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A
sim
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graphical

notation
for

conditional
independence

asser-
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and

hence
for

com
pactspecification

offulljointdistributions

S
yntax:

R
andom

V
ariables:

a
setofnodes,one

per
variable

Topology:
a

directed,acyclic
graph

(link

�

“directly
influences”)

P
robabilities:

a
conditional

distribution
for

each
node

given
its

parents:P

��
� ��
�
���
����
� ��

In
the

sim
plestcase,conditionaldistribution

represented
as

a
conditionalprobability

table
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P
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)
giving

the
distribution
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�
� for

each
com

bination
ofparentvalues
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�
���
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I’m
at

w
ork,

neighbor
John

calls
to

say
m

y
alarm

is
ringing,

but
neighbor

M
ary

doesn’t
call.

S
om

etim
es

it’s
set

off
by

m
inor

earth-
quakes.

Is
there

a
burglar?

V
ariables:

�
�
��
��
�,
�
�
��

��
�
�
�,

�
��
��

,

�
�

�
�
�
���,

�
�
��
�
�
���

N
etw

ork
topology

reflects
“causal”

know
ledge:

–
A

burglar
can

setthe
alarm

off
–

A
n

earthquake
can

setthe
alarm

off
–

T
he

alarm
can

cause
M

ary
to

call
–

T
he

alarm
can

cause
John

to
call

A
IM

A
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C
hapter
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excluded)
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BTTFF

ETFTF

P
(A

)

.95

.29
.001

.001

P
(B
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.002

P
(E

)

A
larm

E
arthquake

M
aryC

alls
JohnC

alls

B
urglary

A
P

(J)

TF
.90
.05

A
P

(M
)

TF
.70
.01

.94A
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2e

C
hapter
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A
C

P
T

forB
oolean

�
� w

ith

�

B
oolean

parents
has

B
E

J

A

M

�
�

row
s

for
the

com
binations

ofparentvalues

E
ach

row
requires

one
num

ber

�

for

�
� �
���
�

(the
num

ber
for

�
� �
�
�
���

is
just

�
�
�)

Ifeach
variable

has
no

m
ore

than

�

parents,
the

com
plete

netw
ork

requires
 
��
��
��

num
bers

I.e.,grow
s

linearly
w

ith

�

,vs.

 
��
��

for
the

fulljointdistribution

F
or

burglary
net,

�
�
�
�
�
�
�
�
�
�
�	

num
bers

(vs.

�
�
�
�
�

�)

A
IM
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2e

C
hapter

14.1–5
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e
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G
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defines

the
fulljointdistribution
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J

A

M

as
the

productofthe
localconditionaldistributions:

P

��
� �!!!��
� �
�
�
��

�
� P

��
� ��
�
���
����
� ��

e.g.,

�
�"
�
�
�
�
�
�
#
�
�
��

�
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IM
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C
hapter

14.1–5
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productofthe
localconditionaldistributions:

P
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� �
�
�
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�
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�
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� ��

e.g.,

�
�"
�
�
�
�
�
�
#
�
�
��

�
�
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��
#��
���
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#��
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A
IM
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hapter

14.1–5
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Localsem
antics:

each
node

is
conditionally

independent
ofits

nondescendants
given

its
parents

. . .

. . .
U

1

X

U
m

Y
n

Z
nj

Y
1

Z
1j

T
heorem

:
Localsem

antics

	

globalsem
anticsA

IM
A

2e
C

hapter
14.1–5

(som
e

topics
excluded)
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E
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node
is

conditionally
independentofallothers

given
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M
arkov
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+
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+
children’s

parents

. . .
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1

X
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Y
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nj
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1

Z
1j

A
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N
eed

a
m

ethod
such

thata
series

oflocally
testable

assertions
of

conditionalindependence
guarantees

the
required

globalsem
antics

1.
C

hoose
an

ordering
ofvariables

�
� �!!!��
�

2.
F

or

�

=
1

to

�

add

�
� to

the
netw

ork
selectparents

from

�
� �!!!��
�
�

�

such
that

P

��
� ��
�
���
����
� ��
�

P
��
� ��
� �
!!!�
�
�
�

� �

T
his

choice
ofparents

guarantees
the

globalsem
antics:

P

��
� �!!!��
� �
�
�
��

�
� P

��
� ��
� �
!!!�
�
�
�

� �

(chain
rule)

�
�
��

�
� P

��
� ��
�
���
����
� ��

(by
construction)
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w
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,

�
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�

,

�
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aryC
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JohnC
alls
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w
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w
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S
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w
e
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ordering
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,
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,

�

,
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,

�
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aryC
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A
larm

B
urglary

E
arthquake

JohnC
alls

�
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�
�
�
��
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N
o

�
��
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��
�
�
�
��
��
�?

�
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�
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N
o

�
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�
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�
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N
o

�
��
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��
��
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�
�
�
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�?

�
��
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w
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urglary
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M
aryC

alls

A
larm

B
urglary

E
arthquake

JohnC
alls

D
eciding

conditionalindependence
is

hard
in

noncausaldirections

(C
ausalm

odels
and

conditionalindependence
seem

hardw
ired

for
hum

ans!)

A
ssessing

conditionalprobabilities
is

hard
in

noncausaldirections

A
IM

A
2e

C
hapter

14.1–5
(som

e
topics

excluded)
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etw
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less
com
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�
�
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�
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�
�
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bers

needed
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Initialevidence:
car

w
on’tstart

Testable
variables

(green),“broken,so
fix

it”
variables

(orange)
H

idden
variables

(gray)ensure
sparse

structure,reduce
param

eters

lights

no oil
no gas

starter
broken

battery age
alternator
  broken

fanbelt
broken

battery
  dead

no charging

battery
    flat

gas gauge

fuel line
blocked

oil light

battery
 m

eter

car w
o

n
’t

    start
dipstick

A
IM

A
2e

C
hapter

14.1–5
(som

e
topics

excluded)
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SocioE
con

A
ge

G
oodStudent

E
xtraC

ar
M

ileage

V
ehicleY

ear
R

iskA
version

SeniorT
rain

D
rivingSkill

M
akeM

odel

D
rivingH

ist

D
rivQ

uality
A

ntilock

A
irbag

C
arV

alue
H

om
eB

ase
A

ntiT
heft

T
heft

O
w

nD
am

age

P
ropertyC

ost
L

iabilityC
ost

M
edicalC

ost

C
ushioning

R
uggedness

A
ccident

O
therC

ost
O

w
nC

ost
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C
P

T
grow

s
exponentially

w
ith

no.ofparents
C

P
T

becom
es

infinite
w

ith
continuous-valued

parentor
child

S
olution:

canonicaldistributions
thatare

defined
com

pactly

D
eterm

inistic
nodes

are
the

sim
plestcase:

�
�
�
��
�
���
����
��

for
som

e
function

�

E
.g.,B

oolean
functions

$
���

�
�
���
�
�
	

�
�
�
�
%
��
�


&
'


�
�(
�
�
�

E
.g.,num

ericalrelationships
am

ong
continuous

variables

)
*
��
��

)
�

�

inflow
+

precipitation
-

outflow
-

evaporation

A
IM

A
2e

C
hapter

14.1–5
(som

e
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excluded)
23



�


�
�
	
�
�
�


�
�
���

�
	
�
�
��
��
��
�
��

�
�
�


�
��
�

N
oisy-O

R
distributions

m
odelm

ultiple
noninteracting

causes
1)

P
arents

&
�
!!!&
�

include
allcauses

(can
add

leak
node)

2)
Independentfailure

probability

�
� for

each
cause

alone

�

�
��
�&
�
!!!&
� ��
&
�
�
�
!!!�
&
� �
�
�
�
�
��

�
� �
�

�
��%

+
��

�
�
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+
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F
F

F
0.0

�!	

F
F

T
	!�

0.1
F

T
F
	!�

0.2
F

T
T

	!��

	!	�
�
	!�
�
	!�

T
F

F

	!�

0.6
T

F
T

	!��

	!	

�
	!

�
	!�

T
T

F

	!��

	!��
�
	!

�
	!�

T
T

T

	!���

	!	��
�
	!

�
	!�
�
	!�

N
um

ber
ofparam

eters
linear

in
num

ber
ofparents

A
IM

A
2e

C
hapter

14.1–5
(som

e
topics

excluded)
24



�


�
���
�


�
�
�


�
�
�

N
etw

orks
m

ay
have

discrete
R

V
s,

continuous
R

V
s,

or
a

m
ix

of
the

tw
o.

A
llcontinuous

(e.g.,conditionalG
aussian).

Lineardynam
ic

sysyem
s

(K
alm

an
filter).

D
iscrete

parents,
continuous

children
(e.g.,

conditionalG
aussian).

G
aussian

m
ixture

m
odels.

C
ontinuous

parents,
discrete

children
(e.g.,

probit
and

logit
func-

tions).
D

ifficultto
dealw

ith.

A
IM

A
2e

C
hapter

14.1–5
(som

e
topics
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S
im

ple
queries:

com
pute

posterior
m

arginalP

��
� �E

�

e�

e.g.,

�
�$
�,
�
��,
�
�
�
�
�
��
���
�*
��


��
�
��
�'
��
���
�
�
�
����

C
onjunctive

queries:
P

��
� ��
� �E

�

e�
�

P

��
� �E

�

e�P

��
� ��
� �E

�

e�

O
ptim

aldecisions:
decision

netw
orks

include
utility

inform
ation;

probabilistic
inference

required
for

�
���
�
��
���

����
���
�%
��

��

V
alue

ofinform
ation:

w
hich

evidence
to

seek
next?

S
ensitivity

analysis:
w

hich
probability

values
are

m
ostcritical?

E
xplanation:

w
hy

do
Ineed

a
new

starter
m

otor?A
IM

A
2e

C
hapter

14.1–5
(som

e
topics

excluded)
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S
lightly

intelligent
w

ay
to

sum
out

variables
from

the
joint

w
ithout

actually
constructing

its
explicitrepresentation

S
im

ple
query

on
the

burglary
netw

ork:
B

E

J

A

M

P

��
�"��
�

�

P

��
�"��
�-�
�"��
�

�
.

P

��
�"��
�

�
.
�
� �
� P

��
����
�"��
�

R
ew

rite
fulljointentries

using
productofC

P
T

entries:
P

��
�"��
�

�
.
�
� �
� P

��
��
���P

��
��
����
�"��
��
��
��
�

�
.

P

��
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� �
����
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�

R
ecursive

depth-firstenum
eration:
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�

space,
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��

tim
e
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function
E

N
U

M
E

R
A

T
IO

N
-A

S
K(X

,e,bn)
returns

a
distribution

over
X

inputs:
X

,
the

query
variable

e,observed
values

for
variables

E
bn,a

B
ayesian

netw
ork

w
ith

variables

�
�
�
�

E

�

Y

Q

��
�
�

a
distribution

over
X

,initially
em

pty
for

each
value

�
� ofX

do
extend

e
w

ith
value

�
� for

X
Q

��
� �
�

E
N

U
M

E
R

A
T

E-A
L

L(V
A

R
S[bn],e)

return
N

O
R

M
A

L
IZ

E(Q

��
�)

function
E

N
U

M
E

R
A

T
E-A

L
L(vars,e)

returns
a

realnum
ber

if
E

M
P

T
Y

?(vars)
then

return
1.0

Y

�

F
IR

S
T(vars)

if
Y

has
value

y
in

e
then

return

�
��
�
�
�
��
��
�

E
N

U
M

E
R

A
T

E-A
L

L(R
E

S
T(vars),e)

else
return

�
�

�
��
�
�
�
��
��
�

E
N

U
M

E
R

A
T

E-A
L

L(R
E

S
T(vars),e

� )
w
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e

�
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e

extended
w

ith

�
�
�
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IM
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E
num

eration
is

inefficient:
repeated

com
putation

e.g.,com
putes

�
�"��
��
��
��
�

for
each

value
of

�

P
(j|a)

.90

P
(m

|a)
.70

.01
P

(m
|    a)

.05
P

(j|    a)
P

(j|a)
.90

P
(m

|a)
.70

.01
P

(m
|    a)

.05
P

(j|    a)

P
(b)

.001

P
(e)

.002
P

(   e)
.998

P
(a|b,e)

.95
.06
P

(   a|b,   e)
.05
P

(   a|b,e)
.94
P

(a|b,   e)

A
IM
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storing

interm
ediate

results
(factors)

to
avoid

recom
putation

P

��
�"��
�

�
.

P

��
�

�
��
�

�

�
�
�
���

�
��
�

�

�
� P

��
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�
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