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Outline

• Bayes’ rule review
• Conjugate prior definition
• Commonly used examples
• Exponential family 
• Conjugate prior for exponential family
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Bayes’ Rule Revisited

• We have reviewed MLE and MAP, which give point 
estimations of the parameters

• However, ideally, we want a posterior distribution of 
the parameters given the data (rather than points)
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Bayes’ 
Rule



• However, in most cases, the posterior distribution 
cannot be computed following Bayes’ Rule (due to 
the intractable integration)
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Bayes’ Rule Revisited

Bayes’ 
Rule



Conjugate prior

• We now introduce a special case, where we can 
compute the posterior distribution analytically 
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Conjugate prior - definition
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• Definition: Given a prior distribution and a likelihood 
function, if the corresponding posterior distribution 
has the same functional form as the prior 
distribution, we call the prior distribution is 
conjugate to the likelihood. 



Commonly used examples

• Beta prior is conjugate to Bernoulli likelihoods
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Commonly used examples

• Beta prior is conjugate to Bernoulli likelihoods
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Bernoulli
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Commonly used examples

• Beta prior is conjugate to Bernoulli likelihoods
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Commonly used examples

• Beta prior is conjugate to Bernoulli likelihoods
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• Beta prior is conjugate to Bernoulli likelihoods
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Figure 2.3 Illustration of one step of sequential Bayesian inference. The prior is given by a beta distribution
with parameters a = 2, b = 2, and the likelihood function, given by (2.9) with N = m = 1, corresponds to a
single observation of x = 1, so that the posterior is given by a beta distribution with parameters a = 3, b = 2.

distribution by multiplying by the likelihood function for the new observation and
then normalizing to obtain the new, revised posterior distribution. At each stage, the
posterior is a beta distribution with some total number of (prior and actual) observed
values for x = 1and x = 0given by the parameters a and b. Incorporation of an
additional observation of x = 1simply corresponds to incrementing the value of a
by 1, whereas for an observation of x = 0we increment b by 1. Figure 2.3 illustrates
one step in this process.

We see that this sequential approach to learning arises naturally when we adopt
a Bayesian viewpoint. It is independent of the choice of prior and of the likelihood
function and depends only on the assumption of i.i.d. data. Sequential methods make
use of observations one at a time, or in small batches, and then discard them before
the next observations are used. They can be used, for example, in real-time learning
scenarios where a steady stream of data is arriving, and predictions must be made
before all of the data is seen. Because they do not require the whole data set to be
stored or loaded into memory, sequential methods are also useful for large data sets.
Maximum likelihood methods can also be cast into a sequential framework.Section 2.3.5

If our goal is to predict, as best we can, the outcome of the next trial, then we
must evaluate the predictive distribution of x, given the observed data set D. From
the sum and product rules of probability, this takes the form

p(x = 1|D) =
∫ 1

0

p(x = 1|µ)p(µ|D) dµ =
∫ 1

0

µp(µ|D) dµ = E[µ|D]. (2.19)

Using the result (2.18) for the posterior distribution p(µ|D), together with the result
(2.15) for the mean of the beta distribution, we obtain

p(x = 1|D) =
m + a

m + a + l + b
(2.20)

which has a simple interpretation as the total fraction of observations (both real ob-
servations and fictitious prior observations) that correspond to x = 1. Note that in
the limit of an infinitely large data set m, l → ∞ the result (2.20) reduces to the
maximum likelihood result (2.8). As we shall see, it is a very general property that
the Bayesian and maximum likelihood results will agree in the limit of an infinitely
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Figure 2.3 Illustration of one step of sequential Bayesian inference. The prior is given by a beta distribution
with parameters a = 2, b = 2, and the likelihood function, given by (2.9) with N = m = 1, corresponds to a
single observation of x = 1, so that the posterior is given by a beta distribution with parameters a = 3, b = 2.
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values for x = 1and x = 0given by the parameters a and b. Incorporation of an
additional observation of x = 1simply corresponds to incrementing the value of a
by 1, whereas for an observation of x = 0we increment b by 1. Figure 2.3 illustrates
one step in this process.

We see that this sequential approach to learning arises naturally when we adopt
a Bayesian viewpoint. It is independent of the choice of prior and of the likelihood
function and depends only on the assumption of i.i.d. data. Sequential methods make
use of observations one at a time, or in small batches, and then discard them before
the next observations are used. They can be used, for example, in real-time learning
scenarios where a steady stream of data is arriving, and predictions must be made
before all of the data is seen. Because they do not require the whole data set to be
stored or loaded into memory, sequential methods are also useful for large data sets.
Maximum likelihood methods can also be cast into a sequential framework.Section 2.3.5

If our goal is to predict, as best we can, the outcome of the next trial, then we
must evaluate the predictive distribution of x, given the observed data set D. From
the sum and product rules of probability, this takes the form

p(x = 1|D) =
∫ 1

0

p(x = 1|µ)p(µ|D) dµ =
∫ 1

0

µp(µ|D) dµ = E[µ|D]. (2.19)

Using the result (2.18) for the posterior distribution p(µ|D), together with the result
(2.15) for the mean of the beta distribution, we obtain

p(x = 1|D) =
m + a

m + a + l + b
(2.20)

which has a simple interpretation as the total fraction of observations (both real ob-
servations and fictitious prior observations) that correspond to x = 1. Note that in
the limit of an infinitely large data set m, l → ∞ the result (2.20) reduces to the
maximum likelihood result (2.8). As we shall see, it is a very general property that
the Bayesian and maximum likelihood results will agree in the limit of an infinitely

162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215

p(µ|x) = Dir(µ|x+↵)

p(�|a, b) =

p(x|µ,�) = N (x|µ,��1) =
� �
2⇡

�1/2
exp(��

2
(x� µ)2)

p(�|x) / p(�|a, b)p(x|µ,�) / �1/2+a�1 exp(��(b+ 1

2
(x� µ)2))

p(�|x) = Gam(a+
1

2
, b+

1

2
(x� µ)2)

p(⇤) = W(⇤|W, ⌫) / |⇤|(⌫�d�1)/2 exp
�
� 1

2
tr(W�1⇤)

�

p(x|µ,⇤) = N (x|µ,⇤�1) / |⇤|1/2 exp
�
� 1

2
(x� µ)>⇤(x� µ)

�

p(⇤|x) / |⇤|(⌫+1�d�1)/2 exp(�1

2
tr
�
[W�1 + (x� µ)(x� µ)>]⇤

�

p(⇤|x) = W([W�1 + (x� µ)(x� µ)>]�1, ⌫ + 1)

 (x) =
d

dx
log

�
�(x)

�
=

�0(x)

�(x)

Beta(µ|2, 2)
p(x = 1|µ) = µ1(1� µ)1�1 = µ

4

162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215

p(µ|x) = Dir(µ|x+↵)

p(�|a, b) =

p(x|µ,�) = N (x|µ,��1) =
� �
2⇡

�1/2
exp(��

2
(x� µ)2)

p(�|x) / p(�|a, b)p(x|µ,�) / �1/2+a�1 exp(��(b+ 1

2
(x� µ)2))

p(�|x) = Gam(a+
1

2
, b+

1

2
(x� µ)2)

p(⇤) = W(⇤|W, ⌫) / |⇤|(⌫�d�1)/2 exp
�
� 1

2
tr(W�1⇤)

�

p(x|µ,⇤) = N (x|µ,⇤�1) / |⇤|1/2 exp
�
� 1

2
(x� µ)>⇤(x� µ)

�

p(⇤|x) / |⇤|(⌫+1�d�1)/2 exp(�1

2
tr
�
[W�1 + (x� µ)(x� µ)>]⇤

�

p(⇤|x) = W([W�1 + (x� µ)(x� µ)>]�1, ⌫ + 1)

 (x) =
d

dx
log

�
�(x)

�
=

�0(x)

�(x)

Beta(µ|2, 2)
p(x = 1|µ) = µ1(1� µ)1�1 = µ

4

162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215

p(µ|x) = Dir(µ|x+↵)

p(�|a, b) =

p(x|µ,�) = N (x|µ,��1) =
� �
2⇡

�1/2
exp(��

2
(x� µ)2)

p(�|x) / p(�|a, b)p(x|µ,�) / �1/2+a�1 exp(��(b+ 1

2
(x� µ)2))

p(�|x) = Gam(a+
1

2
, b+

1

2
(x� µ)2)

p(⇤) = W(⇤|W, ⌫) / |⇤|(⌫�d�1)/2 exp
�
� 1

2
tr(W�1⇤)

�

p(x|µ,⇤) = N (x|µ,⇤�1) / |⇤|1/2 exp
�
� 1

2
(x� µ)>⇤(x� µ)

�

p(⇤|x) / |⇤|(⌫+1�d�1)/2 exp(�1

2
tr
�
[W�1 + (x� µ)(x� µ)>]⇤

�

p(⇤|x) = W([W�1 + (x� µ)(x� µ)>]�1, ⌫ + 1)

 (x) =
d

dx
log

�
�(x)

�
=

�0(x)

�(x)

Beta(µ|2, 2)
p(x = 1|µ) = µ1(1� µ)1�1 = µ

Beta(µ|3, 2)

4



Commonly used examples

• Dirichlet prior is conjugate to categorical likelihoods

15

76 2. PROBABILITY DISTRIBUTIONS

We can solve for the Lagrange multiplier λ by substituting (2.32) into the constraint∑
k µk = 1 to give λ = −N . Thus we obtain the maximum likelihood solution in

the form
µML

k =
mk

N
(2.33)

which is the fraction of the N observations for which xk = 1 .
We can consider the joint distribution of the quantities m1, . . . , mK , conditioned

on the parameters µ and on the total number N of observations. From (2.29) this
takes the form

Mult(m1, m2, . . . , mK |µ, N) =
(

N

m1m2 . . . mK

) K∏

k=1

µmk
k (2.34)

which is known as the multinomial distribution. The normalization coefficient is the
number of ways of partitioning N objects into K groups of size m1, . . . , mK and is
given by (

N

m1m2 . . . mK

)
=

N !
m1!m2! . . . mK !

. (2.35)

Note that the variables mk are subject to the constraint

K∑

k=1

mk = N. (2.36)

2.2.1 The Dirichlet distribution
We now introduce a family of prior distributions for the parameters {µk} of

the multinomial distribution (2.34). By inspection of the form of the multinomial
distribution, we see that the conjugate prior is given by

p(µ|α) ∝
K∏

k=1

µαk−1
k (2.37)

where 0 ! µk ! 1 and
∑

k µk = 1 . Here α1, . . . , αK are the parameters of the
distribution, and α denotes (α1, . . . , αK)T. Note that, because of the summation
constraint, the distribution over the space of the {µk} is confined to a simplex of
dimensionality K − 1 , as illustrated for K = 3 in Figure 2.4.

The normalized form for this distribution is byExercise 2.9

Dir(µ|α) =
Γ(α0)

Γ(α1) · · ·Γ(αK)

K∏

k=1

µαk−1
k (2.38)

which is called the Dirichlet distribution. Here Γ(x) is the gamma function defined
by (1.141) while

α0 =
K∑

k=1

αk. (2.39)
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0. So, for instance if we have a variable that can take K = 6states and a particular
observation of the variable happens to correspond to the state where x3 = 1, then x
will be represented by

x = (0, 0, 1, 0, 0, 0)T. (2.25)

Note that such vectors satisfy
∑K

k=1 xk = 1. If we denote the probability of xk = 1
by the parameter µk, then the distribution of x is given

p(x|µ) =
K∏

k=1

µxk
k (2.26)

where µ = (µ1, . . . , µK)T, and the parameters µk are constrained to satisfy µk ! 0
and

∑
k µk = 1, because they represent probabilities. The distribution (2.26) can be

regarded as a generalization of the Bernoulli distribution to more than two outcomes.
It is easily seen that the distribution is normalized

∑

x

p(x|µ) =
K∑

k=1

µk = 1 (2.27)

and that
E[x|µ] =

∑

x

p(x|µ)x = (µ1, . . . , µM )T = µ. (2.28)

Now consider a data set D of N independent observations x1, . . . ,xN . The
corresponding likelihood function takes the form

p(D|µ) =
N∏

n=1

K∏

k=1

µxnk
k =

K∏

k=1

µ
(P

n xnk)
k =

K∏

k=1

µmk
k . (2.29)

We see that the likelihood function depends on the N data points only through the
K quantities

mk =
∑

n

xnk (2.30)

which represent the number of observations of xk = 1. These are called the sufficient
statistics for this distribution.Section 2.4

In order to find the maximum likelihood solution for µ, we need to maximize
ln p(D|µ) with respect to µk taking account of the constraint that the µk must sum
to one. This can be achieved using a Lagrange multiplier λ and maximizingAppendix E

K∑

k=1

mk lnµk + λ

(
K∑

k=1

µk − 1

)
. (2.31)

Setting the derivative of (2.31) with respect to µk to zero, we obtain

µk = −mk/λ. (2.32)
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We can solve for the Lagrange multiplier λ by substituting (2.32) into the constraint∑
k µk = 1 to give λ = −N . Thus we obtain the maximum likelihood solution in

the form
µML

k =
mk

N
(2.33)

which is the fraction of the N observations for which xk = 1 .
We can consider the joint distribution of the quantities m1, . . . , mK , conditioned

on the parameters µ and on the total number N of observations. From (2.29) this
takes the form

Mult(m1, m2, . . . , mK |µ, N) =
(

N

m1m2 . . . mK

) K∏

k=1

µmk
k (2.34)

which is known as the multinomial distribution. The normalization coefficient is the
number of ways of partitioning N objects into K groups of size m1, . . . , mK and is
given by (

N

m1m2 . . . mK

)
=

N !
m1!m2! . . . mK !

. (2.35)

Note that the variables mk are subject to the constraint

K∑

k=1

mk = N. (2.36)

2.2.1 The Dirichlet distribution
We now introduce a family of prior distributions for the parameters {µk} of

the multinomial distribution (2.34). By inspection of the form of the multinomial
distribution, we see that the conjugate prior is given by

p(µ|α) ∝
K∏

k=1

µαk−1
k (2.37)

where 0 ! µk ! 1 and
∑

k µk = 1 . Here α1, . . . , αK are the parameters of the
distribution, and α denotes (α1, . . . , αK)T. Note that, because of the summation
constraint, the distribution over the space of the {µk} is confined to a simplex of
dimensionality K − 1 , as illustrated for K = 3 in Figure 2.4.

The normalized form for this distribution is byExercise 2.9

Dir(µ|α) =
Γ(α0)

Γ(α1) · · ·Γ(αK)

K∏

k=1

µαk−1
k (2.38)

which is called the Dirichlet distribution. Here Γ(x) is the gamma function defined
by (1.141) while

α0 =
K∑

k=1

αk. (2.39)
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0. So, for instance if we have a variable that can take K = 6states and a particular
observation of the variable happens to correspond to the state where x3 = 1, then x
will be represented by

x = (0, 0, 1, 0, 0, 0)T. (2.25)

Note that such vectors satisfy
∑K

k=1 xk = 1. If we denote the probability of xk = 1
by the parameter µk, then the distribution of x is given

p(x|µ) =
K∏

k=1

µxk
k (2.26)

where µ = (µ1, . . . , µK)T, and the parameters µk are constrained to satisfy µk ! 0
and

∑
k µk = 1, because they represent probabilities. The distribution (2.26) can be

regarded as a generalization of the Bernoulli distribution to more than two outcomes.
It is easily seen that the distribution is normalized

∑

x

p(x|µ) =
K∑

k=1

µk = 1 (2.27)

and that
E[x|µ] =

∑

x

p(x|µ)x = (µ1, . . . , µM )T = µ. (2.28)

Now consider a data set D of N independent observations x1, . . . ,xN . The
corresponding likelihood function takes the form

p(D|µ) =
N∏

n=1

K∏

k=1

µxnk
k =

K∏

k=1

µ
(P

n xnk)
k =

K∏

k=1

µmk
k . (2.29)

We see that the likelihood function depends on the N data points only through the
K quantities

mk =
∑

n

xnk (2.30)

which represent the number of observations of xk = 1. These are called the sufficient
statistics for this distribution.Section 2.4

In order to find the maximum likelihood solution for µ, we need to maximize
ln p(D|µ) with respect to µk taking account of the constraint that the µk must sum
to one. This can be achieved using a Lagrange multiplier λ and maximizingAppendix E

K∑

k=1

mk lnµk + λ

(
K∑

k=1

µk − 1

)
. (2.31)

Setting the derivative of (2.31) with respect to µk to zero, we obtain

µk = −mk/λ. (2.32)
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We can solve for the Lagrange multiplier λ by substituting (2.32) into the constraint∑
k µk = 1 to give λ = −N . Thus we obtain the maximum likelihood solution in

the form
µML

k =
mk

N
(2.33)

which is the fraction of the N observations for which xk = 1 .
We can consider the joint distribution of the quantities m1, . . . , mK , conditioned

on the parameters µ and on the total number N of observations. From (2.29) this
takes the form

Mult(m1, m2, . . . , mK |µ, N) =
(

N

m1m2 . . . mK

) K∏

k=1

µmk
k (2.34)

which is known as the multinomial distribution. The normalization coefficient is the
number of ways of partitioning N objects into K groups of size m1, . . . , mK and is
given by (

N

m1m2 . . . mK

)
=

N !
m1!m2! . . . mK !

. (2.35)

Note that the variables mk are subject to the constraint

K∑

k=1

mk = N. (2.36)

2.2.1 The Dirichlet distribution
We now introduce a family of prior distributions for the parameters {µk} of

the multinomial distribution (2.34). By inspection of the form of the multinomial
distribution, we see that the conjugate prior is given by

p(µ|α) ∝
K∏

k=1

µαk−1
k (2.37)

where 0 ! µk ! 1 and
∑

k µk = 1 . Here α1, . . . , αK are the parameters of the
distribution, and α denotes (α1, . . . , αK)T. Note that, because of the summation
constraint, the distribution over the space of the {µk} is confined to a simplex of
dimensionality K − 1 , as illustrated for K = 3 in Figure 2.4.

The normalized form for this distribution is byExercise 2.9

Dir(µ|α) =
Γ(α0)

Γ(α1) · · ·Γ(αK)

K∏

k=1

µαk−1
k (2.38)

which is called the Dirichlet distribution. Here Γ(x) is the gamma function defined
by (1.141) while

α0 =
K∑

k=1

αk. (2.39)
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0. So, for instance if we have a variable that can take K = 6states and a particular
observation of the variable happens to correspond to the state where x3 = 1, then x
will be represented by

x = (0, 0, 1, 0, 0, 0)T. (2.25)

Note that such vectors satisfy
∑K

k=1 xk = 1. If we denote the probability of xk = 1
by the parameter µk, then the distribution of x is given

p(x|µ) =
K∏

k=1

µxk
k (2.26)

where µ = (µ1, . . . , µK)T, and the parameters µk are constrained to satisfy µk ! 0
and

∑
k µk = 1, because they represent probabilities. The distribution (2.26) can be

regarded as a generalization of the Bernoulli distribution to more than two outcomes.
It is easily seen that the distribution is normalized

∑

x

p(x|µ) =
K∑

k=1

µk = 1 (2.27)

and that
E[x|µ] =

∑

x

p(x|µ)x = (µ1, . . . , µM )T = µ. (2.28)

Now consider a data set D of N independent observations x1, . . . ,xN . The
corresponding likelihood function takes the form

p(D|µ) =
N∏

n=1

K∏

k=1

µxnk
k =

K∏

k=1

µ
(P

n xnk)
k =
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k=1

µmk
k . (2.29)

We see that the likelihood function depends on the N data points only through the
K quantities

mk =
∑

n

xnk (2.30)

which represent the number of observations of xk = 1. These are called the sufficient
statistics for this distribution.Section 2.4

In order to find the maximum likelihood solution for µ, we need to maximize
ln p(D|µ) with respect to µk taking account of the constraint that the µk must sum
to one. This can be achieved using a Lagrange multiplier λ and maximizingAppendix E

K∑

k=1

mk lnµk + λ

(
K∑

k=1

µk − 1

)
. (2.31)

Setting the derivative of (2.31) with respect to µk to zero, we obtain

µk = −mk/λ. (2.32)
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• Gamma prior is conjugate to Gaussian likelihood
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Figure 2.13 Plot of the gamma distribution Gam(λ|a, b) defined by (2.146) for various values of the parameters
a and b.

The corresponding conjugate prior should therefore be proportional to the product
of a power of λ and the exponential of a linear function of λ. This corresponds to
the gamma distribution which is defined by

Gam(λ|a, b) =
1

Γ(a)
baλa−1 exp(−bλ). (2.146)

Here Γ(a) is the gamma function that is defined by (1.141) and that ensures that
(2.146) is correctly normalized. The gamma distribution has a finite integral if a > 0,Exercise 2.41
and the distribution itself is finite if a ! 1. It is plotted, for various values of a and
b, in Figure 2.13. The mean and variance of the gamma distribution are given byExercise 2.42

E[λ] =
a

b
(2.147)

var[λ] =
a

b2
. (2.148)

Consider a prior distribution Gam(λ|a0, b0). If we multiply by the likelihood
function (2.145), then we obtain a posterior distribution

p(λ|X) ∝ λa0−1λN/2 exp

{
−b0λ − λ

2

N∑

n=1

(xn − µ)2
}

(2.149)

which we recognize as a gamma distribution of the form Gam(λ|aN , bN ) where

aN = a0 +
N

2
(2.150)

bN = b0 +
1
2

N∑

n=1

(xn − µ)2 = b0 +
N

2
σ2

ML (2.151)

where σ2
ML is the maximum likelihood estimator of the variance. Note that in (2.149)

there is no need to keep track of the normalization constants in the prior and the
likelihood function because, if required, the correct coefficient can be found at the
end using the normalized form (2.146) for the gamma distribution.
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Figure 2.13 Plot of the gamma distribution Gam(λ|a, b) defined by (2.146) for various values of the parameters
a and b.

The corresponding conjugate prior should therefore be proportional to the product
of a power of λ and the exponential of a linear function of λ. This corresponds to
the gamma distribution which is defined by

Gam(λ|a, b) =
1

Γ(a)
baλa−1 exp(−bλ). (2.146)

Here Γ(a) is the gamma function that is defined by (1.141) and that ensures that
(2.146) is correctly normalized. The gamma distribution has a finite integral if a > 0,Exercise 2.41
and the distribution itself is finite if a ! 1. It is plotted, for various values of a and
b, in Figure 2.13. The mean and variance of the gamma distribution are given byExercise 2.42

E[λ] =
a

b
(2.147)

var[λ] =
a

b2
. (2.148)

Consider a prior distribution Gam(λ|a0, b0). If we multiply by the likelihood
function (2.145), then we obtain a posterior distribution

p(λ|X) ∝ λa0−1λN/2 exp

{
−b0λ − λ

2

N∑

n=1

(xn − µ)2
}

(2.149)

which we recognize as a gamma distribution of the form Gam(λ|aN , bN ) where

aN = a0 +
N

2
(2.150)

bN = b0 +
1
2
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n=1

(xn − µ)2 = b0 +
N

2
σ2

ML (2.151)

where σ2
ML is the maximum likelihood estimator of the variance. Note that in (2.149)

there is no need to keep track of the normalization constants in the prior and the
likelihood function because, if required, the correct coefficient can be found at the
end using the normalized form (2.146) for the gamma distribution.
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100 2. PROBABILITY DISTRIBUTIONS
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Figure 2.13 Plot of the gamma distribution Gam(λ|a, b) defined by (2.146) for various values of the parameters
a and b.

The corresponding conjugate prior should therefore be proportional to the product
of a power of λ and the exponential of a linear function of λ. This corresponds to
the gamma distribution which is defined by

Gam(λ|a, b) =
1

Γ(a)
baλa−1 exp(−bλ). (2.146)

Here Γ(a) is the gamma function that is defined by (1.141) and that ensures that
(2.146) is correctly normalized. The gamma distribution has a finite integral if a > 0,Exercise 2.41
and the distribution itself is finite if a ! 1. It is plotted, for various values of a and
b, in Figure 2.13. The mean and variance of the gamma distribution are given byExercise 2.42

E[λ] =
a

b
(2.147)

var[λ] =
a

b2
. (2.148)

Consider a prior distribution Gam(λ|a0, b0). If we multiply by the likelihood
function (2.145), then we obtain a posterior distribution

p(λ|X) ∝ λa0−1λN/2 exp

{
−b0λ − λ

2

N∑

n=1

(xn − µ)2
}

(2.149)

which we recognize as a gamma distribution of the form Gam(λ|aN , bN ) where

aN = a0 +
N

2
(2.150)

bN = b0 +
1
2

N∑

n=1

(xn − µ)2 = b0 +
N

2
σ2

ML (2.151)

where σ2
ML is the maximum likelihood estimator of the variance. Note that in (2.149)

there is no need to keep track of the normalization constants in the prior and the
likelihood function because, if required, the correct coefficient can be found at the
end using the normalized form (2.146) for the gamma distribution.
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Commonly used examples

• Wishart prior is conjugate to multivariate Gaussian 
likelihood
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Criticisms about conjugate priors

• There are criticisms about the conjugate priors. 
People question that they are constructed just for 
computational convenience. Are they really 
appropriate? Are there any more appropriate priors, 
which, however, are difficult to compute the 
posterior? 

25



Exponential family

• A family of distributions that play the central role in
approximate Bayesian inference
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Exponential family

• A family of distributions that play the central role in
approximate Bayesian inference
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Any non-negative function that ensures a finite integral over the support;
Usually simply takes constant 1



Exponential family

• A family of distributions that play the central role in
approximate Bayesian inference
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Exponential family

• A family of distributions that play the central role in
approximate Bayesian inference
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Natural parameters: the parameters that determine the distribution



Exponential family

• A family of distributions that play the central role in
approximate Bayesian inference
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Exponential family

• A family of distributions that play the central role in
approximate Bayesian inference
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Exponential family

• A family of distributions that play the central role in
approximate Bayesian inference
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Log normalizer/partition function



Exponential family - example

• Many distributions belong to the exponential family
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which we can solve for µ to give µ = σ(η), where

σ(η) =
1

1 + exp(−η)
(2.199)

is called the logistic sigmoid function. Thus we can write the Bernoulli distribution
using the standard representation (2.194) in the form

p(x|η) = σ(−η) exp(ηx) (2.200)

where we have used 1 − σ(η) = σ(−η), which is easily proved from (2.199). Com-
parison with (2.194) shows that

u(x) = x (2.201)
h(x) = 1 (2.202)
g(η) = σ(−η). (2.203)

Next consider the multinomial distribution that, for a single observation x, takes
the form

p(x|µ) =
M∏

k=1

µxk
k = exp

{
M∑

k=1

xk ln µk

}
(2.204)

where x = (x1, . . . , xN )T. Again, we can write this in the standard representation
(2.194) so that

p(x|η) = exp(ηTx) (2.205)

where ηk = lnµk, and we have defined η = (η1, . . . , ηM )T. Again, comparing with
(2.194) we have

u(x) = x (2.206)
h(x) = 1 (2.207)
g(η) = 1. (2.208)

Note that the parameters ηk are not independent because the parameters µk are sub-
ject to the constraint

M∑

k=1

µk = 1 (2.209)

so that, given any M − 1 of the parameters µk, the value of the remaining parameter
is fixed. In some circumstances, it will be convenient to remove this constraint by
expressing the distribution in terms of only M − 1 parameters. This can be achieved
by using the relationship (2.209) to eliminate µM by expressing it in terms of the
remaining {µk} where k = 1, . . . , M − 1, thereby leaving M − 1 parameters. Note
that these remaining parameters are still subject to the constraints

0 ! µk ! 1,
M−1∑

k=1

µk ! 1. (2.210)
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where X = {x1, . . . ,xN}. We immediately see that the situation is now much
more complex than with a single Gaussian, due to the presence of the summation
over k inside the logarithm. As a result, the maximum likelihood solution for the
parameters no longer has a closed-form analytical solution. One approach to maxi-
mizing the likelihood function is to use iterative numerical optimization techniques
(Fletcher, 1987; Nocedal and Wright, 1999; Bishop and Nabney, 2008). Alterna-
tively we can employ a powerful framework called expectation maximization, which
will be discussed at length in Chapter 9.

2.4. The Exponential Family

The probability distributions that we have studied so far in this chapter (with the
exception of the Gaussian mixture) are specific examples of a broad class of distri-
butions called the exponential family (Duda and Hart, 1973; Bernardo and Smith,
1994). Members of the exponential family have many important properties in com-
mon, and it is illuminating to discuss these properties in some generality.

The exponential family of distributions over x, given parameters η, is defined to
be the set of distributions of the form

p(x|η) = h(x)g(η) exp
{
ηTu(x)

}
(2.194)

where x may be scalar or vector, and may be discrete or continuous. Here η are
called the natural parameters of the distribution, and u(x) is some function of x.
The function g(η) can be interpreted as the coefficient that ensures that the distribu-
tion is normalized and therefore satisfies

g(η)
∫

h(x) exp
{
ηTu(x)

}
dx = 1 (2.195)

where the integration is replaced by summation if x is a discrete variable.
We begin by taking some examples of the distributions introduced earlier in

the chapter and showing that they are indeed members of the exponential family.
Consider first the Bernoulli distribution

p(x|µ) = Bern(x|µ) = µx(1 − µ)1−x. (2.196)

Expressing the right-hand side as the exponential of the logarithm, we have

p(x|µ) = exp {x lnµ + (1 − x) ln(1 − µ)}

= (1 − µ) exp
{

ln
(

µ

1 − µ

)
x

}
. (2.197)

Comparison with (2.194) allows us to identify

η = ln
(

µ

1 − µ

)
(2.198)
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where X = {x1, . . . ,xN}. We immediately see that the situation is now much
more complex than with a single Gaussian, due to the presence of the summation
over k inside the logarithm. As a result, the maximum likelihood solution for the
parameters no longer has a closed-form analytical solution. One approach to maxi-
mizing the likelihood function is to use iterative numerical optimization techniques
(Fletcher, 1987; Nocedal and Wright, 1999; Bishop and Nabney, 2008). Alterna-
tively we can employ a powerful framework called expectation maximization, which
will be discussed at length in Chapter 9.

2.4. The Exponential Family

The probability distributions that we have studied so far in this chapter (with the
exception of the Gaussian mixture) are specific examples of a broad class of distri-
butions called the exponential family (Duda and Hart, 1973; Bernardo and Smith,
1994). Members of the exponential family have many important properties in com-
mon, and it is illuminating to discuss these properties in some generality.

The exponential family of distributions over x, given parameters η, is defined to
be the set of distributions of the form

p(x|η) = h(x)g(η) exp
{
ηTu(x)

}
(2.194)

where x may be scalar or vector, and may be discrete or continuous. Here η are
called the natural parameters of the distribution, and u(x) is some function of x.
The function g(η) can be interpreted as the coefficient that ensures that the distribu-
tion is normalized and therefore satisfies

g(η)
∫

h(x) exp
{
ηTu(x)

}
dx = 1 (2.195)

where the integration is replaced by summation if x is a discrete variable.
We begin by taking some examples of the distributions introduced earlier in

the chapter and showing that they are indeed members of the exponential family.
Consider first the Bernoulli distribution

p(x|µ) = Bern(x|µ) = µx(1 − µ)1−x. (2.196)

Expressing the right-hand side as the exponential of the logarithm, we have

p(x|µ) = exp {x lnµ + (1 − x) ln(1 − µ)}

= (1 − µ) exp
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Comparison with (2.194) allows us to identify

η = ln
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Matrix forms does not matter, because the trace operator is equivalent to 
the inner product after vectorization
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Exponential family: spoiler

• We can see the mapping between the (commonly
used) expectation parameters and the natural
parameters.

49

• There is an insightful connection between the two
types of parameters in terms of fisher information
matrix
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• This connection exhibits the essence of mean-field
variational inference and stochastic variational
inference.
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Exponential family – important property
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is the expectation of the sufficient  
statistics!

We will review this property when we study the approximate inference
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Leave it as your exercise
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What you need to know

• What are conjugate priors?
• What is the motivation of conjugate priors?
• What are the conjugate priors to commonly used 

likelihoods?
• Definition of the exponential family
• How to turn the existing distribution into the 

standard form of the exponential family
• Properties of the exponential family
• General conjugate priors to the exponential family 

64


