
Mental Simulation
Brain’s process using 

an action-dependent state transition model 
s’=f(s,a) or P(s’|s,a)

Estimate the present from past state/action

perception under noise/delay/occlusion

Predicting the future

model-based decision, action planning

Imagining in a virtual world

thinking, language, science,…
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Specialization by Learning Algorithms
(Doya, 1999)



Multiple Ways of Action Selection
Model-free

a = argmaxa Q(s,a)

Model-based

a = argmaxa [r+V(f(s,a))]

forward model: s’=f(s,a) 

Memory-based

a = g(s)
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‘Grid Sailing’ Task
(Fermin et al., 2016, Scientific Reports)

Move a cursor to the goal

100 points for shortest path

-5 points per excess steps

Keymap

only 3 directions

non-trivial path planning

Immediate or delayed start

4 to 6 sec for planning

timeout in 6 sec

1

3 2

1 2 3

+



Subj06

Subj10

KM1-SG1 KM1-SG2 KM1-SG3

KM2-SG1 KM2-SG2 KM2-SG3

KM3-SG1 KM3-SG2 KM3-SG3

3

2

1

KM2

KM1
1

3 2

2

1

3

KM3

Examples of Learned Sequences



Effect of Pre-start Delay Time
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Condition 1 � Condition 3A Condition 2 � Condition 3B
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Delay Period Activity

Condition 2

DLPFC

PMC

parietal

anterior 
striatum

lateral 
cerebellum



Grid Sailing Task – Summary
Behaviors

benefit from delayed start more in condition 2, 
using pre-learned keymap

model-based action planning

fMRI: delay period activity in condition 2

DLPFC, PMC, parietal: working memory, imagery

lateral cerebellum: forward model?

striatum: evaluation of predicted state?
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A R T I C L E S

Animals have to act despite limited sensory information because of 
factors such as interfering background noise or occluded vision. Thus, 
the ability to estimate the current state of the outside world from a 
sequence of sensory observations and their own actions is essential. 
This process is optimally realized by dynamic Bayesian inference, 
such as a Kalman filter1, which predicts the state with an internal state 
transition model and updates the prediction with new sensory inputs. 
For example, when a mouse navigates in darkness, it must keep track 
of the location of its destination based on both its movement (predic-
tion) and sensory signals such as calls from its nest mate (updating). 
We hypothesized that dynamic Bayesian inference is implemented in 
cerebral neocortex and investigated the plausibility of this idea using 
two-photon microscopy2.

Most areas of the cerebral neocortex receive ascending sensory 
inputs (feedforward streams) and descending inputs (feedback 
streams) from the thalamus and other cortical areas3. Previous stud-
ies have shown that feedback streams are essential for self-motion  
perception, consciousness and attention4,5, suggesting that the neo-
cortex integrates internal state prediction on the basis of its own 
actions and ascending sensory signals. In addition, there have been 
proposals of cortical implementation of Bayesian inference using 
probabilistic population code6. A recent proposal further advocated 
implementation of dynamic Bayesian inference by spiking population 
codes7. In the ‘canonical microcircuit’ of the neocortex3,8, feedforward 
signals project mainly to layer 4 and are then forwarded to layers 
2/3 and 5. Pyramidal neurons in layers 2/3 and 5 receive feedback  
signals from their apical dendrites in layer 1 and feedforward and 
feedback signals merge in these neurons. Feedback signals (for exam-
ple, motor activity) are stronger in deeper layers of sensory corti-
ces9,10. These anatomical connections and their activity lead to the  

hypothesis that dynamic Bayesian inference is implemented in pyram-
idal neurons of layers 2, 3 and 5, with increasing action dependence 
in deeper layers.

To test this hypothesis, we trained mice to perform an auditory 
virtual navigation task and imaged neuronal activity in layers 2, 3 
and 5 of the PPC and the PM located posterior to PPC11–13. The task 
required mice to approach a water reward site (goal) by estimating 
the distance on the basis of sound cues and their own locomotion. 
PPC is involved in spatial navigation by representing route maps, 
head directions, turning locations and locomotory accelerations with 
egocentric and allocentric representations14–17. PPC lesions disrupt 
navigation on the basis of self-motion information (path integra-
tion)18,19. PM also represents egocentric and allocentric reference 
frames20. Both PPC and PM receive inputs from auditory cortex 
and secondary motor cortex (M2)21,22, but PM receives fewer feed-
back projections from M2 than PPC13,23,24. If feedback signals are 
important for internal state prediction based on an animal’s own 
actions, association cortex (PPC) should show a more reliable neu-
ral implementation of dynamic Bayesian inference than the sensory 
cortex (PM).

We found that mice increased anticipatory licking as they 
approached the goal, even when sound cues were omitted, indicating 
that they were performing action-dependent state estimation, and that 
silencing of PPC by muscimol disturbed this behavior. Using proba-
bilistic population decoding, we observed that neurons in all layers 
in PPC, and slightly less in PM, implemented the two fundamental 
features of dynamic Bayesian inference: prediction and updating. 
Population activity predicted the goal distance even without sounds 
(prediction). The uncertainty of prediction decreased with sound 
inputs (updating).

1Neural Computation Unit, Okinawa Institute of Science and Technology Graduate University, Tancha, Onna-son, Kunigami, Okinawa, Japan. 2Optical  
Neuroimaging Unit, Okinawa Institute of Science and Technology Graduate University, Tancha, Onna-son, Kunigami, Okinawa, Japan. Correspondence should be 
addressed to K.D. (doya@oist.jp).
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Neural substrate of dynamic Bayesian inference in the 
cerebral cortex
Akihiro Funamizu1,2, Bernd Kuhn2 & Kenji Doya1

Dynamic Bayesian inference allows a system to infer the environmental state under conditions of limited sensory observation. 
Using a goal-reaching task, we found that posterior parietal cortex (PPC) and adjacent posteromedial cortex (PM) implemented 
the two fundamental features of dynamic Bayesian inference: prediction of hidden states using an internal state transition model 
and updating the prediction with new sensory evidence. We optically imaged the activity of neurons in mouse PPC and PM layers 
2, 3 and 5 in an acoustic virtual-reality system. As mice approached a reward site, anticipatory licking increased even when 
sound cues were intermittently presented; this was disturbed by PPC silencing. Probabilistic population decoding revealed that 
neurons in PPC and PM represented goal distances during sound omission (prediction), particularly in PPC layers 3 and 5, and 
prediction improved with the observation of cue sounds (updating). Our results illustrate how cerebral cortex realizes mental 
simulation using an action-dependent dynamic model. 

Auditory virtual environment
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Anticipatory Licking

Mice estimated goal distance in no-sound zone

impaired by muscimol injection in PPC

Inter- 
mittent1 

Inter- 
mittent2 

-1600 -1400 -1200 -1000 -800 -600 -400 -200 0 200
0

50

100

150

25 cm 

Sound 
zone 

All_20150310 (94 sessions) 

P =  1.9355e-17 
P = 4.8749e-08 
P = 1.9983e-17 

Behavioral training and result 

2014-3-14-mouse19 
Tougou1_5_behave  
Tougou1_6_behave 

Tougou1_6_behave_... Kaiseki_all 

Sound 
source 

Trial 
start 

134 cm 

67 cm 

0 cm 

Continuous 

17 cm 

a c 

* 

134 100 67 33 0 
0 

2 

4 

Intermittent1 

0 

2 

4 
0 

2 

4 

Intermittent2 

Continuous 

Li
ck

 p
er

 tr
ia

l 

Goal distance (cm) 

Sound zone 
No-sound zone 

* 

* 

Tr
ia

l #
 

Goal distance (cm) 

150 

100 

50 

100 67 33 0 
1 
134 

b 

figure1 

*: p < 1E-8, in Mann-Whitney U-test 

No-
sound 
zone 

Sound zone 
No-sound 
zone 

P =  1.9355e-17 
P = 4.5120e-14 
P = 3.0833e-10 

P = 4.4465e-17 
P = 2.3447e-17 
P = 2.6085e-8 

P = 5.6412e-13 
P = 4.3146e-16 
P = 0.0160 

* 
* 

* 

* 
* 

* 

* 
* n.s. 

Investigate the neural implementation 
of dynamic Bayesian inference 

Two-photon microscopy: 
- Calcium imaging with GCaMP6f expressed 
by adeno-associated virus (AAV). 

Objective 

Auditory virtual navigation task: 
- Mouse estimates the goal distance based on 
auditory cues and an internal model of locomotion. 

Conclusions 

- When mouse passed a sound source and licked a spout, it got a water reward. Start position of each trial was randomized.  
- Anticipatory licking increased when mice approached the goal. 
- Licking increased even during no-sound zones (* p < 1E-7 in Wilcoxon signed-rank test). 
- Inactivation of posterior parietal cortex (PPC) with muscimol disrupted the increase of licking during no-sound zones (p < 0.01) 

- Neurons increased the activity during mouse 
approached sound source.  

-1600 -1400 -1200 -1000 -800 -600 -400 -200 0 200
0

50

100

150

0 

2 

4 
0 

2 

4 
0 

2 

4 

Sound zone 
No-sound zone 

Tr
ia

l #
 

Goal distance (cm) 

150 

100 

50 

100 67 33 0 1 134 

Sound zone 
No-sound 
zone 

* 

67 33 0 

Intermittent1 

Intermittent2 

Continuous 

Goal distance (cm) 

* 

* 

* * 
* 

* 
* * 

* * n.s. 

Akihiro Funamizu, Bernd Kuhn, Kenji Doya 

Neural substrate of Bayesian dynamic filter 
in posterior parietal cortex 
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Sound: Harmonic sound (2,4,8,16,32 kHz, 100 dB SPL from 25 cm, every 80 ms) Reward: Sucrose water (4 µl: 2 x 2 µl) 

- PPC had more after-reaching neurons than PM. 
- Neurons in layers 3 and 5 represented distances near the goal compared to those in layer 2. 

(* p < 0.01 in Mann-Whitney U-test) 

(i) start, (ii) goal-distance, (iii) reward and (iv) lick neurons 
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- PPC and PM neurons represented the goal distance rather than the time to reach goal. 

Regression analysis  ~ detect correlations between neuronal activity and variables ~ 

Activity of one neuron Locomotion speed 

- In auditory virtual navigation task, mice increased anticipatory licking even when the sounds 
were omitted, indicating that they predicted the goal distance based on their own actions. 

PPC implements prediction and updating of dynamic Bayesian inference 

- Neurons in the PPC and posteromedial cortex (PM) represented the goal distance. 
- PPC neurons showed ramping activity toward the goal with and without sounds. 

- Uncertainty of distance prediction reduced only with sounds, i.e., updating by auditory inputs. 

- PPC and PM neurons decreased the estimated distances with and without sounds,  
   i.e., prediction with an internal model of locomotion. 

- PPC neurons had better estimated distance and  lower uncertainty than PM neurons. 

P(x|nall,t) ∝ P(nall,t|x)P(x) P(nall,t|x) = Πi
all P(ni,t|x) 

x: Goal distance (x was discretized for every 0.84 cm) 
ni,t: Calcium fluorescence of goal-distance neuron i at frame t 

- Probability distribution (posterior) of goal-distance estimation 
was analyzed based on distance tuning curves of neurons.  

𝑃𝑃 𝑛𝑛𝑖𝑖,𝑡𝑡 𝑥𝑥 = 1
𝑛𝑛𝑖𝑖,𝑡𝑡𝜎𝜎𝑖𝑖,𝑥𝑥 2𝜋𝜋 exp − ln(𝑛𝑛𝑖𝑖,𝑡𝑡) − 𝜇𝜇𝑖𝑖,𝑥𝑥

2

2𝜎𝜎𝑖𝑖,𝑥𝑥2
 

μi,x and σi,x were analyzed from the distance tuning curve of neuron i 

- Data of continuous condition were used for the training. 

- Goal-distance neurons were employed for the decoder. 

- Estimated distances decreased even during sound 
omissions (* p < 0.01 in Wilcoxon-signed rank test).   
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- PPC and PM neurons decoded the goal distance under no-sound zone. 

- PPC had better estimation and lower uncertainty of distance decoding 
than PM (* p < 0.01 in Mann-Whitney U-test). 

Dynamic Bayesian inference in PPC and PM 

- Uncertainty of prediction reduced 
only during sound presentations. 

Probabilistic population code    
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Injection: 1.5 – 2.5 mm posterior, 
1.6 mm lateral of bregma 
- Sampling rate: 30.9 Hz 
- 400 x 400 µm (512 x 512 pixels) 

Licking behaviors in one session 94 sessions, 8 mice 

- Locomotion speed varied in each trial.  
- Neurons representing the time to goal 
and the goal distance were separable. 

- Example neuron represented 
the goal distance. 

- y(t): Calcium fluorescence at frame t 
- x(t): Distance or time to reach goal 
- β:    Regression coefficient 
- µ:    Pre-determined in each variable 
- s:     Free parameter 

𝑦𝑦 𝑡𝑡 = 𝛽𝛽1𝜑𝜑1(𝑥𝑥 𝑡𝑡 ) + 𝛽𝛽2𝜑𝜑2(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑡𝑡 ) +
              𝛽𝛽3𝜑𝜑3(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡 )+𝛽𝛽0 

𝜑𝜑𝑖𝑖 𝑥𝑥 = exp{− (𝑥𝑥 − 𝜇𝜇𝑖𝑖)2
2𝑠𝑠𝑖𝑖2

} 

Best fitting variables were determined with 
Bayesian information criteria (BIC) 

Goal distance 
but not time 

- PM neurons required sounds 
for the increase. 

- Neural activity of after-reaching 
neurons was shown. 

- PPC neurons increased the activity 
with and without sound inputs. 

(* p < 0.01 in two-sided paired t-test) 

Action-
dependent 
distance 
encoding in 
PPC 

~ decoding of goal distance ~ 

Auditory virtual navigation task 

Posterior parietal and posteromedial cortices (PPC and PM) 
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- Posterior parietal cortex (PPC) was necessity for the action-dependent distance estimation. 



Two Photon Imaging
GCamp6 expressed in cortical pyramidal neurons

posterior parietal cortex (PPC)

posterior medial area (PM)

Akihiro Funamizu, Bernd Kuhn, Kenji Doya 

Investigation of action-dependent state prediction in 
the mouse parietal cortex with two-photon microscopy 

OIST Graduate University 

Investigate the neural correlates of model-based decision 
making in posterior parietal cortex (PPC) in mouse 

Two-photon microscopy: 

- Calcium imaging was conducted with a 
behaving mouse during the task 

- Adeno-associated virus (AAV) delivering the 
gene of GCamp6f was injected into PPC 

Objective 

Virtual sound navigation task: 
- Mouse estimates the distance between him 
and a sound source based on an internal model 
of locomotion 

- Mouse was head restrained under the two-photon microscope 

Speaker 

Spout 

- Locomotion of mouse was captured by an USB mouse 

Two-photon microscopy 
- Sampling rate:  
   30.9 Hz 
- 400 x 400 Pm  
   field of view 
- 512 x 512 pixels 

AAV injection: 
1.5 – 2.5 mm 
posterior,  
1.4 mm right of 
bregma 

Virtual sound navigation task 

Sound: Harmonic sound  
(2,4,8,16,32 kHz, 100 dB SPL from 25 cm, 
every 80 ms) 

Intermittent2 
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(15%) 

Continuous 
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(70% of trials) 
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position 
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(15%) 

17cm 

33cm 
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134  
cm 

Sound 
source 

Start 
position 

Conclusions 

Virtual Real 

- The virtual position of mouse was updated 
by the mouse’s own locomotion 

- When a mouse passed a sound source and licked a spout, he got a reward 

- In a virtual sound navigation task, mice increased the lickings even when the sound was omitted, suggesting 
that they updated the prediction of sound source position without auditory inputs 

The cortico-cortical circuit from V2 to parietal cortex not only reduces the 
overall uncertainty of state prediction, but also improves the action-dependent  
model-based prediction 

- The sound-generating speakers and sound 
intensity depended on the virtual position of 
mouse 

Reward: Two drops of water  
(4 Pl: 2 x 2 Pl) 

Histology 
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Site 3: 
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Parietal 
cortex 
Secondary 
visual 
(V2)  
cortex 

- Neural 
activities of 
parietal and 
V2 cortices in 
layer 2, 3 and 
5 were 
recorded  

Licking behavior 
- The licking increased even 
when the sound was omitted 
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- From the start position, the 
distance to first-lick and that 
to sound-source were 
correlated (r = 0.237 – 0.731, 
p = 0.0037 – 2.75E-26), 
suggesting that mice listened 
to the sound for decisions 
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y(t) = b0 + b1exp{-(x(t)-P)2/2V2}+6bnVariables(t) 
- y(t):  Calcium fluorescence at frame (t) 
- b:      Regression coefficient 
- P, V: Free parameters 

- x(t): 

Significant variables were 
detected with BIC  
(two-sided t-test, p < 0.01) 

Licking frequency 
Locomotion speed 
Sound intensity 
Before or after 
first lick 

- Variables: 

Regression analysis 

(One of four variables were applied) 

Lick (Hz) Locomotion 
speed 

Sound 
intensity 

Before or 
after first lick 

2 3 5 2 3 5 2 3 5 2 3 5 2 3 5 2 3 5 2 3 5 2 3 5 

Parietal V2 Parietal V2 Parietal V2 Parietal V2 

- Neurons mainly encoded 
the time from trial start and 
the distance to sound source 
- Locomotion speed was 
encoded in the parietal cortex 

Regression + Anova 
Neurons encoding the distance or time to sound source were extracted 
(Example: Parietal cortex, layer2) 

-0.2 

-0.03 

0.06 

0 

N
eu

ro
n 

# 

1 

185 

1 

342 

1 

911 

N
eu

ro
n 

# 

N
eu

ro
n 

# 

'f
/f 

Continuous Intermittent Cont. Inter. Cont. Inter. 䠚 

䠚 

Distance to sound source (cm) 
67 33 50 17 0 

Cont. 
Inter. 

67 0 67 0 67 0 67 0 67 0 67 0 

'f/f 0.7 

= 

0 

67 33 50 17 0 67 33 50 17 0 

0 

N
eu

ro
n 

(%
) 

25 25 70 

0 2 3 5 

Parietal V2 

2 3 5 2 3 5 

Parietal V2 

2 3 5 2 3 5 

Parietal V2 

Cont. Inter. Cont. Inter. Cont. Inter. 䠚 

䠚 

= 

- Parietal neurons tended to increase the 
activities in the intermittent conditions, 
while V2 neurons had the opposite tendency - Neurons in the parietal and secondary visual (V2) cortices mainly represented the time from trial start 

and the distance to sound source 
- For encoding the sound-source distance, neurons in the parietal cortex tended to increase the activities during the 
intermittent conditions. Also, they represented the locomotion speed which was important for the action-dependent 
state prediction 
- Bayesian decoding showed that, from V2 to parietal cortex, (i) the prediction accuracy in the intermittent1 
condition improved and (ii) the prediction uncertainty significantly reduced 

Distance decoding:  
Bayesian method 

Continuous 

: No-sounded 
distance 

Parietal cortex 
V2 cortex 

Differences between the estimated and actual distances 
were compared between the parietal and V2 cortices  

: No-sounded distance 
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- From V2 to parietal cortex, the decoding 
uncertainty significantly reduced 
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- At the zero to sound source, V2 cortex had the 
significantly worse prediction of sound-source 
distance in the intermittent1 and 2 conditions 

MAP: Task conditions 
p-value: ANOVA 

Intermittent1 
Intermittent2 

: No-sounded distance in intermittent1 

Continuous 

- x: Distance to sound source 
- n: Neural activities 
- i:  Number of neuron 

P(xt|nall,t) ҃ P(nall,t|xt)P(x) 

P(nall|x) = 3i P(ni|x) 
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Decode the distance to sound source 
from population neural activities 

Leave-one-out cross validation Training data 
Continuous 

Example: (2013-10-11-mouse11) 
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- Even at the no-sound periods in the intermittent 
conditions, the neurons successfully decoded the 
distance to sound source 

- The prediction in intermittent1 condition 
improved in the parietal cortex 

: No-sounded distance in intermittent2 

MAP: Parietal vs. V2 

Uncertainty: Parietal vs. V2 

p-value: ANOVA 

- The prediction accuracy was improved in 
the parietal cortex compared to V2 

The standard deviations in decoding were compared 
between the parietal and V2 cortices  (*: p < 0.01) 

- x was discretized for every 4.19 cm  

- Training data: Continuous condition 

- n was normalized and discretized 
to 3 bins: [-inf, -1.96, 1.96, inf] 

Recorded from 8 mice: 

Parietal cortex 
layer 2: 8 sites (n = 4155) 
  519±16 per site 
layer 3: 9 sites (n = 4530) 
  500±19 per site 
layer 5: 8 sites (n = 2895) 
  361±23 per site  

V2 cortex 
layer 2: 9 sites (n = 4577) 
  509±19 per site 
layer 3: 8 sites (n = 3832) 
  479±21 per site 
layer 5: 8 sites (n = 2693) 
  336±23 per site  

Parietal cortex, layer 2 -0.2 0.5 'f/f 
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- The neurons mainly encoded the start of trial and 
reward presentation 

One session, single neuron 
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to reach sound source 
- Representative neuron encoded the distance to sound source, rather than the time 

Two-photon microscopy 

2 3 5 

Detect correlations between a neuronal activity and variables 

Parietal cortex 
V2 cortex 

: No-sounded distance 
p-value: ANOVA 

(MAP: Maximum 
a posteriori) 
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Decoding the Goal Distance
Neuron i activity fi at distance x

response model p(fi|x) 

Bayesian decoder: p(x|f1,…,fN) � ∏ip(fi|x)p(x)

goal distance updated under sound omission
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Hypothetical cortical algorithm of model-based state prediction 
with Bayesian inference 

Probabilistic population code in PPC 

0327-mouse23: PPC Layer2 0416-mouse23: PM Layer2 

Decoding_Bayes_160324_17_detail 

0327-mouse23: State2(17),71 trial, --300, 200, -100, 0  
0416-mouse23: State2(16), 
132 trial, -200, -100, 0  
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*: p < 0.01 
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Using Bayes603: MAP, STD 

Bayes160324 / Cor_newを使う。 
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Decoded Distance and Uncertainty
MAP Estimate

advance in no-sound zone 

Width of Posterior

shrink with sound input



Two-Photon Imaging: Summary
Auditory virtual navigation task for mice

estimate goal distance during no-sound phase 
from its own action using an internal model

Two-photon imaging from PPC and PM
goal distance can be decoded from population 
activity even during no-sound phase
variance reduced during sound phase
more reliable in PPC than in PM

Future
network mechanisms for action-dependent 
prediction and sensory-based refining



Temporal Discount Factor g
Large g
reach for far reward

Small g
only to near reward



Temporal Discount Factor g
V(t) = E[ r(t) + gr(t+1) + g2r(t+2) + g3r(t+3) +…]

controls the ‘character’ of an agent
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g large g small

can’t resist temptation

no pain, no gain!

stay away from danger

better stay idle

V =18.7 

V = -22.9

V =-25.1 

V = 47.3

Depression?

Impulsivity?

Serotonin?



Dorsal Raphe Neuron Recording
(Katsuhiko Miyazaki et al. 2011 JNS)

Keep firing while waiting

Stop firing before giving up

Food Water

Tone
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Optogenetic Stimulation of 
Dorsal Raphe Serotonin Neurons

(Miyazaki et al., 2014, Current Biology)

Reward Delay Task (3, 6, 9, ∞ sec)

3 sec: success
omission: 12.1 s
omission: 20.8 s



Timing Matters!
no stim. vs full stim.

first 10 sec vs full stim.

after 10 sec vs full stim.

At the time of deciding 
“give up or hang on”



Dependence of Reward Probability
Reward probability, not value



Summary
Serotonin recording

microdialysis: high 5-HT release in waiting

neural recording: 5-HT firing till giving up

Serotonin manipulation

pharmacology: impatient by 5-HT blockade

optogenetics: more patient by 5-HT stimulation

Not directly aversive/inhibitory

More dynamic than discounting parameter

Bias subjective prior vs sensory evidence?



Outline
Reinforcement Learning

Can robots create their own reward function?
(Elfwing et al., 2011 Adaptive Behavior, 2014 PLoS CB)

Value function and basal ganglia
(Ito & Doya, 2015 JNS)

Mental Simulation
Model-based action planning

(Fermin et al., 2016 Sci. Rep.)

Dynamic Bayesian inference
(Funamizu et al., 2016 Nat. Neurosci)

Patience, confidence and serotonin
(Miyazaki et al., 2014 Curr. Biol.)
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