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At their core, Autonomous Systems require the following blocks

Inference & Perception Planning

Obtain information from the 
environment (and\or other agents) and 
estimate state variables, using existing 
data

Plan next best action 
given current belief 
and objective function

Inference and Decision making under uncertainty impose a fundamental 
problem in Autonomous Systems (AS) and Artificial Intelligence (AI). 

Introduction
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Autonomous 
Navigation

Simultaneous 
Localisation & Mapping  
(SLAM)

Robot assisted Business Decision 
MakingSearch & Rescue 

scenarios
Stock Market 
Prediction

There are many variations of AS/ AI related problems

Introduction
The realistic problem is computationally intractable, hence usually approximated.

Any reduction in computation time would pave the way to Online\ 
Realtime work.



4Inference & Belief Space Planning (BSP) today

Belief 
Space 
Plannin

Get 
Measurement

s 

Perform 
Action Inferenc

Estimate state variables
using information 
up to current time

Provide with the next 
(sub) optimal action

Acquire new 

Execute the action
provided from precursory planning
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10The Job Interview Example

Let’s say you have an interview for 
your dream job.

You’ll probably prepare yourself by 
going over all subjects you might be 
asked about.



11The Job Interview Example

The interview day has arrived, 
what would happen if you’ll be 
asked on a subject,

identical to what you have covered ?

you didn’t cover ?
close to what you have covered ?

Which would result in the quickest 
answer ?

Consistent
Data Association

Inconsistent
Data Association
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Home

Work
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Home

Work
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Home

Work
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Home

Work



17The “Driving to Work” Example

Will you plan everything from scratch?

Or just update the appropriate segments of 
your original plan with this new information?

While this toy example considers MDP 
setting with an observable and deterministic 
world
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We consider the more general problem of a 
POMDP setting with an unknown world and a 
high dimensional state vector



19Our Research Vision

Re-use prior calculations and information across inference and 
planning, for improved online autonomy, in particular in unknown/
uncertain environments and high-dimensional state spaces.



20Our Research Vision

Re-use prior calculations and information across inference and 
planning, for improved online autonomy, in particular in unknown/
uncertain environments and high-dimensional state spaces.

Main Contributions

A novel approach for incremental eXpectation Belief Space Planning, 
named iX-BSP (Farhi19icra) (Farhi19icra workshop) (Farhi20journal to be submitted soon) (patent: 
US20200327358A1)

A novel approach for Re-Use BSP for efficient Inference update, 
named RUBI (Farhi17icra) (Farhi18ijrr conditionally accepted) (Farhi19icra workshop) (patent: 
WO2019171378A1) 

Introducing Joint Inference & Planning - JIP as a novel paradigm 
shift from the common separation of inference and planning.  
(Farhi17icra) (Farhi19icra workshop)
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25Notations & Formulation

- The joint state vector up to time    , i.e.  smoothing problem (all robot poses and 
landmarks)  

- All measurements up to time    , while current time is       

      - All actions  up to time              , while current time is       

- Referring to time    , while current 
time is 

belief at current time

belief at planning horizon

Hk+i|k
.
= {z1:k+i|k, u0:k+i�1|k}
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History at planning horizon i

Propagated history at planning 
horizon i
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Introducing Joint Inference & Planning

RUBI: Re-Use BSP for Inference update

iX-BSP: incremental eXpectation BSP

Concluding remarks

Q&A
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28Related work on Inference & BSP Similarities

Unified computational frameworks based on Dynamic Programing (Kobilarov 
2015) and Factor Graph-FG (Ta 2014)

Approximate solutions to the Markov Decision Process (MDP) case, for 
inference and planning, using inference optimization methods (Toussaint 
and Storkey 2006)Investigating the duality between inference and optimal control (Todorov 
2008 )

Till this day, to the best of our knowledge, 
there is no Joint paradigm for inference and decision 

making under uncertainty

Interestingly enough, inference and decision making under uncertainty in 
the human brain are tightly entwined, fact which provides motivation for 
AS & AI equivalent. (Schacter and Addis 2007) (Schacter and Addis 2009) 
(Race 2011)
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31Unified Model for Inference & BSP

Enabling their “regular” 
functionality, as well as 
opening a gateway to new 
connections.

Encapsulates both 
inference and planning 
separately. 
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34RUBI as part of JIP

We suggest a paradigm 
shift - update inference 
using precursory planning

Saves valuable 
computation time without 
affecting estimation 
accuracy

Conventional Bayesian 
inference - update 
inference using precursory 
inference 



35Research Outline

Related Work

Unified Model for Inference & BSP

RUBI as part of JIP
iX-BSP as part of JIP 

Introducing Joint Inference & Planning

Concluding remarks

Q&A

RUBI: Re-Use BSP for Inference update

iX-BSP: incremental eXpectation BSP



36Research Outline

Related Work

Unified Model for Inference & BSP

RUBI as part of JIP
iX-BSP as part of JIP 

Introducing Joint Inference & Planning

Concluding remarks

Q&A

RUBI: Re-Use BSP for Inference update

iX-BSP: incremental eXpectation BSP



37iX-BSP as part of JIP

Similarly to inference, 
planning can also benefits 
from re-using previous 
information

Uncertainty in the system 
and the environment 
forces re-planning in order 
to remain optimal 

Saves valuable 
computation time without 
affecting estimation 
accuracy



38Research Outline

Related Work

Unified Model for Inference & BSP

RUBI as part of JIP
iX-BSP as part of JIP 

Introducing Joint Inference & Planning

Concluding remarks

Q&A

RUBI: Re-Use BSP for Inference update

iX-BSP: incremental eXpectation BSP



39Research Outline

Introducing Joint Inference & Planning

Concluding remarks

Q&A

RUBI: Re-Use BSP for Inference update

iX-BSP: incremental eXpectation BSP



40Research Outline

Introducing Joint Inference & Planning

RUBI: Re-Use BSP for Inference update

iX-BSP: incremental eXpectation BSP

Concluding remarks

Q&A



41Research Outline

Introducing Joint Inference & Planning

Concluding remarks

Q&A

RUBI: Re-Use BSP for Inference update

iX-BSP: incremental eXpectation BSP
Results

Inference & BSP today

Consistent DA assumption 

Results - simulation

RUBI

Results - KITTI dataset

RUBI: Main Contributions



42RUBI: Main Contributions

(Farhi17icra) (Farhi18ijrr conditionally accepted) (Farhi19icra workshop) (patent: WO2019171378A1) 

A paradigm shift from standard Bayesian inference, inference update can be 
achieved more efficiently by updating precursory planning rather than precursory 
inference.

Four exact methods for updating inference using precursory planning under the 
assumption of consistent data association and Gaussian models

Paradigm for incrementally updating inconsistent data association

Comparing RUBI to current state of the art in both simulative and real-world 
data, considering the problem of autonomous navigation in unknown 
environments.
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47Belief Space Planning Formulation Today

BSP provides with the next (sub)optimal action(s), in reference to a Cost(Reward) 
function

Objective Value 
for horizon L

Future
measurements

Future 
candidat
e  action

Future  
Belief
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55Inference Formulation Today
Inference provides an estimation for the joint state

Prior Motion Model Measurement 
ModelData

AssociationFor example, maximum a-posteriori  (MAP) estimation

All landmark indices 
associated to measurements 
from time i,  while current 



56

Prior Motion Model Measurement 
ModelData

Association

Prior Motion Model Measurement 
ModelData

Association

Plannin
g

Inferenc
e

Inference vs. Planning

Inference and precursory planning (of the same action) differ in measurements 
and DA
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59Consistent Data Association (DA) assumption 

For consistent DA

Hence in order to solve the inference problem (provide with a state estimation) we 
are left with updating the RHS vector

DA from 
Inference

DA from Planning



60Inference Update

We devised four different methods for updating the RHS vector

DU-OO

DU - Only 
Observations

OTM

Orthogonal 
Transformation 

Matrix

OTM-OO

OTM - Only 
Observations

DU

Down-date  
Update



61The OTM & DU Methods
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DU-OO

DU - Only 
Observations

OTM-OO

OTM - Only 
Observations
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65Results - Putting JIP to the First Test

We performed  continuous BSP (POMDP case) in an unknown synthetic environment. 

Our four methods, coded in MATLAB, were compared to:

inference update using Standard batch approach - STD 

inference update using iSAM2 efficient methodology (using C++ wrapper) - iSAM

We considered known models with Gaussian additive noise and consistent DA

Robot was required to visit five targets whilst not crossing a covariance threshold.

Our method produces an identical belief to the one received via 
iSAM, 

hence only computation time would be compared and discussed.



66The Map and Inference Update Total time
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71Relaxing the consistent DA assumption

Once the DA inconsistency is dealt with, we revert to the previously 
presented solution - updating measurements 

Accounting for data association inconsistency between inference and 
planning

The data association is corrected using QR update (existing equivalent graphical 
models)

Thanks to QR update, not all variables are necessarily affected from correcting DA 
inconsistency



72Inconsistent Data Association
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Linearization

Factorization

Elimination

Equivalent

(d)

(a)

(c)

(b)

(b) - Jacobian and RHS 
vector

(d) - Jacobian QR 
decomposition  

(c) - Bayes Tree 

(a)  - Factor Graph

Belief Graphical Representations
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77Results - Putting RUBI to the Test

We performed  continuous BSP (POMDP case) in an unknown synthetic environment. 

inference update using iSAM2 efficient methodology (using C++ wrapper) - iSAM

Robot was required to visit twelve targets whilst not crossing a covariance threshold.

Our method produces an identical belief to the one received via 
iSAM, 

hence only computation time would be compared and discussed.

For inference update we use UD-OTM-OO, denoting a method which 
updates DA and update RHS vector using OTM-OO.

We considered known models with Gaussian additive noise



78The Map and Inference Update Total time

1

4

5
2

12

10

11

9

8

7

6

3

-1500 -1000 -500 0 500 1000 1500
-500

0

500

1000

1500

2000

N
or
th
[m
]

East [m]
To

ta
l T

im
e

[s
]

0
1
2
3
4
5
6
7
8
9

UD-OTM-OO iSAM

3.6%RHS Update

96.4%DA Update



79Performance Per-step - Inconsistent DA of 50%

100 150 200 250 300 3505000

0.01

0.02

0.03

0.04

0.05

0.06

Steps

Ti
m

e [
s]

RHS Update
UD-OTM-OO
iSAM

100 150 200 250 300 350500
Steps

100 150 200 250 300 350500
Steps

iSAM Factors 
UD Factors
new Vars

10

30

50

Am
ou

nt

60

120

180

Am
ou

nt

iSAM elim. 
UD elim.



80Research Outline

Introducing Joint Inference & Planning

Concluding remarks

Q&A

RUBI: Re-Use BSP for Inference update

iX-BSP: incremental eXpectation BSP
Results

Inference & BSP today

Consistent DA assumption 

Results - simulation

RUBI

Results - KITTI dataset

RUBI: Main Contributions



81Research Outline

Introducing Joint Inference & Planning

Concluding remarks

Q&A

RUBI: Re-Use BSP for Inference update

iX-BSP: incremental eXpectation BSP
Results

Inference & BSP today

Consistent DA assumption 

Results - simulation

RUBI

Results - KITTI dataset

RUBI: Main Contributions



82Results - Putting RUBI to a real world Test

We used the well known KITTI dataset to compare UD-OTM-OO to iSAM

We used only the monocular stream as an input from the KITTI dataset.

The robot started from an un-informative prior over its initial pose, with no prior 
knowledge over the environment.

Here, on real-world data, we would also compare the estimation 
difference between iSAM and UD-OTM-OO, although they are 

algebraically identical.

KITTI is a passive SLAM dataset, so before each inference session we 
performed a planning session over the “optimal” action sequence.
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100Related work on Incremental Decision Making Under Uncertainty

Utilizing a fixed shared location for all candidate actions for calculation 
re-use (Chaves & Eustice 2016)
Utilizing an augmented matrix determinant lemma to avert from belief 
propagation under information theoretic cost  (Kopitkov & Indelman 2017 
)

Till this day, to the best of our knowledge,

Incrementally re-using decision-making under 
uncertainty has not been done for the general case.

Building on POMCP, Adaptive Belief Tree (ABT) uses an offline calculated 
policy.  When given as input the segments of the policy affected by posterior 
information, it freshly resample them (Kurniawati & Yadav 2016 )

While considering Gaussian belief under Maximum Likelihood (ML) assumption:
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103iX-BSP: Main Contributions

(Farhi19icra) (Farhi19icra workshop) (Farhi20journal to be submitted soon) (patent: US20200327358A1)

A novel paradigm for incremental expectation BSP, with selective re-sampling of 
future measurements.

Identifying the problem of iX-BSP with selective re-sampling as a Multiple 
Importance Sampling problem, and provide the proper estimator using the 
balance heuristic
Statistical comparison of iX-BSP to X-BSP (calculates expectation from scratch)

Introduce the wildfire approximation to iX-BSP, which allows one to controllably 
trade accuracy for performance



104iX-BSP: Main Contributions

(Farhi19icra) (Farhi19icra workshop) (Farhi20journal to be submitted soon) (patent: US20200327358A1)

Supplying bounds and empirical results for the effect wildfire holds over the 
objective value

Demonstrate how iX-BSP could also benefit approximations of X-BSP, e.g. iML-
BSP

Comparing iML-BSP to ML-BSP in both simulation and live experiments, 
considering the problem of autonomous navigation in unknown environments.
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k k+l k+L k+L+lt
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Planning time k
past future

Present

Planning time k+l
past future
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In order to keep this illustration simple we assume the following:

a single candidate action

2 samples per belief  =>  nx = 2 , nz = 1

iX-BSP Illustration

Planning horizon of 3 steps

We illustrate full expectation-based BSP  followed by our novel iX-BSP

Instead of performing expectation from scratch, iX-BSP re-uses previous planning session(s)



Assume we completed inference for Current time 
t = 1

Belief uncertainty is illustrated by an 
ellipse

denotes belief at current time t 
= 1
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X-BSP

Propagate belief with candidate action 
u1

Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc

Standard eXpectation 
BSP

Consider u1 => u2 => u3  sequence

Obtain
<latexit sha1_base64="l7q3Xtree+o8Bz0hhxdTlWw1vgI=">AAAB83icdZBNS8MwHMbT+Tbn29Sjl+AQvFjabrLtNhDE4wT3Al0daZZuYWlaklQYdeCn8OJBEa9+GW9+G7NWQUUfCPx4nn/IP48fMyqVZb0bhaXlldW14nppY3Nre6e8u9eVUSIw6eCIRaLvI0kY5aSjqGKkHwuCQp+Rnj89W+S9GyIkjfiVmsXEC9GY04BipLQ18K9P3P4wdW7tuTcsVyyz0aw7jgUzqFZrOdinTWibVqYK+FR7WH4bjCKchIQrzJCUrm3FykuRUBQzMi8NEklihKdoTFyNHIVEemm28xweaWcEg0jowxXM3O83UhRKOQt9PRkiNZG/s4X5V+YmKmh4KeVxogjH+UNBwqCK4KIAOKKCYMVmGhAWVO8K8QQJhJWuqaRL+Pop/B+6jmlbpn1Zq7TO7/I6iuAAHIJjYIM6aIEL0AYdgEEM7sEjeDIS48F4Nl7y0YLxWeE++CHj9QP0BJIO</latexit>

Sample 
measurements
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Since we do not have access to the measurement 
likelihood

Based on the following equality 

We sample states and given those states, 
measurements

Measurement 
Likelihood

Future 
state

Propagate
d belief

Measureme
nt Model

<latexit sha1_base64="jnm0tRnqxGCW1PZ/fno2SEtqJ54="></latexit>

<latexit sha1_base64="jGNKAKZEnvXGWvP46ayQB5Y2d48="></latexit>

Sample 
measurements
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X-BSP

Propagate belief with candidate action 
u1

Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc

Standard eXpectation 
BSP

Consider u1 => u2 => u3  sequence

Obtain
<latexit sha1_base64="l7q3Xtree+o8Bz0hhxdTlWw1vgI=">AAAB83icdZBNS8MwHMbT+Tbn29Sjl+AQvFjabrLtNhDE4wT3Al0daZZuYWlaklQYdeCn8OJBEa9+GW9+G7NWQUUfCPx4nn/IP48fMyqVZb0bhaXlldW14nppY3Nre6e8u9eVUSIw6eCIRaLvI0kY5aSjqGKkHwuCQp+Rnj89W+S9GyIkjfiVmsXEC9GY04BipLQ18K9P3P4wdW7tuTcsVyyz0aw7jgUzqFZrOdinTWibVqYK+FR7WH4bjCKchIQrzJCUrm3FykuRUBQzMi8NEklihKdoTFyNHIVEemm28xweaWcEg0jowxXM3O83UhRKOQt9PRkiNZG/s4X5V+YmKmh4KeVxogjH+UNBwqCK4KIAOKKCYMVmGhAWVO8K8QQJhJWuqaRL+Pop/B+6jmlbpn1Zq7TO7/I6iuAAHIJjYIM6aIEL0AYdgEEM7sEjeDIS48F4Nl7y0YLxWeE++CHj9QP0BJIO</latexit>

Sample 
measurements
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X-BSP

Consider each of the sets and the 
propagated belief to obtain the 
posterior beliefs for future time t=2

Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc

Standard eXpectation 
BSP

Sampling two states,  i.e. nx=2

and for each a single set of measurements, i.e. nz=1
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X-BSP

And again for the second horizon step

Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc

Standard eXpectation 
BSP

Propagate future beliefs

Sample measurements
Calculate future beliefs
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X-BSP Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc

Standard eXpectation 
BSP

And for the last horizon step

Sample measurements

Propagate beliefs

Calculate future beliefs
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At each horizon step we have one candidate 
belief

Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc

For Visual Reference: 
ML-BSP

Standard eXpectation 
BSP

Created using a single measurement sample
More specifically, the most likely one
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X-BSP Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc

Standard eXpectation 
BSP

For each belief we calc the reward(cost) 
valueRewards of the same action are averaged 
togetherThe objective for each action sequence is 
calculated

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

Action sequence with best objective value is 
chosen
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Execute action u1

Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc
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Execute action u1

Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc

Get measurements for time t = 2
<latexit sha1_base64="vJo+Dal9Eyt5qgmg2MHIXLtRR6E=">AAAB+nicdVDLSgMxFM34rPXV6tJNahFclclU1O6KblxWsA/oDEMmTdvQTGZIMkqd9lPcuFDErV/izr8xnVZQ0QMXDufcy733BDFnStv2h7W0vLK6tp7byG9ube/sFop7LRUlktAmiXgkOwFWlDNBm5ppTjuxpDgMOG0Ho8uZ376lUrFI3OhxTL0QDwTrM4K1kfxC0U2hW4L3fupMnKlbcqd+oWxXashGpwhmpFp15gShGkQVO0MZLNDwC+9uLyJJSIUmHCvVRXasvRRLzQin07ybKBpjMsID2jVU4JAqL81On8Ijo/RgP5KmhIaZ+n0ixaFS4zAwnSHWQ/Xbm4l/ed1E98+9lIk40VSQ+aJ+wqGO4CwH2GOSEs3HhmAimbkVkiGWmGiTVt6E8PUp/J+0nAqyK+j6pFy/WMSRAwfgEBwDBM5AHVyBBmgCAu7AA3gCz9bEerRerNd565K1mNkHP2C9fQL0r5Mp</latexit>
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Execute action u1

Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc

Get measurements for time t = 2
<latexit sha1_base64="vJo+Dal9Eyt5qgmg2MHIXLtRR6E=">AAAB+nicdVDLSgMxFM34rPXV6tJNahFclclU1O6KblxWsA/oDEMmTdvQTGZIMkqd9lPcuFDErV/izr8xnVZQ0QMXDufcy733BDFnStv2h7W0vLK6tp7byG9ube/sFop7LRUlktAmiXgkOwFWlDNBm5ppTjuxpDgMOG0Ho8uZ376lUrFI3OhxTL0QDwTrM4K1kfxC0U2hW4L3fupMnKlbcqd+oWxXashGpwhmpFp15gShGkQVO0MZLNDwC+9uLyJJSIUmHCvVRXasvRRLzQin07ybKBpjMsID2jVU4JAqL81On8Ijo/RgP5KmhIaZ+n0ixaFS4zAwnSHWQ/Xbm4l/ed1E98+9lIk40VSQ+aJ+wqGO4CwH2GOSEs3HhmAimbkVkiGWmGiTVt6E8PUp/J+0nAqyK+j6pFy/WMSRAwfgEBwDBM5AHVyBBmgCAu7AA3gCz9bEerRerNd565K1mNkHP2C9fQL0r5Mp</latexit>

Perform inference for time t = 2 
next: Execute iX-BSP to decide on next 
action
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iX-BSP Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc

Check which                     is closest 
to 

<latexit sha1_base64="VTEuXcWDF1JClzJnsphe9rO5drk=">AAAB83icdZBNS8MwHMbT+Tbn29Sjl+AQPJW2m2y7DQTxOMHNQVdKmqVbWJqWJBVGHfgpvHhQxKtfxpvfxqydoKIPBH48zz/knydIGJXKsj6M0srq2vpGebOytb2zu1fdP+jLOBWY9HDMYjEIkCSMctJTVDEySARBUcDITTA9X+Q3t0RIGvNrNUuIF6ExpyHFSGlrGPjUHfiZc2fPPb9as8xWu+k4FsyhXm8UYJ+1oW1auWpgqa5ffR+OYpxGhCvMkJSubSXKy5BQFDMyrwxTSRKEp2hMXI0cRUR6Wb7zHJ5oZwTDWOjDFczd7zcyFEk5iwI9GSE1kb+zhflX5qYqbHkZ5UmqCMfFQ2HKoIrhogA4ooJgxWYaEBZU7wrxBAmEla6pokv4+in8H/qOaVumfdWodS7uizrK4Agcg1NggybogEvQBT2AQQIewBN4NlLj0XgxXovRkrGs8BD8kPH2CVKtkks=</latexit> <latexit sha1_base64="GBKK+TLHYq6ODO0JrJAd+UDf3as=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZK00nZXEMRlBfvANJTJdNIOnUzCzEQoseBHuHGhiFv/xp1/4zSpoKIHLhzOuZd77/FjRqWyrA+jsLK6tr5R3Cxtbe/s7pX3D7oySgQmHRyxSPR9JAmjnHQUVYz0Y0FQ6DPS86fnC793S4SkEb9Ws5h4IRpzGlCMlJZufLc/TJ07Z+4NyxXLbDTrjmPBjFSrtZzYZ01om1aGCliiPSy/D0YRTkLCFWZISte2YuWlSCiKGZmXBokkMcJTNCauphyFRHppdvEcnmhlBINI6OIKZur3iRSFUs5CX3eGSE3kb28h/uW5iQoaXkp5nCjCcb4oSBhUEVy8D0dUEKzYTBOEBdW3QjxBAmGlQyrpEL4+hf+TrmPalmlf1Sqti/s8jiI4AsfgFNigDlrgErRBB2DAwQN4As+GNB6NF+M1by0YywgPwQ8Yb5/S3JFw</latexit>

<latexit sha1_base64="fY7tUrVTbE3dLn2sJJ8qr2n38ZI="></latexit>

Incremental eXpectation 
BSP 120



Belief Distance
Incremental eXpectation 
BSP 121

When re-using a belief, iX-BSP updates it  to match the posterior 
information.
The more different it is, the more computation time is required to update it.

For this reason we aspire to find the closest belief.

After much consideration we chose to use the square root Jeffreys 
divergence -  

<latexit sha1_base64="53O2/KurtGLpjeAUeY6shavt3Kw=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyGJhba7oi7EVQX7gCaEyXTaDp08nJkIJQT8FTcuFHHrd7jzb5ykFVT0wMDhnHu5Z44fMyqkaX5opaXlldW18nplY3Nre0ff3euKKOGYdHDEIt73kSCMhqQjqWSkH3OCAp+Rnj89z/3eHeGCRuGNnMXEDdA4pCOKkVSSpx84AZIT308vMi91xC2X6VWWeXrVNJp10240YUFqlj0ntn0KLcMsUAULtD393RlGOAlIKDFDQgwsM5ZuirikmJGs4iSCxAhP0ZgMFA1RQISbFvEzeKyUIRxFXL1QwkL9vpGiQIhZ4KvJPKz47eXiX94gkaOGm9IwTiQJ8fzQKGFQRjDvAg4pJ1iymSIIc6qyQjxBHGGpGquoEr5+Cv8nXduwTMO6rlVbZ4s6yuAQHIETYIE6aIFL0AYdgEEKHsATeNbutUftRXudj5a0xc4++AHt7ROi7paT</latexit>

We define some critical distance value - εc  as the threshold for 
considering a belief as worth re-using.  

<latexit sha1_base64="dQvZktFBenv6lzk1fdwwxf67IPg="></latexit>



iX-BSP Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc

Consider its children as candidates for 
re-useConsider u2 => u3 => u4 sequence
Propagate belief with candidate action 
u2

<latexit sha1_base64="fY7tUrVTbE3dLn2sJJ8qr2n38ZI="></latexit>

Incremental eXpectation 
BSP 122

Check which                     is closest 
to 

<latexit sha1_base64="VTEuXcWDF1JClzJnsphe9rO5drk=">AAAB83icdZBNS8MwHMbT+Tbn29Sjl+AQPJW2m2y7DQTxOMHNQVdKmqVbWJqWJBVGHfgpvHhQxKtfxpvfxqydoKIPBH48zz/knydIGJXKsj6M0srq2vpGebOytb2zu1fdP+jLOBWY9HDMYjEIkCSMctJTVDEySARBUcDITTA9X+Q3t0RIGvNrNUuIF6ExpyHFSGlrGPjUHfiZc2fPPb9as8xWu+k4FsyhXm8UYJ+1oW1auWpgqa5ffR+OYpxGhCvMkJSubSXKy5BQFDMyrwxTSRKEp2hMXI0cRUR6Wb7zHJ5oZwTDWOjDFczd7zcyFEk5iwI9GSE1kb+zhflX5qYqbHkZ5UmqCMfFQ2HKoIrhogA4ooJgxWYaEBZU7wrxBAmEla6pokv4+in8H/qOaVumfdWodS7uizrK4Agcg1NggybogEvQBT2AQQIewBN4NlLj0XgxXovRkrGs8BD8kPH2CVKtkks=</latexit> <latexit sha1_base64="GBKK+TLHYq6ODO0JrJAd+UDf3as=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZK00nZXEMRlBfvANJTJdNIOnUzCzEQoseBHuHGhiFv/xp1/4zSpoKIHLhzOuZd77/FjRqWyrA+jsLK6tr5R3Cxtbe/s7pX3D7oySgQmHRyxSPR9JAmjnHQUVYz0Y0FQ6DPS86fnC793S4SkEb9Ws5h4IRpzGlCMlJZufLc/TJ07Z+4NyxXLbDTrjmPBjFSrtZzYZ01om1aGCliiPSy/D0YRTkLCFWZISte2YuWlSCiKGZmXBokkMcJTNCauphyFRHppdvEcnmhlBINI6OIKZur3iRSFUs5CX3eGSE3kb28h/uW5iQoaXkp5nCjCcb4oSBhUEVy8D0dUEKzYTBOEBdW3QjxBAmGlQyrpEL4+hf+TrmPalmlf1Sqti/s8jiI4AsfgFNigDlrgErRBB2DAwQN4As+GNB6NF+M1by0YywgPwQ8Yb5/S3JFw</latexit>



<latexit sha1_base64="fY7tUrVTbE3dLn2sJJ8qr2n38ZI="></latexit>

iX-BSP Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc

Consider old samples

Obtain

Re-use representative samples (in 
blue)Re-sample the rest

Incremental eXpectation 
BSP 123



124Representative Samples



<latexit sha1_base64="fY7tUrVTbE3dLn2sJJ8qr2n38ZI="></latexit>

iX-BSP Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc

Update these beliefs with info from t = 2

For re-used samples, re-use beliefs

For the rest of the samples - calc the 
beliefsPropagate future 
beliefs

Incremental eXpectation 
BSP 125



<latexit sha1_base64="fY7tUrVTbE3dLn2sJJ8qr2n38ZI="></latexit>

iX-BSP Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc

Re-use representative samples (in blue)

Consider old samples

For re-used samples, re-use beliefs
Update these beliefs with info from t 
= 2

Incremental eXpectation 
BSP 126



<latexit sha1_base64="fY7tUrVTbE3dLn2sJJ8qr2n38ZI="></latexit>

iX-BSP Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc

Incremental eXpectation 
BSP

Calculate the rest of the beliefs

Re-sample the rest of the 
measurements

Propagate future beliefs
Last horizon step, i.e. use X-BSP

127



<latexit sha1_base64="fY7tUrVTbE3dLn2sJJ8qr2n38ZI="></latexit>

iX-BSP Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc

Incremental eXpectation 
BSP

Calculate the beliefs

Sample measurements

For each belief we calc/update the reward(cost) 
valueWeighting rewards of the same action

Standard eXpectation 
BSP for last horizon 
step

<latexit sha1_base64="5xsLI05ypsteeMF1O6UgI0/+ICA=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgaZkNJppbwIvgJYp5QLKE2clsMmR2dpmZFUII+AFePCji1T/y5t84eQgqWtBQVHXT3RUkgmuD8YeTWVpeWV3Lruc2Nre2d/K7ew0dp4qyOo1FrFoB0UxwyeqGG8FaiWIkCgRrBsOLqd+8Y0rzWN6aUcL8iPQlDzklxko3naNuvoBdPAPCbtnDpXLFkkoRe6Uy8hZWARaodfPvnV5M04hJQwXRuu3hxPhjogyngk1ynVSzhNAh6bO2pZJETPvj2aUTdGyVHgpjZUsaNFO/T4xJpPUoCmxnRMxA//am4l9eOzXhuT/mMkkNk3S+KEwFMjGavo16XDFqxMgSQhW3tyI6IIpQY8PJ2RC+PkX/k0bR9bDrXZ8Wqlf38ziycACHcAIenEEVLqEGdaAQwgM8wbMzdB6dF+d13ppxFhHuww84b5+H3I3J</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="5xsLI05ypsteeMF1O6UgI0/+ICA=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgaZkNJppbwIvgJYp5QLKE2clsMmR2dpmZFUII+AFePCji1T/y5t84eQgqWtBQVHXT3RUkgmuD8YeTWVpeWV3Lruc2Nre2d/K7ew0dp4qyOo1FrFoB0UxwyeqGG8FaiWIkCgRrBsOLqd+8Y0rzWN6aUcL8iPQlDzklxko3naNuvoBdPAPCbtnDpXLFkkoRe6Uy8hZWARaodfPvnV5M04hJQwXRuu3hxPhjogyngk1ynVSzhNAh6bO2pZJETPvj2aUTdGyVHgpjZUsaNFO/T4xJpPUoCmxnRMxA//am4l9eOzXhuT/mMkkNk3S+KEwFMjGavo16XDFqxMgSQhW3tyI6IIpQY8PJ2RC+PkX/k0bR9bDrXZ8Wqlf38ziycACHcAIenEEVLqEGdaAQwgM8wbMzdB6dF+d13ppxFhHuww84b5+H3I3J</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="5xsLI05ypsteeMF1O6UgI0/+ICA=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgaZkNJppbwIvgJYp5QLKE2clsMmR2dpmZFUII+AFePCji1T/y5t84eQgqWtBQVHXT3RUkgmuD8YeTWVpeWV3Lruc2Nre2d/K7ew0dp4qyOo1FrFoB0UxwyeqGG8FaiWIkCgRrBsOLqd+8Y0rzWN6aUcL8iPQlDzklxko3naNuvoBdPAPCbtnDpXLFkkoRe6Uy8hZWARaodfPvnV5M04hJQwXRuu3hxPhjogyngk1ynVSzhNAh6bO2pZJETPvj2aUTdGyVHgpjZUsaNFO/T4xJpPUoCmxnRMxA//am4l9eOzXhuT/mMkkNk3S+KEwFMjGavo16XDFqxMgSQhW3tyI6IIpQY8PJ2RC+PkX/k0bR9bDrXZ8Wqlf38ziycACHcAIenEEVLqEGdaAQwgM8wbMzdB6dF+d13ppxFhHuww84b5+H3I3J</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>
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Based on color coding, per action, samples were 
taken from multiple measurement PDFs

For this toy example we have a max of 2 different PDFs 
per step

i.e. we are required to use importance sampling for proper 
weighting

Weighting rewards of the same action

<latexit sha1_base64="fY7tUrVTbE3dLn2sJJ8qr2n38ZI="></latexit>

<latexit sha1_base64="5xsLI05ypsteeMF1O6UgI0/+ICA=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgaZkNJppbwIvgJYp5QLKE2clsMmR2dpmZFUII+AFePCji1T/y5t84eQgqWtBQVHXT3RUkgmuD8YeTWVpeWV3Lruc2Nre2d/K7ew0dp4qyOo1FrFoB0UxwyeqGG8FaiWIkCgRrBsOLqd+8Y0rzWN6aUcL8iPQlDzklxko3naNuvoBdPAPCbtnDpXLFkkoRe6Uy8hZWARaodfPvnV5M04hJQwXRuu3hxPhjogyngk1ynVSzhNAh6bO2pZJETPvj2aUTdGyVHgpjZUsaNFO/T4xJpPUoCmxnRMxA//am4l9eOzXhuT/mMkkNk3S+KEwFMjGavo16XDFqxMgSQhW3tyI6IIpQY8PJ2RC+PkX/k0bR9bDrXZ8Wqlf38ziycACHcAIenEEVLqEGdaAQwgM8wbMzdB6dF+d13ppxFhHuww84b5+H3I3J</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="5xsLI05ypsteeMF1O6UgI0/+ICA=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgaZkNJppbwIvgJYp5QLKE2clsMmR2dpmZFUII+AFePCji1T/y5t84eQgqWtBQVHXT3RUkgmuD8YeTWVpeWV3Lruc2Nre2d/K7ew0dp4qyOo1FrFoB0UxwyeqGG8FaiWIkCgRrBsOLqd+8Y0rzWN6aUcL8iPQlDzklxko3naNuvoBdPAPCbtnDpXLFkkoRe6Uy8hZWARaodfPvnV5M04hJQwXRuu3hxPhjogyngk1ynVSzhNAh6bO2pZJETPvj2aUTdGyVHgpjZUsaNFO/T4xJpPUoCmxnRMxA//am4l9eOzXhuT/mMkkNk3S+KEwFMjGavo16XDFqxMgSQhW3tyI6IIpQY8PJ2RC+PkX/k0bR9bDrXZ8Wqlf38ziycACHcAIenEEVLqEGdaAQwgM8wbMzdB6dF+d13ppxFhHuww84b5+H3I3J</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="5xsLI05ypsteeMF1O6UgI0/+ICA=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgaZkNJppbwIvgJYp5QLKE2clsMmR2dpmZFUII+AFePCji1T/y5t84eQgqWtBQVHXT3RUkgmuD8YeTWVpeWV3Lruc2Nre2d/K7ew0dp4qyOo1FrFoB0UxwyeqGG8FaiWIkCgRrBsOLqd+8Y0rzWN6aUcL8iPQlDzklxko3naNuvoBdPAPCbtnDpXLFkkoRe6Uy8hZWARaodfPvnV5M04hJQwXRuu3hxPhjogyngk1ynVSzhNAh6bO2pZJETPvj2aUTdGyVHgpjZUsaNFO/T4xJpPUoCmxnRMxA//am4l9eOzXhuT/mMkkNk3S+KEwFMjGavo16XDFqxMgSQhW3tyI6IIpQY8PJ2RC+PkX/k0bR9bDrXZ8Wqlf38ziycACHcAIenEEVLqEGdaAQwgM8wbMzdB6dF+d13ppxFhHuww84b5+H3I3J</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

For the general case, each measurement 
can be sampled from a different 
measurement PDF

e.g. the weight corresponding to                       is given by

<latexit sha1_base64="JH5gM1Dp2fDuWGyyEddibmisx7o="></latexit>

<latexit sha1_base64="2TbI7MAkhMgpdIMNqr3hZGuoKhY="></latexit>
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<latexit sha1_base64="fY7tUrVTbE3dLn2sJJ8qr2n38ZI="></latexit>

iX-BSP Belief 
Space 
Plannin

Get 
Measureme

Perform 
Action Inferenc

Incremental eXpectation 
BSP

Weighting rewards of the same action

<latexit sha1_base64="5xsLI05ypsteeMF1O6UgI0/+ICA=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgaZkNJppbwIvgJYp5QLKE2clsMmR2dpmZFUII+AFePCji1T/y5t84eQgqWtBQVHXT3RUkgmuD8YeTWVpeWV3Lruc2Nre2d/K7ew0dp4qyOo1FrFoB0UxwyeqGG8FaiWIkCgRrBsOLqd+8Y0rzWN6aUcL8iPQlDzklxko3naNuvoBdPAPCbtnDpXLFkkoRe6Uy8hZWARaodfPvnV5M04hJQwXRuu3hxPhjogyngk1ynVSzhNAh6bO2pZJETPvj2aUTdGyVHgpjZUsaNFO/T4xJpPUoCmxnRMxA//am4l9eOzXhuT/mMkkNk3S+KEwFMjGavo16XDFqxMgSQhW3tyI6IIpQY8PJ2RC+PkX/k0bR9bDrXZ8Wqlf38ziycACHcAIenEEVLqEGdaAQwgM8wbMzdB6dF+d13ppxFhHuww84b5+H3I3J</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="5xsLI05ypsteeMF1O6UgI0/+ICA=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgaZkNJppbwIvgJYp5QLKE2clsMmR2dpmZFUII+AFePCji1T/y5t84eQgqWtBQVHXT3RUkgmuD8YeTWVpeWV3Lruc2Nre2d/K7ew0dp4qyOo1FrFoB0UxwyeqGG8FaiWIkCgRrBsOLqd+8Y0rzWN6aUcL8iPQlDzklxko3naNuvoBdPAPCbtnDpXLFkkoRe6Uy8hZWARaodfPvnV5M04hJQwXRuu3hxPhjogyngk1ynVSzhNAh6bO2pZJETPvj2aUTdGyVHgpjZUsaNFO/T4xJpPUoCmxnRMxA//am4l9eOzXhuT/mMkkNk3S+KEwFMjGavo16XDFqxMgSQhW3tyI6IIpQY8PJ2RC+PkX/k0bR9bDrXZ8Wqlf38ziycACHcAIenEEVLqEGdaAQwgM8wbMzdB6dF+d13ppxFhHuww84b5+H3I3J</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="5xsLI05ypsteeMF1O6UgI0/+ICA=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgaZkNJppbwIvgJYp5QLKE2clsMmR2dpmZFUII+AFePCji1T/y5t84eQgqWtBQVHXT3RUkgmuD8YeTWVpeWV3Lruc2Nre2d/K7ew0dp4qyOo1FrFoB0UxwyeqGG8FaiWIkCgRrBsOLqd+8Y0rzWN6aUcL8iPQlDzklxko3naNuvoBdPAPCbtnDpXLFkkoRe6Uy8hZWARaodfPvnV5M04hJQwXRuu3hxPhjogyngk1ynVSzhNAh6bO2pZJETPvj2aUTdGyVHgpjZUsaNFO/T4xJpPUoCmxnRMxA//am4l9eOzXhuT/mMkkNk3S+KEwFMjGavo16XDFqxMgSQhW3tyI6IIpQY8PJ2RC+PkX/k0bR9bDrXZ8Wqlf38ziycACHcAIenEEVLqEGdaAQwgM8wbMzdB6dF+d13ppxFhHuww84b5+H3I3J</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>

<latexit sha1_base64="2iWgTdcF/Aon895wLg56PUobqSU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBqPgadlNIkluAS+ClyjmAckSZiezyZDZBzOzQlgCfoAXD4p49Y+8+TdOdiOoaEFDUdVNd5cbcSaVZX0YuZXVtfWN/GZha3tnd6+4f9CRYSwIbZOQh6LnYkk5C2hbMcVpLxIU+y6nXXd6sfC7d1RIFga3ahZRx8fjgHmMYKWlm8HJsFiyzHqjVi5bKCWVSjUj9nkD2aaVogRLtIbF98EoJLFPA0U4lrJvW5FyEiwUI5zOC4NY0giTKR7TvqYB9ql0kvTSOTrVygh5odAVKJSq3ycS7Es5813d6WM1kb+9hfiX14+VV3cSFkSxogHJFnkxRypEi7fRiAlKFJ9pgolg+lZEJlhgonQ4BR3C16fof9Ipm7Zl2tfVUvPqPosjD0dwDGdgQw2acAktaAMBDx7gCZ6NqfFovBivWWvOWEZ4CD9gvH0C0mON/A==</latexit>
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The objective for each action sequence is 
calculatedAction sequence with best objective value is 
chosen
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131iX-BSP- Multiple Importance Sampling Objective Estimator
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134ResultsiX-BSP

The robot is required to visit both goals with an objective that minimize 
Distance to Goal (D2G) and maximize information gain

We compare planning time of iX-BSP and standard BSP using expectation (X-
BSP).We used 10 randomly generated maps, each with two goals.

On each map we ran 20 rollouts (entire mission run), each with a different 
sampled initial ground truth position.

The robot is equipped with a stereo camera and has no prior knowledge over 
the environment.

We considered known models with Gaussian additive noise

We compare planning computation time, excluding the last horizon step which is 
identical between the two



135Randomly Generated Maps

2

1

0

40

80

-50 0 50

2

10

40

80

-50 0 50

2

1
0

40

80

-50 0 50

2
1

0

40

80

-50 0 50

2

1

0

40

80

-50 0 50

2

1

0

40

80

-50 0 50

2

1
0

40

80

-50 0 50

2
1

0

40

80

-50 0 50

2
1

0

40

80

-50 0 50

2
1

0

40

80

-50 0 50



136X-BSP vs. iX-BSP
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139Introducing- the Wildfire approximation

iX-BSP does not introduce approximations to the X-BSP solution, as it 
updates all posterior information, but sometimes a belief might be already 
“close enough”We introduce an approximation to iX-BSP called wildfire

The wildfire threshold- εwf , sets an upper bound to consider beliefs as 
“close enough” 

Close enough for re-use 
“as is”Close enough for re-
use

εc 

εwf 

Belief distance equals zero

Once a belief meets the wildfire condition, all its dependents are considered 
as wildfire as well (hence the name).



140Wildfire bounds over objective value

For εwf  = 0, we consider only identical beliefs as close enough

From these two edge-cases, we can deduce the choice of  εwf  would 
have a direct impact over the objective value

Under an assumption of α-Holder reward function, we derived bounds for 
this impact

For εwf  = ∞ , we consider all beliefs as close enough and never update



141Wildfire bounds over objective value
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144iX-BSP with wildfire

We used exactly the same scenario over the same 10 maps

We compare planning time of iX-BSP with and without the use of wildfire

On each map we ran 20 rollouts (entire mission run), each with a different 
sampled initial ground truth position.



145iX-BSP with wildfire
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We would like to provide 
empirical results to the objective 
error

Empirical Objective 
bounds

We propagate a belief with 
predicted (right) and actual (left) 
measurements 
To control the distance between 
them we introduce specific 
noise to the actual action.

We need to perform planning 
from two beliefs sharing a 
history with a specific distance 
between them
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150iML-BSP

As iX-BSP was formulated over the original un-approximated problem of 
X-BSP, we believe it can also benefit all existing approximations of X-
BSP
To support this claim we introduce the ML approximation to iX-BSP, and 
denote the result as iML-BSP

<latexit sha1_base64="k7u8+4tlF9CwM+1A9WERuoRSjwM="></latexit>
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153Results - simulation
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157iML-BSP live experiments

The robot is required to visit set of goals with 
an objective that minimize D2G and maximize 
information gain

We compare planning time of iML-BSP and 
ML-BSPWe used the pioneer 3AT robot, equipped with 
ZED stereo camera and Hokuyo UTM-30LX 
Lidar

We ran two experiments, 35m and 148m long.

The robot has no prior knowledge over the 
environment, and no usage of offline 
calculations
We considered known models with Gaussian 
additive noise
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159Planning computation time - 35m run 
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162Planning computation time - 148m run
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167Concluding remarks

We introduced the novel concept of Joint Inference & Planning - JIP

Inspired by JIP, we created two new approaches for inference update (RUBI) and 
BSP (iX-BSP)

RUBI provides efficient inference update using precursory planning session 
calculations.

JIP, consisting of RUBI and iX-BSP, provides with an exact solution to the original 
standard plan-act-infer system, with a reduced computational effort

This new approach of “symbiosis" might also pave the way into abilities we have yet to discover

iX-BSP provides efficient BSP by incrementally updating previous planning 
calculations. 
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