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✓

Beta%Process%HMM%[Fox%et%al.%NIPS%‘09]%
! !Generates!collec%ons!of!sequen-al!data!

⌘i seq.%i’s%HMM%transi=on%weights%

Global%set%of%behaviors%(features)%

Each%sequence%uses%a%sparse%subset%of%behaviors%
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BETA%
PROCESS%

=me%series%%
i%=%1…%N%

features%
k%=%1,2,…%%

fi seq.%i’s%binary%feature%assignment%

zit ac=ve%feature%at%=me%t%in%seq.%i!

xit observed%data%at%=me%t%in%seq.%i!

Exis%ng(MCMC(inference(slow(to(mix(
!  Requires(long(%me(to(make(big(changes(

! Each(update(touches(small(subset(of(variables(
!  Rarely(creates(new(features(

! Proposals(from(vague(prior(poorly@matched(to(data!

!  Split&Merge+(SM)+move(
!  Change(many(feature(assignments(at(once(

!  Data&Driven+(DD)+birth/death(move(
!  Propose(new(features(consistent(with(observed(data(

Significantly!improves!mixing.!!
Scales!to!100+!sequences.!

Problem+

Contribu8ons+

Data$Driven*Birth/Death*
Add#or#delete#unique#feature#to#one*sequence*
#####Reversible#jump#proposal#for#F,�!!(z#marginalized#out)!

✓⇤k⇤ ⇠ p(✓)
Propose*from*prior*[Fox#et#al.#NIPS#2009]!

Data$driven*proposal*
•  select#random#window#W#of#sequence#
•  proposal:#mixture#of#prior#and#posterior#over#W##
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death*

✓ ✓⇤
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Using#mixture#ensures#good#death#move#acceptance#rate#

Efficiently!adds!new!behaviors!informed!by!the!data!

Toy$Experiments$
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Discovered%emission%parameters%✓
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Example%toy%sequences% Star;ng%at%poor%ini;aliza;on%of%one%feature,%
%%%%%%%%%can%MCMC%recover%all%8%true%features?%

SM#and#DD#moves#find#essen.al#features#
Prior#methods#stuck#in#bad#local#op.ma##

5#dim.#Gaussian#obs.#(1st#&#2nd#shown)#

Ballet Walk Squat Sword Lambada

Dribble Basketball Box Climb Bollywood Dance Tai Chi

Example(discovered(behaviors(on(larger(124(sequence(dataset(

Previous)work)stuck)with)split)behaviors)even)with)clever)ini4aliza4on.)
New)MCMC)finds)be<er)segmenta4on)star4ng)with)just)one)feature.)

Mo#on%Capture%
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SM+DD from one
SM+DD from unique5
Prior from unique5

Segmenta;ons(of(true(jogging(fragments.(

SM+DD(finds(dominant(single(behavior.((

Prior(unable(to(merge(due(to(local(moves.((

A
B
C

−6 −4
−2 0

2
−2 0 2 4 6

5

10

15

20

25

xz

y

−4 −2
0 2 4

−4
−2 0

2 4

5

10

15

20

25

30

xz

y

−6 −4
−2 0

2
−4
−2 0 2 4

5

10

15

20

25

30

xz

y

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

42 47 52 57 62 67 72 77 82

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

165 170 175 180 185

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 1 1 1 1

145 150 155 160 165

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

42 47 52 57 62 67 72 77 82

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

165 170 175 180 185

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 1 1 1

145 150 155 160 165

14 14 14 14 14 14 14 14 2 2 2 2 2 2 2 2 2 2 2 2 2

42 47 52 57 62 67 72 77 82

21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21

165 170 175 180 185

25 2 2 26 25 25 25 25 25 2 2 2 25 25 25 1 1 1 1 1 1

145 150 155 160 165

Subj.(1( Subj.(5( Subj.(6(

6(subjects(performing(12(exercises((7(shared,(5(unique).(

Data:%12(joint(angle(sensors.(((((Model:(1stKorder(autoKregressive.(
Goal:(Compare(BPKHMM(segmenta;on(to(human(annota;on.((

A:(SM+DD,(init=1(feature(

B:(SM+DD,(init=5(unique(/(seq.(

C:(Prior(RJ,(init=5(unique(/(seq.(

Kitchen(Video(
126$subjects$prepare$5$recipes$in$common$kitchen.(Model:$Mul:nomial.$
Data:(Bag$of$visual$words$(mo:on$+$appearance),$at$1$second$intervals.$
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Usage&Over&Time&for&8&Select&Behaviors&

Example&Key&Frames:&

Light(
Switch(

Open(
Fridge(

Grate(
Cheese(

S<r(
Bowl(1(

Each$row$shows$
behaviors$used$
throughout$one$
video$at$final$
MCMC$itera:on.$
$
Unsupervised.$
Recipe$labels$not$
given$as$input.$
$
Not$shown:$
Sandwich$videos.$

Split&Merge+ Split+Proposal+Details+

Select&features&
& merge+split+F

F ⇤
km 

ka kb 

se
qu
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ce
s' For&each&seq.&n&in&S:&

!  fn*&can&own&ka,&kb,&or&both&
!  zn*&block&sampled&given&fn*&
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Split&

Merge&
For&each&seq.&n&in&S:&
!  fn&must&own&km&
!  zn&block&sampled&given&fn&

Both'moves'do'not'change'
sequences'not'in'ac4ve'set'S&

z 
z* 

4me'

Features'available'in'fn'
can'appear'anywhere'in'zn'

? ?

1)&IniAalize&

2)&SequenAally&allocate&nonEanchors&

MH&Acceptance&RaAo&
&
&
&
&
&
&
&

⇢split =
p(x, z⇤,F ⇤)

p(x, z,F )

qmerge(F , z | x,F ⇤, z⇤, ka, kb)

qsplit(F
⇤, z⇤ | x,F , z, km)

qk(ka, kb | x,F ⇤, z⇤, i, j)

qk(km, km | x,F , z, i, j)

SPLIT&proposal&
&F ⇤, z⇤ ⇠ qsplit(·|ki)

MERGE&proposal&
&F ⇤, z⇤ ⇠ qmerge(·|ki, kj)

ki = kj
?
YES&

NO&

Select&anchors 
&i, j⇠ Unif(sequences)

for'split'proposal'

Yields'exact'posterior'samples'with'big'changes'to'feature'assignments''
'''''via'reversible'Metropolis?Has4ngs'proposal'moves.'

S&

S&Must'sa4sfy'

Joint'probability' Proposal'construc4on' Feature'selec4on'

HMM'params''''''''''collapsed'away'''

Inspired'by'sequen4al'alloca4on'[Dahl&‘05]'
''''builds'good'proposals'in'one'scan'of'data'
Proposed'F*,z*'collapses'away'HMM'params.'
''''non?random'auxiliary'''''''''allow'sampling'via'dyn.'prog.'✓̂, ⌘̂

3)&Allocate&anchors&

fn fn,[ka kb] ⇠

8
><

>:

Sprev& IBP+prior+given+previous+alloca9ons+

HMM+marg.+likelihood+
/ p(fn,[ka kb]|FSprev,[ka kb])

✓̂  E [✓ | x, z,�]
⌘̂`  E [⌘` | ↵,] , ` 2 S

TransiAons&&&&&&&set&to&prior&mean&
Emissions&&&&&&set&to&posterior&mean&

fi 
fj 

fi 
fj 

fi fn,[ka kb] ⇠

8
><

>:
fj fn,[ka kb] ⇠

8
><

>:

zn ⇠ p(zn|xn, fn, ✓̂, ⌘̂n)
Backward+Filter,+Forward+Sample+
++++++++via+dynamic+programming+

To&ensure&reversibility&via&a&merge,&
''''''i&must&own&ka      j'must&own&kb 

✓̂
⌘̂

This&does&not&require&that&
ka&appears&in&zi&&or&kb&appears&in&zj&

ka kb 

ki, kj ⇠ qk(·|fi, fj)


