > 0 we choose as v the counting
measure on Ny. We make the following choices: T'(y) =y,

1
a(y)=log(y,), k@ =", p=«'©) =e" 0=hu=logm

for effective domain ® = R, dual parameter space M = (0, oo0) and support T =
Np of Y = T (Y). With these choices we have

1 0 Y
dF(y;6)= | exp{y —e}dv(y) =™ dv(y). 2.4)

The canonical link o +— A (w) is the log-link. Mean and variance are given by
u=Eg[Y]=«'(0) = and Varg (Y) =«"(0) =, =u=Ey[Y],

where we set 1 = e”. The probability weights in the Poisson case satisfy for y €
T=Np

AV

By =y)=e" .

Negative-Binomial (Pélya) Distribution as a Single-Parameter Linear EF
For the negative-binomial distribution with @ > 0 and p € (0, 1) we choose as

v the counting measure on Np; o plays the role of a nuisance parameter or hyper-
parameter. We make the following choices: T (y) =y,

a(y) = 10g<y e 1), k(0) = —alog(l — ¢?),
y
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e? w
e /9 e ,ezh :1 )
u=r(0) * e () 0g<u+a)

for effective domain ® = (—o0, 0), dual parameter space M = (0, co) and support
T = Np of Y = T(Y). With these choices we have

dF(y; 0) = <y +§ a 1) exp {fy + alog(l — ee)} dv(y)
—1
- (”i‘ )py (1= ) dv(y).

with p = . Parameter @ > 0 is treated as nuisance parameter, otherwise we drop
out of the EF framework. We have first the two moments

0

p=E¥l=a °  =a !

0
o and  Varg(¥)=Eo[v]{1+ € . )>Es[r].
1—é 1—p 1—é

This model allows us to model over-dispersion, in contrast to the Poisson model.
In fact, the negative-binomial model is a mixed Poisson model with a gamma
mixing distribution, for details see Sect. 5.3.5, below. Typically, one uses a different
parametrization. Set ¢/ = A/(a + A), for A > 0. This implies

A
uw=E[Y]= A\ and Varg(Y)=A<1~|— >>A.
o

For o € N this model can also be interpreted as the waiting time until we observe
o successful trials among i.i.d. trials, for instance, for « = 1 we have the geometric
distribution (with a small reparametrization).

The probability weights of the negative-binomial model satisfy for y € T = Ny

—1
PolY = y] = (y +‘;‘ )p)’ (1 p)e. 2.5)

2.1.3 Vector-Valued Parameter EF: Absolutely Continuous
Examples

We give vector-valued parameter absolutely continuous EF examples with k = 2,
and being based on the Lebesgue measure on (subsets of) R, in this section.



2.1 Exponential Family 21

Gaussian Distribution as a Vector-Valued Parameter EF

For the Gaussian distribution with parameters 4 € R and o> > 0 we choose as v

the Lebesgue measure on R, and we make the following choices: 7T (y) = (y, y)HT,
m=-togam.  «® = - T~ log(2m)
a I ), K = — — — s
y 2 g 40, 2 g y)

T
601 -~ 92
2, 2T 1, %
,o0° + = Vo (0) = , (=20 + ,
(1, 0"+ u”) o () (_202 (—262) 4922)

for effective domain @ = R x (—o0, 0), dual parameter space M = R x (0, co)
and support T = R x [0, 00) of T (Y) = (¥, Y2)T. With these choices we have

2

1 02 1
dF(y; 0) = Jon exp {OTT(y)+ 4912 + 210g(—292)}dv(y)

3 1 1 (_91>2d()
= V(=200 12 TP T2 (=20t VT 220, (VY

This is the Gaussian model with mean u = 6;/(—26,) and variance 02 =

(—=262)"

If we treat 0 > 0 as a nuisance parameter, we obtain the Gaussian model as a
single-parameter EF. This is the most common example of an EF. Set T'(y) = y/o
and

a(y)=_;10g(2n02>_y2/(202), K@) =0%/2, u=«'©O =6, 6=h( =n,

for effective domain ® = R, dual parameter space M = R and support T = R of
T (Y) = Y /o. With these choices we have

. _ 1 2 2y _p2
F@o= exp{0y/0 = ?/20) — 6%/2} dv(y)
-1 ex {— ! ( —a@)z}dv()

and, in particular, the canonical link is the identity link u +— 6 = h(u) = p in this
single-parameter EF example.
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Gamma Distribution as a Vector-Valued Parameter EF

For the gamma distribution with parameters «, 8 > 0 we choose as v the Lebesgue
measure on R . Then we make the following choices: T'(y) = (y, logy) ',

a(y) = —logy, k(0) = logI'(62) — Oa2log(—061),

I'(a) T (6 T'6 !
(a/ﬂ, @) —log(m) = Vo (0) = (_91, Fom —log(—el)) ,

for effective domain ® = (—o0,0) x (0, 00), and setting § = —60; > 0 and
a = 0 > 0. The dual parameter space is M = (0, co) x R, and we have support
T=(0,00) x Rof T(Y) = (¥, 10gY)T. With these choices we obtain

dF(y:0) = exp {07 T(y) — logT"(62) + Galog(~61) — logy | dv(y)

—6,)?2
= (rwlz)) Y2V exp {—(=601)y} dv(y)

ﬁ()l

= ) P IA G,

This is a vector-valued parameter EF with & = 2, and the first moment is given by

(@)

.
@ log(ﬂ)) .

l—'/
Eg [(¥.10g¥)T | = Vok(6) = (a/ﬂ, -

Parameter « is called shape parameter and parameter 8 is called scale parameter.
If we treat the shape parameter @ > 0 as a nuisance parameter we can turn the
gamma distribution into a single-parameter linear EF. Set T (y) = y and

, o o
a(y) = (= Dlogy ~logl'@), x(0) = —alog(~6), =@ = ", 0 =h( =~ .

for effective domain ® = (—o0, 0), dual parameter space M = (0, co) and support
T = (0, 00). With these choices we have for 8 = —6 > 0

_90‘
O et exp (= (—O)y) dv (). (2.6)

dF(y;0) = @)

This provides us with mean and variance

1
/L=E9[Y]=Z and 02:Var9(Y)=;2 :auz'

2 The function ¥ (x) = jxlogl"(x) =TI"(x)/ T (x) is called digamma function.
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For parameter estimation one often needs to invert these identities which gives us

o= and B =

Remarks 2.10

The gamma distribution contains as special cases the exponential distribution for
oa =6, =1and 8 = —6; > 0, and the X,Z-distribution with r degrees of freedom
foro =6 =r/2and B = —61 = 1/2.

The distributions of the EF are all light-tailed in the sense that all moments
of T (Y) exist. Therefore, the EF does not allow for regularly varying survival
functions, see (1.3). If Y is gamma distributed, then Z = exp{Y'} is log-gamma
distributed (with the special case of the Pareto distribution for the exponential
case « = 6 = 1). For an example we refer to Sect.2.2.5. However, this log-
transformation is not always recommended because it may provide accurate
models on the transformed log-scale, but back-transformation to the original
scale may not necessarily provide a good predictive model on that original scale.
The gamma density (2.6) may be a bit tricky in applications because the effective
domain ® = (—o0, 0) is one-sided bounded (we come back to this below). For
this reason, in practice, one often uses links different from the canonical link
h(n) = —a/w. For instance, a parametrization 6 = —exp{—9} for ¢+ € R, see
Ohlsson—Johansson [290], leads to the following model

a—1

dF(y: 9) = ?(O{) exp{—e "y — ad} dv(y). .7)

We will study the gamma model in more depth below, and parametrization (2.7)
will correspond to the log-link choice, see Example 5.5, below.

Figure 2.1 gives examples of gamma densities for shape parameters o €

{1/2,1,3/2, 2} and scale parameters 8 € {1/2, 1, 3/2, 2} with o« = g all providing
the same mean u = Ey[Y] = /B = 1. The crucial observation is that these gamma
densities can have two different shapes, for « < 1 we have a strictly decreasing
shape and for ¢ > 1 we have a unimodal density with mode in (o — 1)/8.

Inverse Gaussian Distribution as a Vector-Valued Parameter EF

For the inverse Gaussian distribution with parameters o, 8 > 0 we choose as v the
Lebesgue measure on R . Then we make the following choices: 7'(y) = (y, 1/y) T,

(oe/ﬁ,ﬁ/oe + 1/a2)T

1 1
=, log@ryh), k@) = —20:10)'7 = log(~20»),

.
—200\"* /—201\'* 1

V 0 = 3 ’

ok (0) ((—291> <—292> o,

a(y)
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Fig. 2.1 Gamma densities gamma densities

for shape parameters 24 alpha=0.5, beta=0.5

a € {1/2,1,3/2,2} and scale —— alpha=1, beta=1
alpha=1.5, beta=1.5

parameters ® | —— alpha=2, beta=2

B e{l/2,1,3/2,2}all °

providing the same mean
n=a/f =1

0.6

density

0.4

0.2
L

|

for @ = (01,602)7 € (—o00,0)?, and setting B = (—2601)/? and @ = (—26)'/2.
The dual parameter space is M = (0, 00)?, and we have support T = (0, 00)? of
TY)=(,1/ Y)T. With these choices we obtain

dF(y; 0) = exp {oTT(y) +2(0100)? + ;10g(—292) - ;log(Zny3)} dv(y)

1
=y (201 e !—Zy ((=20052 + (~262) — 4(9192>‘/2y)} dv(y)

2 2
= (271)(1);)1/2 exp {_Zy (1 - fy) }dv(y). (2.8)

This is a vector-valued parameter EF with k = 2 and with first moment
T 2\ "
By [(7, /1) | = Vo ®) = (a/B, o+ 1/07) .

For receiving (2.8) we have chosen canonical parameter @ = (01, 0) 7 € (—o0,0)2.
Interestingly, we can close this parameter space for 8; = 0, i.e., the effective domain
© is not open in this example. The choice ; = 0 gives us cumulant function « () =
— élog(—292) and boundary case

dF(y; 0) = exp {(FT(y) + ;10g(—292) - ;10g<2ny3)} dv(y)

1 1 —26;
_ _ /2 _
= (27ty3)1/2( 267) exp{ 2y }dv(y)
2

o o
= QryH2 exp {_Zy } dv(y). 2.9)
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This is the distribution of the first-passage time of level « > 0 of a standard
Brownian motion, see Bachelier [20]; this distribution is also known as Lévy
distribution.

If we treat « > 0 as a nuisance parameter, we can turn the inverse Gaussian
distribution into a single-parameter linear EF by setting T (y) = y,

o O{2 1/2
a(y) = log <(27_[y3)1/2) - 2}7’ K(Q) = —O{(—ZQ) 5
2

/!
n=rx'0) = 5

o
Cagyias @ =h0 =

for 8 € (—o0, 0), dual parameter space M = (0, 0o) and support T = (0, co). With
these choices we have the inverse Gaussian model for 8 = (—26) 1250

1
2y

o o? B 2
= PIRENYE: exp {_Zy (1 - ay) }dv(y).

This provides us with mean and variance

dF (y;0) = expla(y)} exp {— ((—200y7 - 2a(—29)‘/2y)} dv(y)

=Eg[Y] =" d 2 Vargry = & = Lo
= 9[]—}3 an O'—arg()_ﬂ3_a21u.

For parameter estimation one often needs to invert these identities, which gives us

1/2
o= and B = H
o o
Figure 2.2 gives examples of inverse Gaussian densities for parameter choices
a=pe{l/2,1,3/2,2} all providing the same mean u = Eg[Y] =«/8 = 1.

Generalized Inverse Gaussian Distribution as a Vector-Valued Parameter
EF

For the generalized inverse Gaussian distribution with parameters «, 8 > 0 and
y € R we choose as v the Lebesgue measure on R . We combine the terms of
the gamma and the inverse Gaussian models to the vector-valued choice: T (y) =
(y,logy, 1/y)T with k = 3. Moreover, we choose a(y) = —logy and cumulant
function

0
€(8) = log (2Kn, (21/616) ) — 10 (61/93).



26 2 Exponential Dispersion Family

Fig. 2.2 Inverse Gaussian inverse Gaussian densities
densities for parameters 2 alpha=0.5
a=pe{l/2,1,3/2,2}all —::z::js
providing the same mean o — alpha=2
N
n=a/f =1
w |
g
3
c
[}
© o]
w |
3
5
o
T T T T T T
0 1 2 3 4 5

for @ = (01,62,03)7 € (—00,0) x R x (—00, 0), and where Ky, denotes the
modified Bessel function of the second kind with index y = 6, € R. With these
choices we obtain generalized inverse Gaussian density

0
dF(y:6) = exp {(FT(y) — log (2K, (2v/6165)) +  log (61 /03) — logy} dv(y)

v/2 1
= 2(1?/23«)/&}3) yylexp{—2 (ay-i—ﬁyl)}dV(Y)a (2.10)
y

setting « = —2601 and B = —263. This is a vector-valued parameter EF with k = 3,
and the first moment is given by

1 T
Eq |:<Y, logY, Y) :| = Vyk(0)

.

Kyr1(Jap) [B \/ﬂ 9 Ky 11(J/ap) \/a 2y

= , 1 logK , - .
(Kywam w08 o T g KAV T ey VT

The effective domain @ is a bit complicated because the possible choices of (61, 63)
depend on 6, € R, namely, for 6, < 0 the negative half-line (—oo, 0] can be closed
at the origin for 61, and for 6, > 0 it can be closed at the origin for 83. The inverse
Gaussian model is obtained for 8, = —1/2 and the gamma model is obtained for
63 = 0. For further properties of the generalized inverse Gaussian distribution we
refer to the textbook of Jgrgensen [200].
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2.1.4 Vector-Valued Parameter EF: Count Variable Example

We close our EF examples by giving a discrete example with a vector-valued
parameter.

Categorical Distribution as a Vector-Valued Parameter EF

For the categorical distribution with k € N and p € (0, 1)* such that Zle pi <1,
we choose as v the counting measure on the finite set {1, . .., k + 1}. Then we make
the following choices: T(y) = (Lyy=1}, ...,]l{yzk})T c R, 0 = 01, ...,Gk)T,
e = (egl, R egk)T and

&9

k
a(y) =0, k@ =log[1+) €], p = Vox(0) = ,
; 1+ 30 ef

for effective domain ® = R¥, dual parameter space M = (0, 1)¥, and the support
T of T(Y) are the k + 1 corners of the unit simplex in R¥. This representation is
minimal, see Assumption 2.6. With these choices we have (set 6x41 = 0)

k k1 o 1,
dF(y;0) = exp {OTT(y) —log (1 + Ze@') } dv(y) = ]‘[ (Zk“ . ) dv(y).
evi

i=1 j=1 i=1

This is a vector-valued parameter EF with k¥ € N. The canonical link is slightly

more complicated. Set vectors v = exp{#} € R andw = (1,...,1)T € R*. This
provides p = Vpk(0) = H;wv € RK. Set matrix Ap =1 - pw' € Rk the

latter gives us p = Apv, and since A has full rank k, we obtain canonical link

— p
p — 0=h(p)=10g(Aplp> =10g(1_pr>.

The last identity can be verified by explicit calculation

01+ 3k e
10g< P_r ) ~ log ek/( | Z]—1ek) . ) =log <e0) =9.
1—wTp =30 /(L4375 e%)

Remarks 2.11

e There are many more examples that belong to the EF. From Theorem 2.4, we
know that all examples of the EF are light-tailed in the sense that all moments of
T (Y) exist. If we want to model heavy-tailed distributions within the EF, we first
need to apply a suitable transformation. We could model the Pareto distribution
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using transformation 7'(y) = logy, and assuming that the transformed random
variable has an exponential distribution. Different light-tailed examples are
obtained by, e.g., using transformation 7 (y) = y* for the Weibull distribution
or T(y) = (logy, log(1 — y)) T for the beta distribution. We refrain from giving
explicit formulas for these or other examples.

¢ Observe that in all examples above we have T C M, i.e., the support of T(Y)
is contained in the closure of the dual parameter space M, we come back to this
observation in Sect. 2.2.4, below.

2.2 Exponential Dispersion Family

In the previous section we have introduced the EF, and we have explicitly studied the
vector-valued parameter EF examples of the Gaussian, the gamma and the inverse
Gaussian models. We have highlighted that these three vector-valued parameter
EFs can be turned into single-parameter EFs by declaring one parameter to be
a nuisance parameter that is not modeled (and acts as a hyper-parameter). This
changes these three models into single-parameter EFs. These three single-parameter
EFs with nuisance parameter can also be interpreted as EDF models. In this section
we discuss the single-parameter EDF; this is sufficient for our purposes, and vector-
valued parameter extensions can be obtained in a canonical way.

2.2.1 Definition and Properties

The EFs of Sect.2.1 can be extended to EDFs. In the single-parameter case this
is achieved by a transformation ¥ = X /w, where w > 0 is a scaling and where X
belongs to a single-parameter linear EF, i.e., with T (x) = x. We restrict ourselves to
the single-parameter case k = 1 throughout this section. Choose a o -finite measure
v; on R and a measurable function a; : R — R. These choices give a single-
parameter linear EF, directly modeling a real-valued random variable 7' (X) = X.
By (2.2) we have distribution for the single-parameter linear EF random variable X

dF(x;0,1) = f(x: 6, Ddvi(x) = exp {9x — k(@) + al(x)}dvl(x),

on the effective domain

0= {QGR; /exp{9x+a1(x)}dv1(x)<oo}, (2.11)
R
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and with cumulant function
0e® — k() =log (f exp{9x~|—a1(x)}dv1(x)>. (2.12)
R

Throughout, we assume that the effective domain © has a non-empty interior 0.
Thus, since © is convex, we assume that © is a non-empty (possibly infinite) open
interval in R.

Following Jgrgensen [201, 202], we extend this linear EF to an EDF as follows.
Choose a family of o -finite measures v, on R and measurable functions a,, : R —
R for a given index set W > o with {1} C W C Ry. Assume that we have an
w-independent scaled cumulant function « on this index set WV, that is,

1
0e® — k@)= (logf exp {0x + aa,(x)}de(x)> forallw e W,
w R

with effective domain ® defined by (2.11), i.e., for w = 1. This allows us to consider
the distribution functions

dF(x:0,0) = f(x: 6, 0)dvy(x) = exp{@x—w;c(@)—i—aw(x)}de(x)
= exp | 0y = €(0) + au(@y) |dva(y). 2.13)

in the third identity we did a change of variable x — y = x/w. By re-
parametrizing the function a,(w -) and the o-finite measures v, (w -) slightly
differently, depending on the particular structure of the chosen o -finite measures,
we arrive at the following single-parameter EDF.

Definition 2.12 The (single-parameter) EDF is given by densities of the form
yo —«(0)
Y ~ f(y:0,v/9) =CXP{ /v +aly;v/e) ¢, (2.14)

with

k : ® — R is the cumulant function (2.12),
6 € ® s the canonical parameter in the effective domain (2.11),
v >0 isagiven weight (exposure, volume),
¢ >0 is the dispersion parameter,

a(-;-)  1isthe normalization, not depending on the canonical parameter 6.
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Remarks 2.13

e Exposure v > 0 and dispersion parameter ¢ > 0 provide the parametrization
usually used for @ = v/¢ € W. Their meaning and interpretation will become
clear below, and they will always appear as a ratio w = v/g.

* The support of these EDF distributions does not depend on the explicit choice of
the canonical parameter § € ©, but it may depend on w = v/¢ € W through
the choices of the o-finite measures v, for @ € W. Consequently, a(y; w) is
a normalization such that f(y; 6, ®) integrates to 1 w.r.t. the chosen o-finite
measure v, to receive a proper distributional model.

e The transformation x — y = x/w in (2.13) is called duality transformation, see
Section 3.1 in Jgrgensen [203]. It provides the duality between the additive form
(in variable x in (2.13)) and the reproductive form (in variable y in (2.13)) of the
EDF; Definition 2.12 is the reproductive form.

e Lemma 2.1 tells us that © is convex, thus, it is a possibly infinite interval in R.
To exclude trivial cases we will always assume that the o -finite measure v is not
concentrated in one single point (this relates to the minimal representation for
k = 1 in the linear EF case, see Assumption 2.6), and that the interior @ of the
effective domain ® is non-empty.

Corollary 2.14 Assume O is non-empty and that vy is not concentrated in
one single point. Choose Y ~ F(-;0,v/¢) for fixed 6 € ©. The moment
generating function of Y for small r € R satisfies

My (r) = Eg [exp {r¥}] = exp {; kK6 + ro/v) — K(e)]} :

The first two moments of Y are given by

w=Eg[Y1=«'0) and Varg(Y) = f;c”(e) > 0.

The cumulant function k is smooth and strictly convex on © with canonical
link h = (')~L. The variance function is defined by . — V() = (k" oh) (1)
and, consequently, for the variance of Y we have Var, (Y) = ‘ﬁV(M) for
we M.

Proof This follows analogously to Theorem 2.4. The linear case T (y) = y with v;
not being concentrated in one single point guarantees that the minimal dimension is
k = 1, providing a minimal representation in this dimension, see Assumption 2.6.

0O

Before giving explicit examples we state the so-called convolution formula.
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Corollary 2.15 (Convolution Formula) Assume Ois non-empty and that v\ is not
concentrated in one single point. Assume that Y; ~ F(-; 0, v; /) are independent,
for1 <i <n, withfixedd € ©. Setvy =Y +_, v;. Then

1 n
Y+=v ZviYi ~ F(;0,v4/9).
+

i=1

Proof The proof immediately follows from calculating the moment generating
function My, (r) and from using the independence between the Y;’s. O

2.2.2 Exponential Dispersion Family Examples

The single-parameter linear EF examples introduced above can be reformulated as
EDF examples.

Binomial Distribution as a Single-Parameter EDF

For the binomial distribution with parameters p € (0, 1) and n € N we choose
the counting measure on {0, 1/n, ..., 1} with @ = n. Then we make the following
choices

&Y

a(y)=log(n"y), €@ =log(+e). p=k'O) = ,.

o=h<p):log<lfp),

for effective domain ® = R and dual parameter space M = (0, 1). With these
choices we have

n n 6’0 ny 1 n—ny
f(;0,n) = (ny) exp{n (6y —log(1 +e9))} = (ny) (1 +69> (1 +€9> .

This is a single-parameter EDFE. The canonical link p — h(p) gives the logit
function. Mean and variance are given by

P

+éf

1 &

1 1
p=FEg[Y]=«'(9) = | and Vary (Y) = n/{"(G) = p(l —p),

_n(1+69)2:n

and the variance function is given by V(u) = w(1 — w). The binomial random
variable is obtained by setting X = nY ~ Binom(n, p).
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Poisson Distribution as a Single-Parameter EDF

For the Poisson distribution with parameters A > 0 and v > 0 we choose the
counting measure on Ny /v for exposure @ = v. Then we make the following choices

vy

v
a(y) = log ((Uy)!

), k@) =¢, r=k'®) =¢e, 6=h0)=logh),

for effective domain ® = R and dual parameter space M = (0, co). With these
choices we have

(Zvy). exp (v 0y — &) = P 2.15)
y):

f»:6,v) = (wy)!

This is a single-parameter EDF. The canonical link A — A(}) is the log-link. Mean
and variance are given by

l 0 1 " 1 6 1
A=FEg[Y]=«"(0)=¢ and Varg (Y) = «k"'(0)= e = A,
v v v
and the variance function is given by V(i) = A, that is, the variance function is
linear in the mean parameter A. The Poisson random variable is obtained by setting
X = vY ~ Poi(vA). We choose ¢ = 1, here, meaning that we have neither under-
nor over-dispersion. Thus, the choices v and ¢ in @ = v/¢ have the interpretation
of an exposure and a dispersion parameter, respectively. This interpretation is going
to be important in claim counts modeling, below.

Gamma Distribution as a Single-Parameter EDF

For the gamma distribution with parameters «, 8 > 0 we choose the Lebesgue

measure on R and shape parameter ® = v/¢ = «. We make the following choices
a(y) = (o — l)logy + aloga — logl' (), «(0) = —log(—0),
n=r«'0)=-1/0, 6 =h(n) =—1/u,

for effective domain @ = (—o0, 0) and dual parameter space M = (0, co). With
these choices we have

¥ _ (_ea)a a—1

. _ a—1 _ _(_
foi.e) = exp {a (y0 +log(—0))} = P O exp (= (6ol
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This is analogous to (2.6) with shape parameter @ > 0 and scale parameter § =
—6 > 0. Mean and variance are given by

1 1
n=Eg[Y]=«'(®) = —6"" and Varg (Y) =  «"(0) = 6072,
(07 (07

and the variance function is given by V(1) = u?, that is, the variance function
is quadratic in the mean parameter p. The gamma random variable is obtained by
setting X = oY ~ I'(«, B). This gives us for the first two moments of X

o o I,
nx =Eg [X] = p and Varg (X) = g =

Suppose v = 1, for shape parameter @ > 1, we have under-dispersionp = 1/a < 1
and the gamma density is unimodal; for shape parameter « < 1, we have over-
dispersion ¢ = 1/ > 1 and the gamma density is strictly decreasing, we refer to
Fig.2.1.

Inverse Gaussian Distribution as a Single-Parameter EDF

For the inverse Gaussian distribution with parameters o, 8 > 0 we choose the
Lebesgue measure on R and we set w = v/¢ = o. We make the following choices

12

a(y) = log ((27‘;3)1/2) - ;y K(0) = —(=20)'/?,
, 1

uw=x0)= (—20)1/2° 0 =nh(u) = o

for & € (—o0,0) and dual parameter space M = (0, co). With these choices we
have

12
fOi0,0)dy = & ex a(e +(—29)1/2)— “ g
ol/?

_ o 12\
=y exp _2y (1 —(=26)"/ y) }dy

o« o (1 (201 2 J
T Qrx3)l/2 PN T, a *
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where in the last step we did a change of variable y +— x = «y. This is exactly (2.8).
Mean and variance are given by

w=Eg[Y]=«'®) = (=20)""? and Varg (¥) = 1//’(9) = 1(—29)*3/2,
(07 (07

and the variance function is given by V(1) = w3, that is, the variance function is
cubic in the mean parameter p. The inverse Gaussian random variable is obtained by
setting X = a¥. The mean and variance of X are given by, set 8 = (—260)'/? > 0,

=Ep[X] =" d V. =% = i
nx = e[X]—/Sz an are(X)_ﬁ3_a2MX.

This inverse Gaussian density is illustrated in Fig. 2.2.

Similarly to (2.9), we can extend the inverse Gaussian model to the boundary
case 0 = 0, i.e., the effective domain @ = (—o0, 0] is not open. This provides us
with density

(07 O{z
f(y;0=0,a)dy = ety P {_2x } dx, (2.16)

using, as above, the change of variable y — x = ay. An additional transformation

x — 1/x gives a gamma distribution with shape parameter 1/2 and scale parameter
2

a/2.

Remark 2.16 The inverse Gaussian case gives an example of a non-open effective
domain ®@ = (—o0, 0]. It is worth noting that for the boundary parameter 6 = 0,
the first moment does not exist, i.e., Corollary 2.14 only makes statements in the
interior © of the effective domain ©. This also relates to Remarks 2.9 on the dual
parameter space M.

2.2.3 Tweedie’s Distributions

Tweedie’s compound Poisson (CP) model was introduced in 1984 by Tweedie [358],
and it has been studied in detail in Jgrgensen [202], Jorgensen—de Souza [204],
Smyth—Jgrgensen [342] and in the review paper of Delong et al. [94]. Tweedie’s CP
model belongs to the EDF. We spend more time on explaining Tweedie’s CP model
because it plays an important role in actuarial modeling.

Tweedie’s CP model is received by choosing as o -finite measure v; a mixture of
the Lebesgue measure on (0, 0o) and a point measure in 0. Furthermore, we choose
power variance parameter p € (1, 2) and cumulant function

1 -p
€O =@ =, (1= p). 2.17)
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on the effective domain 6 € ® = (—o0, 0). This provides us with Tweedie’s CP
model

y0 —kp(0)

Y ~ f(y;0,v/p) = eXp{
@/v

+a(y; v/w)},

with exposure v > 0 and dispersion parameter ¢ > 0; the normalizing function
a(-;v/e) does not have any simple closed form, we refer to Section 2.1 in
Jgrgensen—de Souza [204] and Section 4.2 in Jgrgensen [203].

The first two moments of Tweedie’s CP random variable Y are given by
1
p=Eg[Y]=x,0)=(1-pBo)'+ € M=(0,00),(2.18)
Varg () = “i0) = ¥ (1 = ppoyr = Pur > 0. (2.19)
v v v

The parameter p € (1, 2) determines the power variance functions V (u) =
1P between the Poisson p = 1 and the gamma p = 2 cases, see Sect. 2.2.2.

The moment generating function of Tweedie’s CP random variable X = vY /¢ =
Y in its additive form is given by, we use Corollary 2.14,

2—p

—0 —1
My (r) = Myyo(r) = exp v kp(0) < 0 )p -1 forr < —6.
@ —60—r

Some readers will notice that this is the moment generating function of a CP
distribution having i.i.d. gamma claim sizes. This is exactly the statement of the
next proposition which is found, e.g., in Smyth—Jgrgensen [342].

Proposition 2.17 Assume S = ZlNzl Z; is CP distributed with Poisson claim
counts N ~ Poi(Av) and i.i.d. gamma claim sizes Z; ~ I (a, B) being independent

of N. We have S (i) vY /@ by identifying the parameters as follows

2 1
p="""c ., B=-6>0 and r= k0 >0
a+1 [0

Proof of Proposition 2.17 Assume S is CP distributed with i.i.d. gamma claim
sizes. From Proposition 2.11 and Section 3.2.1 in Wiithrich [387] we receive that
the moment generating function of S is given by

Ms(r)zexp{kv (( p )0!_1)} forr < B.
B—r
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Using the proposed parameter identification, the claim immediately follows. O

Proposition 2.17 gives us a second interpretation of Tweedie’s CP model which
was introduced in an EDF fashion, above. This second interpretation explains the
name of this EDF model, it explains the mixture of the Lebesgue measure and the
point measure in 0, and it also highlights why the Poisson model and the gamma
model are the boundary cases in terms of power variance functions.

An interesting question is whether the EDF can be extended beyond power
variance functions V(u) = u? with p € [1,2]. The answer to this question is
yes, and the full answer is provided in Theorem 2 of Jgrgensen [202]:

Theorem 2.18 (Jgrgensen [202], Without Proof) Only power variance parame-
ters p € (0, 1) do not allow for EDF models.

Table 2.1 gives the EDF distributions that have a power variance function. These
distributions are called Tweedie’s distributions, with the special case of Tweedie’s
CP distributions for p € (1, 2). The densities for p € {0, 1, 2, 3} have a closed form,
but the other Tweedie’s distributions do not have a closed-form density. Thus, they
cannot explicitly be constructed as suggested in Sect. 2.2.1. Besides the constructive
approach presented above, there is a uniqueness theorem saying that the variance
function V(-) on the domain M characterizes the single-parameter linear EF, see
Theorem 2.11 in Jgrgensen [203]. This uniqueness theorem is the basis of the proof
of Theorem 2.18. Tweedie’s distributions for p ¢ [0, 1]U{2, 3} involve infinite sums
for the normalization exp{a(:, -)}, we refer to formulas (4.19), (4.20) and (4.31) in
Jgrgensen [203], this is the reason that one has to go via the uniqueness theorem
to prove Theorem 2.18. Dunn—Smyth [112] provide methods of fast calculation
of some of these infinite sums; in Sect. 5.5.2, below, we present an approximation
(saddlepoint approximation). The uniqueness theorem is also useful to construct
new examples within the EF, see, e.g., Section 2 of Awad et al. [15].

Table 2.1 Power variance function models V (i) = u? within the EDF (taken from Table 4.1 in
Jgrgensen [203])

P Distribution Supportof ¥ | ©® M
p<0 Generated by extreme stable distributions | R [0, o0) (0, 00)
p=0 Gaussian distribution R R R
p=1 Poisson distribution Np R (0, 00)
1 < p <2 |Tweedie’s CP distribution [0, o0) (—00,0) |(0,00)
p=2 Gamma distribution (0, 00) (—00,0) |(0,00)
p>2 Generated by positive stable distributions | (0, 00) (—00,0] |(0,00)

p=3 Inverse Gaussian distribution (0, 00) (=00,0] |(0,00)
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2.2.4 Steepness of the Cumulant Function

Assume we have a fixed EF satisfying Assumption 2.6. All random variables 7 (Y)
belonging to this EF have the same support, not depending on the particular choice
of the canonical parameter § € ®. We denote this support of 7' (Y) by <.

Below, we are going to estimate the canonical parameter # € ® from data using
maximum likelihood estimation. For this it is advantageous to have the property
T C M, because, intuitively, this allows us to directly select & = T(Y) as the
parameter estimate in the dual parameter space M, for a given observation 7'(Y) €
T. This then translates to a canonical parameter@ = h(w) = h(T(Y)) € O, using
the canonical link £; this estimation approach will be better motivated in Chap. 3,
below. Unfortunately, many examples of the EF do not satisfy this property T C M.
For instance, in the Poisson model the observation 7(Y) = Y = 0 is not included
in M, see Table 2.1. This poses some challenges in parameter estimation, and the
purpose of this small discussion is to be prepared for these challenges.

A cumulant function « is called steep if for all # € © and all @ in the boundary
of ©

(0—0)" Vok (a0 + (1 —)8) — oo fore |0, (2.20)

we refer to Formula (20) in Section 8.1 of Barndorff-Nielsen [23]. Define the convex
closure of the support T by € = conv(¥).

Theorem 2.19 (Theorem 9.2 in Barndorff-Nielsen [23], Without Proof) Assume
we have a fixed EF satisfying Assumption 2.6. The cumulant function « is steep if
and only if € = M = Vyx (O).

Theorem 2.19 tells us that for a steep cumulant function we have € = M =

Vok ((:3). In this case parameter estimation can be extended to observations 7 (Y) ¢
M such that we may obtain a degenerate model at the boundary of M. Coming
back to our Poisson example from above, in this case we set ;& = 0, which gives a
degenerate Poisson model.

Throughout this book we will work under the assumption that « is steep.
The classical examples satisfy this assumption: the examples with power variance
parameter p in {0} U [1, co) satisfy Theorem 2.19; this includes the Gaussian, the
Poisson, the gamma, the inverse Gaussian and Tweedie’s CP models, see Table 2.1.
Moreover, the examples we have met in Sect.2.1 fulfill this assumption; these
are the single-parameter linear EF models of the Bernoulli, the binomial and the
negative binomial distributions, as well as the vector-valued parameter examples of
the Gaussian, the gamma and the inverse Gaussian models and of the categorical
distribution. The only models we have seen that do not have a steep cumulant
function are the power variance models with p < 0, see Table 2.1.

Remark 2.20 Working within the EDF needs some additional thoughts because the
support T = T, of the single-parameter linear EDF random variable Y = T'(Y) may
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depend on the specific choice of the dispersion parameter w € W D {1} through the
o -finite measure dv, (w -), see (2.13). For instance, in the binomial case the support
of Y is given by %, = {0, 1/n, ..., 1} with w = n, see Sect.2.2.2.

Assume that the cumulant function « is steep for the single-parameter linear
EF that corresponds to the single-parameter EDF with @ = 1. Theorem 2.19
then implies that for this choice we have €,=1 = Vol(((:‘)) with convex closure
Co=1 = conv(Ty—1).

Consider w € W\ {1} which corresponds to the choice v,, of the o -finite measure
on R. This choice belongs to the cumulant function 6 +— w«k (0) in the additive form
(x-parametrization in (2.13)). Since steepness (2.20) holds for any @ > 0 we receive
that the convex closure of the support of this distribution in the x-parametrization
in (2.13) is given by Voa)l(((:)) = a)VaK(é). The duality transformation x — y =
x/w leads to the change of measure dv,(x) — dv,(wy) and to the corresponding
change of support, see (2.13). The latter implies that in the reproductive form (y-
parametrization) the convex closure of the support does not depend on the specific
choice of w € W. Since the EDF representation given in (2.14) corresponds to the
y-parametrization (reproductive form), we can use Theorem 2.19 without limitation
also for the single-parameter linear EDF given by (2.14), and € does not depend on
weW.

2.2.5 Lab: Large Claims Modeling

From Corollary 2.14 we know that the moment generating function exists around the
origin for all examples belonging to the EDF. This implies that the moments of all
orders exist, and that we have an exponentially decaying survival function Pg[Y >
vyl =1-F(y;0,w) ~ exp{—oy} for some ¢ > 0 as y — 00, see (1.2). In many
applied situations the data is more heavy-tailed and, thus, cannot be modeled by
such an exponentially decaying survival function. In such cases one often chooses
a distribution function with a regularly varying survival function; regular variation
with tail index 8 > 0 has been introduced in (1.3). A popular choice is a log-gamma
distribution which can be obtained from the gamma distribution (belonging to the
EDF). We briefly explain how this is done and how it relates to the Pareto and the
Lomax [256] distributions.

We start from the gamma density (2.6). The random variable Z has a log-gamma
distribution with shape parameter « > 0 and scale parameter 8 = —6 > 0 if
log(Z) = Y has a gamma distribution with these parameters. Thus, the gamma
density of Y = log(Z) is given by

B

F(a)y -1 exp{—By}dy fory > 0.

f; B, a)dy =
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We do a change of variable y — z = exp{y} to receive the density of the log-gamma
distributed random variable Z = exp{Y'}

o

f(z B, o)dz = Fia) (logz)® 1z~ B+Dyy forz > 1.

This log-gamma density has support (1, co). The distribution function of this log-
gamma distributed random variable needs to be calculated numerically, and its
survival function is regularly varying with tail index g > 0.

A special case of the log-gamma distribution is the Pareto distribution. The Pareto
distribution is more tractable and it is obtained by setting shape parameter « = 1 in
the log-gamma density. This gives us the Pareto density

f(z: Bydz = f(z; B, a = Ddz = Bz~ PHDdz forz > 1.
The distribution function in this Pareto case is for z > 1 given by
Fiz;p)=1-z77"°.

Obviously, this provides a regularly varying survival function with tail index 8 > 0;
in fact, in this case we do not need to go over to the limit in (1.3) because we
have an exact identity. The Pareto distribution has the nice property that it is closed
under thresholding (lower-truncation) with M, that is, we remain within the family
of Pareto distributions with the same tail index 8 by considering lower-truncated
claims: for 1 < M < z we have
PIM < Z <Z7] Z\" B
Fz; B, M)=P[Z<z|Z> M]= :1_( ) _
P[Z > M] M

This is the classical definition of the Pareto distribution, and it allows to preserve
full flexibility in the choice of the threshold M > O.

The disadvantage of the Pareto distribution is that it does not provide a
continuous density on R as there is a discontinuity in threshold M. For this reason,
one sometimes explores another change of variable Z — X = Z — M for a Pareto
distributed random variable Z ~ F(-; B, M). This provides the Lomax distribution,
also called Pareto Type II distribution. X has the following distribution function on
(0, 00)

x+ M

-B
> for x > 0.
M

P[sz]:l—(

This distribution has again a regularly varying survival function with tail index 8 >
0. Moreover, we have
x+M\~P -B
M
lim (") ©_ lim <1+ ) =1.
X—>00 ( X )*ﬁ X—>00 X
M
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Fig. 2.3 Log-log plot of a log-log plot
Pareto and a Lomax
distribution with tail index
B = 2 and threshold

M = 1000'000

logged survival function

Pareto distribution
Lomax distribution

12 13 14 15 16 17
log(x)

This says that we should choose the same threshold M > 0 for both the Pareto and
the Lomax distribution to receive the same asymptotic tail behavior, and this also
quantifies the rate of convergence between the two survival functions. Figure 2.3
illustrates this convergence in a log-log plot choosing tail index § = 2 and threshold
M = 1'000"000.

For completeness we provide the density of the Pareto distribution

—(B+1
f(Z;ﬁ’M):II\‘iI(AZ/J an forz > M,

and of the Lomax distribution

—(B+1)
£l B M) = A’; (x LM> for x = 0.

2.3 Information Geometry in Exponential Families

We do a short excursion to information geometry. This excursion may look a bit
disconnected from what we have done so far, but it provides us with important
background information for the chapter on forecast evaluation, see Chap. 4, below.

2.3.1 Kullback-Leibler Divergence

There is literature in information geometry which uses techniques from differential
geometry to study EFs as Riemannian manifolds with points corresponding to EF
densities parametrized by their canonical parameters # € @, we refer to Amari [10],
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Ay et al. [16] and Nielsen [285] for an extended treatment of these mathematical
concepts.

Choose a fixed EF (2.2) with cumulant function « on the effective domain
©® C RX and with o-finite measure v on R. We define the Kullback-Leibler (KL)
divergence (relative entropy) from model | € ® to model fp € ©® within this EF
by

f(y;00)

D =0 < 0)) = ;00)1
KL(f (5 00)]1f (5 01)) /Rf(y o)0g<f(y;01)

) dv(y) = 0.

Recall that the support of the EF does not depend on the specific choice of the
canonical parameter 6 in ®, see Remarks 2.3; this implies that the KL divergence
is well-defined, here. The positivity of the KL divergence is obtained from Jensen’s
inequality; this is proved in Lemma 2.21, below.

The KL divergence has the interpretation of having a data model that is
characterized by the distribution f(-; 8¢), and we would like to measure how close
another model f(-; 8;) is to the data model. Note that the KL divergence is not
a distance function because it is neither symmetric nor does it satisfy the triangle
inequality.

We calculate the KL divergence within the chosen EF

DxL(f (5 001 (5 01)) =fRf(y; 00) [(00 —01) " T(y) —«(@) +K(01)] dv(y)
= (00— 01)" Vo (80) —k(00) +x(01) > 0, (2.21)

where we have used Corollary 2.5, and the positivity of the KL divergence can be
seen from the convexity of «. This allows us to consider the following (Taylor)
expansion

k(01) = k(80) + Vok (00) " (01 — 00) + Drr(f(: 00)I[ £ 01)). (2.22)

This illustrates that the KL divergence corresponds to second and higher order
differences between the cumulant value « (fg) and another cumulant value «(61).
The gradients of the KL divergence w.r.t. #1 in §; = §y and w.r.t. 0 in ¢ = 0 are
given by

Vo, DKL(f (3 00)1f (5 01) g, g, (2.23)
= Vo()DKL(f('; oo)llf(a 01))|00:01 =0

This emphasizes that the KL divergence reflects second and higher-order terms in
cumulant function «; and that the data model #y forms the minimum of this KL
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divergence (as a function of #1) as we will just see. We calculate the Hessian (second
order term) w.r.t. 1 in 01 = 6

Vi DKLU GO0 0| = Vik®)| S T@0).

The positive definite matrix Z(6o) (in a minimal representation) is called Fisher’s
information. Fisher’s information is an important tool in statistics that we will
meet in Theorem 3.13 of Sect.3.3, below. A function satisfying (2.21) (with
being zero if and only if g = 61), fulfilling (2.23) and having positive definite
Fisher’s information is called divergence, see Definition 5 in Nielsen [285]. Fisher’s
information Z(6y) measures the curvature of the KL divergence in §y and we have
the second order Taylor approximation

1
K(01) ~ Kk(00) + Vox(80)" (81 —00) + , 01 —00)" Z(80) 01 — 00) .

Next-order terms are obtained from the so-called Amari—Chentsov tensor, see Amari
[10] and Section 4.2 in Ay et al. [16]. In information geometry one studies the
(possibly degenerate) Riemannian metric on the effective domain ® induced by
Fisher’s information; we refer to Section 3.7 in Nielsen [285].

Lemma 2.21 Consider two densities p and g w.r.t. a given o -finite measure v. We
have Dk (pllg) > 0, and Dk (pllq) = 0 if and only if p = q, v-a.s.

Proof Assume Y ~ pdv, then we can rewrite the KL divergence, using Jensen’s

inequality,
p(y)) [ (q(Y)ﬂ
D = 1 d = —E,|1
kL(pllq) /p(y) 0g(q(y) v(y) p | log o(Y)
_logE ["(Y)} —log/q(y)dv(y) > 0. (2.24)
- PLp) -

Equality holds if and only if p = ¢, v-a.s. The last inequality of (2.24) considers
that ¢ does not necessarily need to be a density w.r.t. v, i.e., we can also have

[q(dv(y) < 1. O

2.3.2 Unit Deviance and Bregman Divergence

In the next chapter we are going to introduce maximum likelihood estimation for
parameters, see Definition 3.4, below. Maximum likelihood estimators are obtained
by maximizing likelihood functions (evaluated in the observations). Maximizing
likelihood functions within the EDF is equivalent to minimizing deviance loss
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functions. Deviance loss functions are based on unit deviances, which, in turn,
correspond to KL divergences. The purpose of this small section is to discuss this
relation. This should be viewed as a preparation for Chap. 4.

Assume we work within a single-parameter linear EDF, i.e., T(y) = y. Using
the canonical link 2 we obtain the canonical parameter 6 = h(n) € ® € R
from the mean parameter © € M. If we replace the (typically unknown) mean
parameter o by an observation Y, supposed ¥ € M, we get the specific model
that is exactly calibrated to this observation. This provides us with the canonical
parameter estimate Oy = h(Y) for 6. We can now measure the KL divergence from
any model represented by 6 to the observation calibrated model Oy = h(Y). This
KL divergence is given by (we use (2.21) and we set w = v/¢p = 1)

S0, 1)
= (h(Y) = 0)Y —k(h(Y)) +k(0) > 0.

~ ;5,1
Dgp (fC5 h(Y), DI 0, 1))=fRf(y;9y,1)10g<f(y ! )>dv(y)

This latter object is the unit deviance (up to factor 2) of the chosen EDF. It plays a
crucial role in predictive modeling.

We define the unit deviance under the assumption that « is steep as follows:

2:Cx M- R, (2.25)

(o) > 30 ) = 2 (YA =k () = yh(w) + e (h(w) ) = 0,

where € is the convex closure of the support T of ¥ and M is the dual parameter
space of the chosen EDF. Steepness of « implies € = M, see Theorem 2.19.

This unit deviance 0 is received from the KL divergence, and it is (twice) the dif-
ference of two log-likelihood functions, one using canonical parameter . (y) and the
other one having any canonical parameter 6 = h(u) € ©. That is, for u = «'(9),

00y, i) = 2 DL (FC: (), DILFC: 6, 1) (2.26)
=2 f (ogf (v: h(y). v/@) — logf(y: 6, v/p)).

for general w = v/¢ € W. The latter can be rewritten as

f:0,v/9) = f(y; h(y),v/p) exp {— o(y, K/(G))}- (2.27)

1
2¢/v
This looks like a generalization of the Gaussian distribution, where the square
difference (y — w)? in the exponent is replaced by the unit deviance 9(y, i) with
u = «’(9). This interpretation gets further support by the following lemma.
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Lemma 2.22 Under Assumption 2.6 and the assumption that the cumulant function
Kk is steep, the unit deviance 0 (y, i) > 0 of the chosen EDF is zero if and only if
y = . Moreover, the unit deviance 9 (y, i) is twice continuously differentiable
wrt. (y, u) in € x M, and

320 (y, )
ou?

IO
y=n dy?

oW

y=u Iudy

=2/V(u) > 0.

y=un

Proof The positivity and the if and only if statement follows from Lemma 2.21 and
the strict convexity of «. Continuous differentiability follows from the smoothness
of « in the interior of ®@. Moreover we have

2
500, u) = 21 () = 2/ (h () = 2/ V (1) > 0,

y=n

a i i
= 3u2 (=yh' (1) + ph'(w))

y=n

where V() is the variance function of the chosen EDF introduced in Corol-
lary 2.14. The remaining second derivatives are received by similar (straightfor-
ward) calculations. O

Remarks 2.23

e Lemma 2.22 shows that the unit deviance definition of ?(y, u) provides a so-
called regular unit deviance according to Definition 1.1 in Jgrgensen [203].
Moreover, any model that can be brought into the form (2.27) for a (regular) unit
deviance is called (regular) reproductive dispersion model, see Definition 1.2 of
Jgrgensen [203].

* In general the unit deviance d(y, 1) is not symmetric in its two arguments y and
W, we come back to this in Fig. 11.1, below.

More generally, the KL divergence and the unit deviance can be embedded into
the framework of Bregman loss functions [50]. We restrict to the single-parameter
EDF case. Assume that ¢ : ¢ > Risa strictly convex function. The Bregman
divergence w.r.t. ¥ between y and p is defined by

Dy(y, ) =9 (y) —v¥(w) —¥'(w) (y —pn) =0, (2.28)

where ¥ is a (sub-)gradient of 1. The lower bound holds because of convexity of
Y. Consider the specific choice ¥ (1) = ph(n) — k(h(w)) for the chosen EDF.
Similar to Lemma 2.22 we have ¥"(u) = h'(u) = 1/V () > 0, which says that
this choice is strictly convex. Using this choice for v gives us unit deviance (up to
factor 1/2)

1
Dy (y, ) = yh(y) —k(h(y)) + k(h(n)) — h(u)y = 20(y, w). (2.29)



2.3 Information Geometry in Exponential Families 45

Thus, the unit deviance 0 can be understood as a difference of log-likelihoods
(2.26), as a KL divergence Dk and as a Bregman divergence Dy,.

Example 2.24 (Poisson Model) We start with a single-parameter EF example.
Consider cumulant function « () = exp{6} for canonical parameter 6 € @ = R,
this gives us the Poisson model. For the KL divergence from model 6; to model 6y
we receive

DxL(f (5 601 f (-5 01)) = exp{f1} — exp{bo} — (01 — 6o) exp{to} = O,
which is zero if and only if 6y = 6;. Fisher’s information is given by
Z©®) = k" () = exp{d} > 0.

If we have observation Y > 0 we receive a model described by canonical parameter
Oy = h(Y) = log(Y). This gives us unit deviance, see (2.26),
(Y, ) = 2Dk (f (- h(Y), DI[f(-:0, 1))
=2(" =Y — (6 — log(¥))Y)

=2(M—Y—Ylog(‘;)) > 0,

with i = «’(0) = exp{0}. This Poisson unit deviance will commonly be used for
model fitting and forecast evaluation, see, e.g., (5.28). [ ]

Example 2.25 (Gamma Model) The second example considers a vector-valued
parameter EF example. We consider the cumulant function x () = logI'(6») —
6hlog(—0y) for 0 = (61, 6)T € ® = (—00,0) x (0, 00); this gives us the gamma
model, see Sect. 2.1.3. For the KL divergence from model # to model 8 we receive

(6 INC
Diw (f (5 0011 01)) = (fo.2 — 61.0) - 02 —1og( ( 0’2))

I'(6o,2) '61,2)

—6o,1 —01,1
+ 01 2log oy, + 60,2 _901—1 > 0.

Fisher’s information matrix is given by

6 1
— v2 _ [ o2 —61
I(a) = VoK(O) = ( 11 F”(62)F(62)F’(92)2> .
—01 I'(62)?
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The off-diagonal terms in Fisher’s information matrix Z(@) are non-zero which
means that the two components of the canonical parameter @ interact. Choosing
a different parametrization u = 6,/(—#61) (dual mean parametrization) and o = 6;
we receive diagonal Fisher’s information in (u, o)

Ly, ) = (52 r”(a>r(a)—0r’(a>2 1) = (;2 / ; 1)’ (2.30)
0 -] 0 W(a)— !

I(«)?

where W is the digamma function, see Footnote 2 on page 22. This transformation
is obtained by using the corresponding Jacobian matrix for variable transformation;
more details are provided in (3.16) below. In this new representation, the parameters
w and o are orthogonal; the term W' () — (i is further discussed in Remarks 5.26
and Remarks 5.28, below.

Using this second parametrization based on mean p and dispersion 1/a, we
arrive at the EDF representation of the gamma model. This allows us to calculate the
corresponding unit deviance (within the EDF), which in the gamma case is given by

o(y,u)=2<£—1+1og(’;)> > 0.

Example 2.26 (Inverse Gaussian Model) Our final example considers the inverse
Gaussian vector-valued parameter EF case. We consider the cumulant function
K(0) = —2(6162)"/% — Jlog(—26,) for @ = (61,62) " € ©® = (—00, 0] x (—00, 0),
see Sect. 2.1.3. For the KL divergence from model 6 to model 8 we receive

—0 —0
DxL(f (5005 01) = —91,1\/ 02 91,2\/ — 2,/61,1612

—6o,1 —6p,2
602 —012 1 —60,2
’ ’ 1 ’ > 0.
+ —260 2 + 2 g (—91,2) -

Fisher’s information matrix is given by

(26972 _ 1
_r003/2 12

I(O) = Vor @) = | T L, 7T
T 2010012 (—26032 T (262

Again the off-diagonal terms in Fisher’s information matrix Z(#) are non-zero in
the canonical parametrization. We switch to the mean parametrization by setting



2.3 Information Geometry in Exponential Families 47

w = (—262/(—=201))"/? and @ = —26,. This provides us with diagonal Fisher’s
information

o
3

0
T =(" | ). 2.31)

202

This transformation is again obtained by using the corresponding Jacobian matrix
for variable transformation, see (3.16), below. We compare the lower-right entries
of (2.30) and (2.31). Remark that we have first order approximation of the digamma
function

Y(x) ~ loga — ! ,

2

and taking derivatives says that these entries of Fisher’s information are first order
equivalent; this is also used in the saddlepoint approximation in Sect. 5.5.2, below.
Using this second parametrization based on mean u and dispersion 1/, we arrive
at the EDF representation of the inverse Gaussian model with unit deviance

2
¥ —w? _

0.
nry -

oY, p) =

More examples will be given in Chap. 4, below.
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