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Our Research Interests

How to build adaptive, How the brain realizes
autonomous systems robust, flexible adaptation

1 robot experiments 1 neurobiology




Learning tO Wal k (Doya & Nakano, 1985)

Action: cycle of 4 postures

Reward: speed sensor output

N
A

8 | K‘?
Problem: a Ioﬁg jum|5 followed by a fall
Need for long-term evaluation of action
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Reinforcement Learning

reward r

action a,

state s

DLearn action policy: s — a to maximize rewards
HValue function: expected future rewards
o V(s(t)) = E[ r(t) + yr(t+1) + y2r(t+2) + v3r(t+3) +...]
0<y<1: discount factor yV(s(t+1)
OTemporal difference (TD) error:
o 8(t) = r(t) + yV(s(t+1)) - V(s(1))

é i‘% O] S | OKINAWA INSTITUTE OF SCIENCE AND TECHNOLOGY GRADUATE UNIVERSITY



Grid World

Example:

“'Reward field

Value function
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Cart-Pole Swmg Up

OReward: height of pole
I Punishment: collision
Value in 4D state space
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Learning to Stand UpP orimoto & boya, 2000)

[State: joint/head angles, angular velocity
Action: torques to motors
Reward: head height - tumble
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Learning to Survive and Reproduce

HCatch battery packs HCopy ‘genes’ by IR ports
osurvival oreproduction, evolution




Markov Decision Process (MDP)

reward r

HMarkov decision process
Ostates e S
o actionac€ A

o policy p(als)
o reward r(s,a) state s

action a

o dynamics p(s’|s,a)
HOptimal policy: maximize cumulative reward
o finite horizon: E[ r(1) + r(2) + r(3) + ... + r(T)]
o infinite horizon: E[ r(1) + yr(2) + v2r(3) + ... ]
0<y<1: temporal discount factor

o average reward: E[ r(1) + r(2) + ... + r(T)]/T, T—wx
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Solving MDPs

Dynamic Programming Reinforcement Learning
p(s’ls,a) and r(s,a) are known p(s’ls,a) and r(s,a) are unknown
1 Solve Bellman equation I Learn from actual experience
V(s) = max, E[ r(s,a) + yV(s')] {s,a,r,s,a,r,...}
V(s): value function 1 Monte Carlo
expected reward from state s 1 SARSA
1 Apply optimal policy I Q-learning
a = argmax, E[ r(s,a) + yV*(s’)] [ Actor-Critic
1 Value iteration 1 Policy gradient
1 Policy iteration 1 Model-based

learn p(s’|s,a), r(s,a) and do DP
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Actor-Critic and TD learning

Actor: parameterized policy: P(als; w)
Critic: learn value function
V(s(t)) = E[ r(t) + yr(t+1) + y2r(t+2) +...]
in a table or a neural network
emporal Difference (TD) error:
O(t) = r(t) + v V(s(t+1)) - V(s(1))
Update
» Critic: AV(s(t)) = a 8(t)
» Actor: Aw = a 4(t) aP(a(t)|s(t);w)/ow

... reinforce a(t) by 4(t)
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SARSA and Q Learning

Action value function

'Q(s,a) = E[ r(t) + yr(t+1) + v2r(t+2) ...| s(t)=s,a(t)=a]
Action selection

e-greedy: a = argmax, Q(s,a) with prob 1-¢

Boltzman: P(a;|s) = exp[BQ(s,a)] / Z;exp[pQ(s,a)]
SARSA: on-policy update

AQ(s(t),a(t)) = of r(t)+yQ(s(t+1),a(t+1))-Q(s(t),a(t))}
Q learning: off-policy update

AQ(s(t),a(t)) = afr(t)+ymax,Q(s(t+1),a’)-Q(s(t),a(t))}
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“Lose to Gain” Task

N states, 2 actions

+,
2 | T Ty T
: (s——(sf——(ss)—
T

if r, >> r, , then better take a,
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Reinforcement Learning

Predict reward: value function

> V(s) = E[ r(t) + yr(t+1) + v2r(t+2)...| s(t)=s]

> Q(s,a) = E[ r(t) + yr(t+1) + y2r(t+2)...| s(t)=s, a(t)=a]
Select action How to implement these steps?
> greedy. a = argmax Q(s,a)

» Boltzmann: P(als) « exp[ B Q(s,a)]

Update prediction: TD error

5 0(t) = r(t) + yV(s(t+1)) - V(s(t))

> AV(s(t)) = a 8(t) How to tune these parameters?

> AQ(s(t),a(t)) = a 8(t)
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Dopamine Neurons Code TD Error

o(t) =

medial

laterd

(Schultz et al. 1997)

r(t) + yV(s(t+1)) - V(s(t))

unpredicted A

No prediction
Reward occurs
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Basal Ganglia for Reinforcement Learning?
(Doya 2000, 2007)

st\ate I ajﬂ_

el
Cerebral cortex—[@df 6 Cﬂ\
state/action coding

| NN
Striatum = ~~1 ‘
[0 reward prediction 3
Pallidum V(s) (s,a)
o action selection A Y
Dopamine neurons —

TD signal
Thalamus

O[O0
{
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Monkey Free Choice Task

(Samejima et al., 2005)
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Action Value Coding in Striatum
(Samejima et al., 2005)

Different Q, and Same Qg Same Q, and Diffevent Qy,
vs 890.50 50-10 vs 50-90 D QL neuron

MHold on Go Modd on Go

N } :
. \‘ '/ L t :
\‘ . .
] » s
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Forced and Free Choice Task

Left Center Right

Makoto Ito
0.5-1s 1-2s
_ <«—><¢ >
poking Center

Pellet

Cue tone Reward prob. (L, R)
Left tone Fixed
(900Hz) (50%,0%)
Right tone Fixed
(6500HZz) (0%, 50%)
Varied
Free-choice tone (90%, 50%)
(White noise) (50%, 90%)
(50%, 10%)
(10%, 50%)
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Time Course of Choice

50-10  90-50 50-90 90-50 50-10 50-90 50-10

by b h VOO o e O B M

-l
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00 150 200 250 300 350 400 450 500 550

A
P(rla= OL9) P Trials | Left for tone A
| Right for tone A
0.5 P e Tone B
0.1 > P(rla=R)
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Generalized Q-learning Model
(Ito & Doya, 2009)

Action selection

P(a(t)=L) = expQ,(t)/(expQ (t)+expQx(t))
Action value update: ie{L,R}

Q(t+1) = (1-0,)Q,(t) + a4k, if a(t)=i, r(t)=1
(1-07)Q;(1) - ok, if a(t)=i, r(t)=0
(1-a,)Q;(t) if a(t)=i, r(t)=1
(1-a,)Q;(t) if a(t)=i, r(t)=0

Parameters
a4 learning rate
- a,: forgetting rate
K. reward reinforcement
K,: ho-reward aversion
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Model Fitting by Particle Filter

(90 50) (50 90) (50 10)

- Left, d
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Model Fitting

1st Markov model(4) 0_583
2nd Markov model(16) 0.520
3rd Markov model(64) [IGERY

4th Markov model(256) [INEP:

[ Generalized Q learning
standard Q (const)(2) 0.5274

o oy learning F-Q (const)(3) [IINEEIE
o o, forgetting DF-Q (const(4) [IIERIE]

_ local matching law(1) 0.5075
o K,: reinforcement

o KZ: averSiOn standard Q (vari.able)(2) 0_504
F-Q (variable)(2) 05375
o standard: o,=x,=0 DF-Q (variable)(2) YRR

o forgetting: k,=0 05 0505 051 0515 052 0525 053 0535 0.54

normalized likelihood
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Neural Activity in the Striatum

D Dorsolateral

O Dorsomedial

HOVentral
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Information of Action and Reward

Action (out of center hole) ~ Reward (into choice hole)

DL(122)
DM(56)

bit/sec

— » A A A . A » 1 ——
” - - M - 0

0 05

poking C ‘
. " -
poking L
poking R
pellet dish

A A A o - ) A A A A > | - At 2
-15 - ~05 0 05 1 15 2 -2 -15 -1 -05 0 05 1 15 2 sec
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Action value coded by a DLS neuron

DLS .
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State value coded by a VS neuron
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Hierarchy in Cortico-Striatal Network

— l HDorsolateral striatum - motor
| o early action coding

~ <4 o what action to take?

e ~ BDorsomedial striatum - frontal

o action value

| ©in what context?

" mVentral striatum - limbic

o state value

— © whether worth doing?

S (Voorn et al., 2004)
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Specialization by Learning Algorithms
(Doya, 1999)

6erebral Cortex: Unsupervised Learning

— input > output >j

\_
Cortex

Basal Ganglia: Reinforcement Learning

L— reward
input > output >

J
~

Basa

thalamus

.

Cerebellum: Supervised Learnin

target
+

! error
input > output >
N\ J
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Multiple Action Selection Schemes

Model-free

» a = argmax, Q(s,a)

Model-based

> a = argmax, [r+V(f(s,a))]
forward model: f(s,a)

Lookup table

> a=g(s)
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‘Grid Sailing’ Task Aian Fermin

Move a cursor to the goal ‘
© 100 points for shortest path

/i

o -5 points per excess steps
Keymap

> only 3 directions

i

o non-trivial path planning
Immediate or delayed start
2 4 to 6 sec for planning

o timeout in 6 sec

1

I

1

2 3
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Start-Goal Positions
SG1

SG2

Task Conditions

SG3

SG4

SG5

j H KM-SG combinations
H:  EE H Training Session Test Session
L] N KM < SG1  km1 SG1
Key-Maps Group_1 ggg KM2 S$G2
KM1 KM2 kmz  (OSUPR) kme <TC L a3
? 2 | 9;3 KM1 SG1
- “ Group 2 K2 < SG5
1 2 | T | (6 subj.) sg2 KM2 SG2
: ’ K3 < sga KM3 SG3
Test Conditions SG3  Km1 SG1
—>Cond 1: New Key-Map Group 3 KM1 < SG5
— > Cond 2: Learned Key-Maps (6 subj.) sg1 KM2 SG2
KM3 < sGg4 KM3 SG3

—"Cond 3: Learned KM-SG
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Mean Reward Score

Effect of Pre-start Delay Time

New Learned key-map Learned

CONDITION 1 - New KM CONDITION 2 - Leamed KM CONDITION 3 - Learned KM-SG
100 100, 100,
G0 Warming _arl 0|
80‘ ’ &)a
70 70|
60 4 &0
SOPp 0|
40 40
3 w0
20. ' 2| . 201
10. Immedste Resporse Stant 10 Immediste Resporse Stant 10. mmedale Response Stat
ol ! Delay Response Stant J a .—Dehy Response Start | a ‘——Detwﬂescawes:an )
$ 2 3 4 6 87 8 9 10 1 2 3 4 5 8 7 8 9 1 1 2 3 4 5 6 7 8 9 10
Trial Trial Trial
35-
—m— Condition 1
30+ —m— Condition 2
£ *k —m— Condition 3
c 25|
(©)
<€ 20}
=
& 15¢
S 10,
s
5t F 4
O Biock 1 Block 2

Test Block
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Delay Period Activity

A Condition 1 — Condition 3 Condition 2 — Condition 3

A R &0
20 10 9y Y
4030

-30

100 gy -40 20 X

Condition 2
' DLPFC
 PMC
parietal

anterior
striatum

- lateral
cerebellum
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POMDP by Cortex-Basal Ganglia

Rao (2011)

Belief state update by the cortex

B
|— World ] R Model
observation & reward action
|_ < 60%
b, S 10
—> SE > n ’g h
[—. = °
Agent g 0
SE : belief state estimator
b, : belief state 0 50 100
A/‘CorteX * Belief Time steps
0 ' : * B
STN$—#Striatum [<— Basis belief points b, |<—— _ 8%
DA o 10
)
R GPe+ SNc/ e E 5
VTA " Value — :
error 1%
X 0
GPi/SNr < ]
Action [€ 0 o0 100
. | Time steps
Thalamus

Avg. firing rate (sp/s)

Avg. firing rate (sp/s)

Monkey

Il 50%
I

I
-250 0 250 750

Time (ms)

25 [
20 M 5%
15 I
10 [l

5

5 L
250 0 250 750

Time (ms)
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EmbOdiEd EVO|utiOI1 (Elfwing et al., 2011)

Population Virtual agents Genes
; 15-25

Robots

Weights for top layer NN

Wy, Wy, ooey W,

Weights shaping rewards

Vi, Vo, ..., V,

Meta-parameters

aAYAT, T

Bias (x,) —».\
g Foraging = .
Energy level (x,) —»@~_ » Module oraging

2 <0

Energy Source . w
Distance (x,) ' 3 Mating
Tail-lamp " e

il- > ./ Module

Distance (x,) w

5]

Waiting
Face Distance (x,) —>./
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Temporal Discount Factor vy

O Largey = Small y
o reach for far reward o only to near reward
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Temporal Discount Factor y

100
IR vAY

—

y sm

all

[ no pain, no gain! ] 01 iu I
-20 -20 -20

V=18.7

1 2 3 4 step

-20 -20 -20

177 \

V(t) = E[ r(t) + yr(t+1) + y2r(t+2) + y3r(t+3) +...]
» controls the ‘character’ of an agent
v large

177 \

Depression?

better stay idle

V=-25.1

1 2 3 4step

[ stay away from danger] 0

+50
V=-22.9

0n
=1V

-10

Impulsivity?

can’t resist temptation

V=473

i 2 3 4step

1 2 3 4 step
W%o”
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Neuromodulators for Metalearning

(Doya, 2002)

Metaparameter tuning is critical in RL
> How does the brain tune them?

Dopamine: TD error 6
Acetylcholine: learning rate o
Noradrenaline: exploration 3
Serotonin: temporal discount vy




Markov Decision Task

(Tanaka et al., 2004)

@Stimulus and response

1me 2s
1s

| Is ls
1 | 0.5s 0.5s
N -
+ == 4100 .
+ +100yen
© O

mState transition and reward functions

action a1
-20 action a, +100
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Block-Desig

z=-14 b z

T-value
6.38

SHORT vs. NO Reward
(p < 0.001 uncorrected)

Insula Striatum Cerebellum
z=2 C 2z2=-14 d z=-32

LONG vs. SHORT
(p < 0.0001 uncorrected)

DLPFC, VLPFC,
IPC, PMd Striatum Dorsal raphe Cerebellum

Different areas for immediate/future reward prediction
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Model-based Explanatory Variables

10

- v=0 ¢
@ Reward prediction  _

V(t) vy=0.6 E

10 =

y=0.8 _E
y=0.9 °f

60

400 £

y=0.99 °F

600 &
10 F

o Reward prediction Y_z(;)
error §(t) e

|

I

|
—




Regression Analysis

OReward prediction mprc Insula
Vo rane

JReward prediction
error 4(t)

z=2

l' -
.
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Tryptophan Depletlon/Loadmg

(Tanaka et al., 2007)

Tryptophan: precursor of serotonin

> depletion/loading affect @
central serotonin levels N
(e.g. Bjork et al. 2001, Luciana et al. 2001) @
100 g of amino acid mixture CN
> experiments after 6 hours (sé:@ﬁg:::iy:;we
Day1: Tr- Day2: Tr0 Day3: Tr+

U U

No tryptophan 2.3g of tryptophan 10.3g of tryptophan
(Depletion) (Control) (Loading)
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Behavioral Result (schweighfer et al., 2008)

HExtended sessions outside scanner

a b C

*

09, *=
| " Bl
1 0857 :
| 08| I
30% —L 0754

% small rewards Y

0%

40%

038

06

04

- -

. Control

Loading
I Depletion
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Modulation by Tryptophan Levels

|2 EEe




Changes in Correlation Coefficient

ROI (region of interest) analysis

o 15
y = 0.99 g
(16, 2, 28) 210 |
§ Tr- <Tr+
S °T correlation with V at large y
2 in dorsal Putamen
Tr-  Tr0O Tr+
15
g
» 10
Y = 0.6 é Tr' > TI'+
(28, 0, -4) & °f correlation with V at small y
O
(]
X o

in ventral Putamen
Tr-  TrO  Tr+
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Microdialysis Experiment
(Miyazaki et al 2011 EJNS)

Interaural 1.00 mm
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Dopamine and Serotonin Responses
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Average in 30 minutes

I Serotonin (n=10) 1 Dopamine (n=8)
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Serotonin v.s. Dopamine
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Effect of Serotonin Suppression

choice error

10, 10

(Miyazaki et al. JNS 2012)
5-HT,, agonist in DRN
Wait errors in long-delayed reward condition

walit error

Number of choice error
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Dorsal Raphe Neuron Recording
(Miyazaki et al. 2011 JNS)

D Putative 5-HT neurons

Figure'SO

nteraural 1.00 mm Bregma -8.00 mm

o wider spikes

o low firing rate

0 suppression by
5-HT1a agonist
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Delayed Tone-Food-Tone-Water Task
Food Water

Tone

£
E 0 2 ~ 20 sec delays
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Sweep

Food site Water site
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Error Trials in ExtelndﬁquﬂgIay

Sustained firing T EREs
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Serotonin Experiments: Summary

Microdialysis

“higher release for delayed reward

'no apparent opponency with dopamine

lower release cause waiting error
Consistent with discounting hypothesis
Serotonin neuron recording

higher firing during waiting

' firing stops before giving up
More dynamic variable than a ‘parameter’
Question: regulation of serotonin neurons

“algorithm for regulation of patience
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