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• RL framework in a nutshell

‣ RL as a branch of machine learning

• Applications of RL
‣ hallmark applications of RL 
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‣ RL algorithms
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‣ learning from examples 
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Supervised Learning

MNIST

Marín Bukov Mehta, MB,…, Phys. Reports ’19

Class 0 Class 1 Class 2 Class 3 Class 4

Class 5 Class 6 Class 7 Class 8 Class 9

classification weights vector wj for digit class j
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Figure 1 | Machine learning the ferromagnetic Ising model. a, The output layer averaged over a test set as a function of T/J for the square-lattice
ferromagnetic Ising model. The inset in a displays a schematic of the fully connected neural network used in our simulations. b, Plot showing data collapse
of the average output layer as a function of tL1/ν , where t=(T−Tc)/J is the reduced temperature. Linear system sizes L= 10,20,30,40 and 60 are
represented by crosses, up triangles, circles, diamonds and squares, respectively. c, Plot of the finite-size scaling of the crossing temperature T∗/J (down
triangles). d–f, Analogous data to a–b, but for the triangular Ising ferromagnet using the neural network trained for the square-lattice model. The vertical
orange lines signal the critical temperatures of the models in the thermodynamic limit, Tc/J=2/ ln(1+

√
2) for the square lattice17 and Tc/J=4/ ln3 for the

triangular lattice19. The dashed vertical lines represent our estimates of Tc/J from finite-size scaling. The error bars represent one standard deviation
statistical uncertainty (see Supplementary Information).

and the high-temperature states are distinguished by their spin–spin
correlation functions: power-law decay at T = 0, and exponential
decay at T =∞. Instead we feed raw Monte Carlo configurations
to train a neural network (Fig. 1a) to distinguish ground states
from high-temperature states (Fig. 2a,b). For a square-ice system
with N = 2× 16× 16 spins, we find that a neural network with
100 hidden units successfully distinguishes the states with a 99%
accuracy. The network does so solely based on spin configurations,
with no information about the underlying lattice—a feat difficult for
the human eye, even if supplemented with a layout of the underlying
Hamiltonian locality.

We now examine an Ising lattice gauge theory, the prototypical
example of a topological phase of matter, without an order param-
eter at T = 0 (refs 8,20). The Hamiltonian is H =−J

∑
p
∏

i∈p σ z
i ,

where the Ising spins live on the bonds of a two-dimensional square
lattice with plaquettes p (see Fig. 2c). The ground state is again a
degenerate manifold8,21 with exponentially decaying spin–spin cor-
relations. As in the square-ice model, we attempt to use the neural
network in Fig. 1a to classify the high- and low-temperature states,
but find that the training fails to classify the test sets to an accuracy
of over 50%—equivalent to simply guessing. Instead, we employ a
convolutional neural network (CNN)3,22 which readily takes advan-
tage of the two-dimensional structure as well as the translational
invariance of the model. We optimize the CNN in Fig. 2d using
Monte Carlo configurations from the Ising gauge theory at T = 0
andT=∞. The CNNdiscriminates high-temperature from ground
states with an accuracy of 100% in spite of the lack of an order
parameter or qualitative differences in the spin–spin correlations.

We find that the discriminative power of the CNN relies on the det-
ection of satisfied local energetic constraints of the theory, namely
whether

∏
i∈p σ z

i is either +1 (satisfied) or −1 (unsatisfied) on
each plaquette of the system (see the Supplementary Fig. 5). We
construct an analytical model to explicitly exploit the presence of
local constraints in the classification task, which discriminates our
test sets with an accuracy of 100% (see Supplementary Fig. 6).

Notice that, because there is no finite-temperature phase
transition in the Ising gauge theory, we have restricted our analysis
to temperatures T=0 and T=∞, only. However, in finite systems,
violations of the local constraints are strongly suppressed, and the
system is expected to slowly cross over to the high-temperature
phase. The crossover temperature T ∗ happens as the number of
thermally excited defects ∼N exp(−2Jβ) is of the order of one,
implying T ∗/J ∼1/ ln

√
N (ref. 23). As the presence of local defects

is the mechanism through which the CNN decides whether a
system is in its ground state or not, we expect that it will be
able to detect the crossover temperature in a test set at small but
finite temperatures. In Fig. 3 we present the results of the output
neurons of our analytical model for different system sizes averaged
over test sets at different temperatures. We estimate the inverse
crossover temperature β∗J based on the crossing point of the low-
and high-temperature output neurons. As expected theoretically,
this depends on the system size, and as shown in the inset in Fig. 3,
a clear logarithmic crossover is apparent. This result showcases the
ability of the CNN to detect not only phase transitions, but also
non-trivial crossovers between topological phases and their high-
temperature counterparts.
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© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE PHYSICS | VOL 13 | MAY 2017 | www.nature.com/naturephysics

Carrasquilla & Melko, Nat. Phys. 2017,          v. Nieuwenburg et al, Nat Phys. 2017        +       many more

0 20

0

10

20

30

ordered phase

0 20

0

10

20

30

critical region

0 20

0

10

20

30

disordered phase

0 20

0

10

20

30

ordered phase

0 20

0

10

20

30

critical region

0 20

0

10

20

30

disordered phase

2D Ising model

‣ classify phases of 
matter 

‣ determine critical points 
from data

‣ learning from examples 
(labeled data)

Supervised Learning

Marín Bukov

‣ MNIST 
‣ recognizing  

hand-written digits

image: Priya Pareek



MPI-PKS

Unsupervised Learning

‣ learning the distribution 
that generated data

‣ compose music 
‣ draw paintings 
‣ write text (Chat GPT)

Marín Bukov

image: Priya Pareek



MPI-PKS

‣ compose music 
‣ draw paintings 
‣ write text (Chat GPT)

Carleo and Troyer, Science 2017 Schmitt and Heyl, PRL 2020

Unsupervised Learning

+ many moreMarín Bukov
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need a strategy to avoid storing the individual amplitudes
ψðsÞ in memory. In this work we construct a general-
purpose variational wave function ψηðsÞ, parametrized by
η ¼ ðη1;…; ηMÞ, which constitutes an efficient representa-
tion of jψi ifM is much smaller than the Hilbert space size.
Being able to provide a good approximation of the
amplitudes on the fly [ψðsÞ ≈ ψηðsÞ], the variational wave
function serves as a generative model, from which we can
sample using conventional Monte Carlo techniques.
Concretely, the expectation value of any observable Ô
can be obtained as

hψηjÔjψηi ¼
X

s

jψηðsÞj2OηðsÞ; ð2Þ

with OηðsÞ ¼
P

s0 hsjÔjs0iψηðs0Þ=ψηðsÞ. Since hsjÔjs0i is
sparse for few-body observables, the expectation value can
be computed efficiently by Monte Carlo sampling the
probability pηðsÞ ¼ jψηðsÞj2; importantly, there is no sign
problem associated with this procedure.
Clearly, it might appear difficult to construct a general-

purpose generative machine. However, simple but powerful
versions have already been constructed recently for tailored
problems [33,34]. Aiming for a more versatile approach
we now follow the proposal to employ artificial neural
networks [31]. ANNs have the crucial advantage that
they are universal function approximators [35–37]. As a
consequence, any quantum many-body wave function can,

in principle, be represented by ANNs provided the network
is sufficiently large. Consequently, the network size acts as
a control parameter for our simulations that can be used to
check convergence of the results. Moreover, the celebrated
gradient backpropagation algorithm [38–40] enables the
efficient numerical treatment of this class of variational
wave functions.
As one of the key improvements we propose two

modifications of the ANN structure compared to previous
works. First, we explore deep architectures by means of
convolutional neural networks, which naturally respect the
fundamental principles of locality and causality. While
we provide a detailed description of the convolutional
neural networks (CNN) wave function in the Supplemental
Material [41], let us point out that CNNs include the
restricted Boltzmann machines (RBMs), which have been
used in previous works for quantum dynamics
[31,32,42,43], as the special case of a fully connected
single-layer CNN with a fixed activation function. By
contrast, CNNs are typically constructed as deep networks
with sparse connectivity and arbitrary activation functions.
For ground-state searches, CNN architectures have already
been explored previously [44] with a polynomially
enhanced efficiency in encoding entanglement as compared
to the RBM [45]. The hidden unit density α, which specifies
the size of a RBM [31], corresponds to the number of
channels in terms of a CNN architecture, where the filter
diameter dF, that defines the connectivity, equals the linear
extent of the system. Accordingly, we will denote the size
of a CNN with L layers by a tuple α ¼ ðα1;…; αL; dFÞ,
with αk the number of channels in the kth layer [41].
Second, we find that it is crucial for the description of the

unitary dynamics to use analytic activation functions for
the complex-valued ANNs. In contrast to ground-state
searches, which are resilient to the encountering of poles
and branch cuts of typical activation functions due to the
projective nature of imaginary time evolution, real-time
evolution relies on the differentiability of the wave function
at any point of the variational manifold in the full complex
plane. In our simulations we use as activation functions a
sixth order polynomial in the first layer, which allows us to
directly incorporate the Z2 symmetry, and odd fifth order
polynomials in the following layers to avoid the vanishing
gradient problem [41,46].
Training and the noisy TDVP.—Training, i.e., optimiz-

ing ψηðsÞ to represent the dynamical quantum many-body
wave function, is performed by demanding for each time
step τ that the change of parameters _η minimizes the
distance between the time-evolved state e−iτHjψηðtÞi and
jψηðtÞþτ_ηi as measured by the Fubini-Study metric D [31].
The corresponding optimization objective is

r2ðtÞ ¼
DðjψηðtÞþτ_ηi; e−iτHjψηðtÞiÞ2

DðjψηðtÞ; e−iτHjψηðtÞiÞ2
; ð3Þ

(a) (b)

(c)

(d)

FIG. 1. (a) Schematic illustration of the artificial neural network
(ANN) encoding of many-body wave functions in 2D quantum
spin systems. A given spin configuration s, blue and red referring
to the spin ↑ and ↓ state, respectively, functions as the input to an
ANN whose output at the end is the corresponding wave function
amplitude ψs. (b) Collapse and revival of the ferromagnetic order
in a quantum Ising model of 8 × 8 spins on a square lattice after
quenching the transverse field from h ¼ 0 to h ¼ 2.63hc.
(c) Dynamics of the transverse magnetization hσxi ðtÞi. The
quantum Fisher information density fQðtÞ in (d) reveals that
genuine multipartite entanglement is generated by the unitary
evolution.
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need a strategy to avoid storing the individual amplitudes
ψðsÞ in memory. In this work we construct a general-
purpose variational wave function ψηðsÞ, parametrized by
η ¼ ðη1;…; ηMÞ, which constitutes an efficient representa-
tion of jψi ifM is much smaller than the Hilbert space size.
Being able to provide a good approximation of the
amplitudes on the fly [ψðsÞ ≈ ψηðsÞ], the variational wave
function serves as a generative model, from which we can
sample using conventional Monte Carlo techniques.
Concretely, the expectation value of any observable Ô
can be obtained as

hψηjÔjψηi ¼
X

s

jψηðsÞj2OηðsÞ; ð2Þ

with OηðsÞ ¼
P

s0 hsjÔjs0iψηðs0Þ=ψηðsÞ. Since hsjÔjs0i is
sparse for few-body observables, the expectation value can
be computed efficiently by Monte Carlo sampling the
probability pηðsÞ ¼ jψηðsÞj2; importantly, there is no sign
problem associated with this procedure.
Clearly, it might appear difficult to construct a general-

purpose generative machine. However, simple but powerful
versions have already been constructed recently for tailored
problems [33,34]. Aiming for a more versatile approach
we now follow the proposal to employ artificial neural
networks [31]. ANNs have the crucial advantage that
they are universal function approximators [35–37]. As a
consequence, any quantum many-body wave function can,

in principle, be represented by ANNs provided the network
is sufficiently large. Consequently, the network size acts as
a control parameter for our simulations that can be used to
check convergence of the results. Moreover, the celebrated
gradient backpropagation algorithm [38–40] enables the
efficient numerical treatment of this class of variational
wave functions.
As one of the key improvements we propose two

modifications of the ANN structure compared to previous
works. First, we explore deep architectures by means of
convolutional neural networks, which naturally respect the
fundamental principles of locality and causality. While
we provide a detailed description of the convolutional
neural networks (CNN) wave function in the Supplemental
Material [41], let us point out that CNNs include the
restricted Boltzmann machines (RBMs), which have been
used in previous works for quantum dynamics
[31,32,42,43], as the special case of a fully connected
single-layer CNN with a fixed activation function. By
contrast, CNNs are typically constructed as deep networks
with sparse connectivity and arbitrary activation functions.
For ground-state searches, CNN architectures have already
been explored previously [44] with a polynomially
enhanced efficiency in encoding entanglement as compared
to the RBM [45]. The hidden unit density α, which specifies
the size of a RBM [31], corresponds to the number of
channels in terms of a CNN architecture, where the filter
diameter dF, that defines the connectivity, equals the linear
extent of the system. Accordingly, we will denote the size
of a CNN with L layers by a tuple α ¼ ðα1;…; αL; dFÞ,
with αk the number of channels in the kth layer [41].
Second, we find that it is crucial for the description of the

unitary dynamics to use analytic activation functions for
the complex-valued ANNs. In contrast to ground-state
searches, which are resilient to the encountering of poles
and branch cuts of typical activation functions due to the
projective nature of imaginary time evolution, real-time
evolution relies on the differentiability of the wave function
at any point of the variational manifold in the full complex
plane. In our simulations we use as activation functions a
sixth order polynomial in the first layer, which allows us to
directly incorporate the Z2 symmetry, and odd fifth order
polynomials in the following layers to avoid the vanishing
gradient problem [41,46].
Training and the noisy TDVP.—Training, i.e., optimiz-

ing ψηðsÞ to represent the dynamical quantum many-body
wave function, is performed by demanding for each time
step τ that the change of parameters _η minimizes the
distance between the time-evolved state e−iτHjψηðtÞi and
jψηðtÞþτ_ηi as measured by the Fubini-Study metric D [31].
The corresponding optimization objective is

r2ðtÞ ¼
DðjψηðtÞþτ_ηi; e−iτHjψηðtÞiÞ2

DðjψηðtÞ; e−iτHjψηðtÞiÞ2
; ð3Þ
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FIG. 1. (a) Schematic illustration of the artificial neural network
(ANN) encoding of many-body wave functions in 2D quantum
spin systems. A given spin configuration s, blue and red referring
to the spin ↑ and ↓ state, respectively, functions as the input to an
ANN whose output at the end is the corresponding wave function
amplitude ψs. (b) Collapse and revival of the ferromagnetic order
in a quantum Ising model of 8 × 8 spins on a square lattice after
quenching the transverse field from h ¼ 0 to h ¼ 2.63hc.
(c) Dynamics of the transverse magnetization hσxi ðtÞi. The
quantum Fisher information density fQðtÞ in (d) reveals that
genuine multipartite entanglement is generated by the unitary
evolution.
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need a strategy to avoid storing the individual amplitudes
ψðsÞ in memory. In this work we construct a general-
purpose variational wave function ψηðsÞ, parametrized by
η ¼ ðη1;…; ηMÞ, which constitutes an efficient representa-
tion of jψi ifM is much smaller than the Hilbert space size.
Being able to provide a good approximation of the
amplitudes on the fly [ψðsÞ ≈ ψηðsÞ], the variational wave
function serves as a generative model, from which we can
sample using conventional Monte Carlo techniques.
Concretely, the expectation value of any observable Ô
can be obtained as

hψηjÔjψηi ¼
X

s

jψηðsÞj2OηðsÞ; ð2Þ

with OηðsÞ ¼
P

s0 hsjÔjs0iψηðs0Þ=ψηðsÞ. Since hsjÔjs0i is
sparse for few-body observables, the expectation value can
be computed efficiently by Monte Carlo sampling the
probability pηðsÞ ¼ jψηðsÞj2; importantly, there is no sign
problem associated with this procedure.
Clearly, it might appear difficult to construct a general-

purpose generative machine. However, simple but powerful
versions have already been constructed recently for tailored
problems [33,34]. Aiming for a more versatile approach
we now follow the proposal to employ artificial neural
networks [31]. ANNs have the crucial advantage that
they are universal function approximators [35–37]. As a
consequence, any quantum many-body wave function can,

in principle, be represented by ANNs provided the network
is sufficiently large. Consequently, the network size acts as
a control parameter for our simulations that can be used to
check convergence of the results. Moreover, the celebrated
gradient backpropagation algorithm [38–40] enables the
efficient numerical treatment of this class of variational
wave functions.
As one of the key improvements we propose two

modifications of the ANN structure compared to previous
works. First, we explore deep architectures by means of
convolutional neural networks, which naturally respect the
fundamental principles of locality and causality. While
we provide a detailed description of the convolutional
neural networks (CNN) wave function in the Supplemental
Material [41], let us point out that CNNs include the
restricted Boltzmann machines (RBMs), which have been
used in previous works for quantum dynamics
[31,32,42,43], as the special case of a fully connected
single-layer CNN with a fixed activation function. By
contrast, CNNs are typically constructed as deep networks
with sparse connectivity and arbitrary activation functions.
For ground-state searches, CNN architectures have already
been explored previously [44] with a polynomially
enhanced efficiency in encoding entanglement as compared
to the RBM [45]. The hidden unit density α, which specifies
the size of a RBM [31], corresponds to the number of
channels in terms of a CNN architecture, where the filter
diameter dF, that defines the connectivity, equals the linear
extent of the system. Accordingly, we will denote the size
of a CNN with L layers by a tuple α ¼ ðα1;…; αL; dFÞ,
with αk the number of channels in the kth layer [41].
Second, we find that it is crucial for the description of the

unitary dynamics to use analytic activation functions for
the complex-valued ANNs. In contrast to ground-state
searches, which are resilient to the encountering of poles
and branch cuts of typical activation functions due to the
projective nature of imaginary time evolution, real-time
evolution relies on the differentiability of the wave function
at any point of the variational manifold in the full complex
plane. In our simulations we use as activation functions a
sixth order polynomial in the first layer, which allows us to
directly incorporate the Z2 symmetry, and odd fifth order
polynomials in the following layers to avoid the vanishing
gradient problem [41,46].
Training and the noisy TDVP.—Training, i.e., optimiz-

ing ψηðsÞ to represent the dynamical quantum many-body
wave function, is performed by demanding for each time
step τ that the change of parameters _η minimizes the
distance between the time-evolved state e−iτHjψηðtÞi and
jψηðtÞþτ_ηi as measured by the Fubini-Study metric D [31].
The corresponding optimization objective is

r2ðtÞ ¼
DðjψηðtÞþτ_ηi; e−iτHjψηðtÞiÞ2

DðjψηðtÞ; e−iτHjψηðtÞiÞ2
; ð3Þ

(a) (b)

(c)

(d)

FIG. 1. (a) Schematic illustration of the artificial neural network
(ANN) encoding of many-body wave functions in 2D quantum
spin systems. A given spin configuration s, blue and red referring
to the spin ↑ and ↓ state, respectively, functions as the input to an
ANN whose output at the end is the corresponding wave function
amplitude ψs. (b) Collapse and revival of the ferromagnetic order
in a quantum Ising model of 8 × 8 spins on a square lattice after
quenching the transverse field from h ¼ 0 to h ¼ 2.63hc.
(c) Dynamics of the transverse magnetization hσxi ðtÞi. The
quantum Fisher information density fQðtÞ in (d) reveals that
genuine multipartite entanglement is generated by the unitary
evolution.
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These modules could be used as stand-alone quantum
memory or be part of the modular approach to quantum
computation, which has been suggested for several leading
hardware platforms [19,20].
Given a collection of qubits and a set of available

quantum gates, the agent is asked to preserve an arbitrary
quantum state αj0iþ βj1i initially stored in one of the
qubits. It finds complex sequences including projective
measurements and entangling gates, thereby protecting the
quantum information stored in such a few-qubit system
against decoherence. This challenge is very complex,
where both brute-force searches and even the most straight-
forward RL approaches fail. The success of our approach is
due to a combination of two key ideas: (i) two-stage
learning with a RL-trained network receiving maximum
input acting as a teacher for a second network and (ii) a
measure of the recoverable quantum information hidden
inside a collection of qubits being used as a reward.

Recent progress in multiqubit quantum devices [21–30]
has highlighted hardware features deviating from often-
assumed idealized scenarios. These features include qubit
connectivity, correlated noise, restrictions on measure-
ments, or inhomogeneous error rates. Our approach can
help in finding “hardware-adapted” solutions, since it
builds on the main advantage of RL, namely, its flexibility:
It can discover strategies for such a wide range of situations
with minimal domain-specific input. We illustrate this
flexibility in examples from two different domains: In
one set of examples (uncorrelated bit-flip noise), the net-
work is able to go beyond rediscovering the textbook
stabilizer repetition code. It finds an adaptive response to
unexpectedmeasurement results that allows it to increase the
coherence time, performing better than any straightforward
nonadaptive implementation. Simultaneously, it automati-
cally discovers suitable gate sequences for various types of
hardware settings. In another very different example, the
agent learns to counter spatially correlated noise by finding
nontrivial adaptive phase-estimation strategies that quickly
become intractable by conventional numerical approaches
such as brute-force search. Crucially, all these examples can
be treated by exactly the same approach with no fine-tuning.
The only input consists in the problem specification (hard-
ware and noise model).
In a nutshell, our goal is to have a neural network which

can be employed in an experiment, receiving measurement
results and selecting suitable subsequent gate operations
conditioned on these results. However, in our two-stage
learning approach, we do not directly train this neural
network from scratch. Rather, we first employ reinforcement
learning to train an auxiliary network that has full knowledge
of the simulated quantum evolution. Later on, the exper-
imentally applicable network is trained in a supervised way
to mimic the behavior of this auxiliary network.
We emphasize that feedback requires reaction towards

the observations, going beyond optimal-control type chal-
lenges (like pulse-shape optimization or dynamical decou-
pling), and RL has been designed for exactly this purpose.
Specifically, in this work, we consider discrete-time digital
feedback of the type that is now starting to be implemented
experimentally [31–35], e.g., for error correction in super-
conducting quantum computers. Other widespread optimi-
zation techniques for quantum control, like gradient-ascent
pulse engineering (GRAPE), often vary evolution operators
with respect to continuous parameters [36,37] but do not
easily include feedback and are most suited for optimizing
the pulse shapes of individual gates (rather than complex
gate sequences acting on many qubits). Another recent
approach [38] to quantum-error correction uses the opti-
mization of control parameters in a preconfigured gate
sequence. By contrast, RL directly explores the space of
discrete gate sequences. Moreover, it is a “model-free”
approach [2]; i.e., it does not rely on access to the
underlying dynamics. What is optimized is the network
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FIG. 1. (a) The general setting of this work: A few-qubit
quantum device with a neural-network-based controller whose
task is to protect the quantum memory residing in this device
against noise. Reinforcement learning lets the controller (“RL
agent”) discover on its own how to best choose gate sequences,
perform measurements, and react to measurement results by
interacting with the quantum device (“RL environment”).
(b) visualizes the flexibility of our approach (schematic).
Depending on the type of noise and hardware setting, different
approaches are optimal (DD, dynamical decoupling; DFS,
decoherence-free subspace). By contrast, the RL approach is
designed to automatically discover the best strategy adapted to
the situation. In (c), we show the conventional procedure to select
some QEC algorithm and then produce hardware-adapted device
instructions (possibly reiterating until an optimal choice is
found). We compare this to our approach (d) that takes care of
all these steps at once and provides QEC strategies fully adapted
to the concrete specifications of the quantum device.
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by optimal measurements is given by the trace distance
1
2 kρ̂1 − ρ̂2k1. Let ρ̂n⃗ðtÞ be the quantum state into which the
multiqubit system has evolved, given the initial logical
qubit state of Bloch vector n⃗. We now consider the
distinguishability of two initially orthogonal states,
1
2 kρ̂n⃗ðtÞ − ρ̂−n⃗ðtÞk1. In general, this quantity may display
a nontrivial, nonanalytic dependence on n⃗. We introduce
the “recoverable quantum information” as

RQðtÞ ¼
1

2
minn⃗ kρ̂n⃗ðtÞ − ρ̂−n⃗ðtÞk1: ð2Þ

The minimum over the full Bloch sphere is taken because the
logical qubit state is unknown to the agent, so the success of
an action sequence is determined by the worst-case scenario.
In other words, RQ specifies a guaranteed value for the
remaining distinguishability for all possible logical qubit
states. Thus,RQ is a property of the completely positive map
that characterizes the dissipative evolution.
The recoverable quantum information RQ is much more

powerful than the overlap of initial and final states, as it can
be used to construct an immediate reward, evaluating a
strategy even at intermediate times. In the idealized case
where errors have occurred but they could, in principle, be
perfectly recovered by a suitable detection and decoding
sequence, RQ remains 1. As we see below, this behavior
steers the network towards suitable strategies. RQ can be
extended towards multiple logical qubits.
As far as RQ is concerned, error-correction steps are

required only to prevent the multiqubit system from
venturing into regions of the Hilbert space where any
further decoherence process will irreversibly destroy the
quantum information (and lower RQ). If one wants the
network to actually implement the final decoding sequence
to return back an unentangled state, this can be done by
adding suitable contributions to the reward (see below).

IV. RESULTS

We now apply the general approach to different settings,
illustrating its flexibility. The training of the state-aware
network is analyzed in Fig. 3. In the example, the qubits are
subject to bit-flip errors uncorrelated in space and time,
with a decay term _̂ρ ¼ T−1

dec
P

jðσ̂
ðjÞ
x ρ̂σ̂ðjÞx − ρ̂Þ in the under-

lying master equation (see Appendix B). All of the four
qubits may be measured, and there is full connectivity.
During training [Figs. 3(a) and 3(b)], the network first
learns to avoid destructive measurements which reveal the
logical qubit state. Afterwards, it discovers a sequence of
CNOT gates that creates an entangled state, implementing
some version of the three-qubit repetition code [48,49]. The
particular CNOT sequence shown in the figure generates
one possible encoded state out of several equally good
ones. The symmetry between these alternative encodings
is broken spontaneously during training. The encoding
already increases the reward above the trivial level (obtained

for storing the logical qubit in one physical qubit only).
Finally, the network starts doing repeated parity measure-
ments of the type CNOT ðB ↦ AÞ, CNOT ðC ↦ AÞ, MðAÞ,
flipping the state of ancilla A only if the states of B and C
differ (here,M is a measurement). This protocol implements
error detection, helping to preserve the quantum information
by preventing the leakage into states with two bit flips that
cannot be corrected if undetected. Figure 3(b) illustrates the
progression from random quantum circuits to a nearly
converged strategy. During any single trajectory, the recov-
erable quantum information can have sudden jumps when
measurements are performed [Fig. 3(c)] with collapses and
revivals (see also Sec. II of the SupplementaryMaterial [51]).
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FIG. 3. Reinforcement learning for the state-aware network
with a four-qubit setup (all qubits can be measured, as indicated
by the detectors and the red color; all qubit pairs can be subject to
CNOT gates, as indicated by the links). (a) Training progress in
terms of the average recoverable quantum information RQ
evaluated at the final step of a 200-step gate sequence. One
“epoch” involves training on a batch of 64 trajectories (gate
sequences). Eventually, the network performs even better than a
combination of encoding and periodic parity checks due to the
adaptive recovery sequences that are triggered by unexpected
measurements (i.e., upon error detection). In this example, that
leads to an approximate 15% increase of the decoherence time
over a nonadaptive scheme. (b) Typical gate sequences at
different training stages, mostly converged strategy at bottom.
Qubits participating in encoding (holding information about the
logical qubit state) are indicated with light blue background.
(c) Time evolution of RQ at the same three training stages (red,
blue, green) for individual trajectories (dashed: averaged over
many trajectories). Jumps are due to measurements. (d) Evolution
depending on stochastic measurement results indicated as “0” or
“1” and also via the color (red or orange) of the measurement gate
symbol. The policy strongly deviates between the different
branches, demonstrating that RL finds adaptive quantum-feed-
back strategies, where the behavior depends on the measurement
outcomes. Note that even the mostly converged strategy is still
probabilistic to some degree.
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FIG. 3. Optimization of multiqubit ZX (−π/2) entangling gates on IBM device Casablanca, benchmarked against a black-box
closed-loop optimization routine. (a) Infidelity measurement for circuits consisting of different numbers of gate repetition for the
IBM default and DRL optimized gate. For each number of repetitions we perform five experiments on each of two different initial
states |00⟩ and |10⟩. Approximate gate error is extracted from the slope of infidelity with gate repetition. (Upper inset) Schematic of
the optimization cycle. (b),(c) The programmed control waveforms for the (b) IBM default and (c) DRL optimized ZX (−π/2) gates.
Note that channel d1, used as a cancellation tone in the IBM default is not used in the optimized gate. (d)–(f) Similar plots to (a)–(c) as
achieved via simulated annealing on the same IBM hardware. The derived benefit using simulated annealing is similar to DRL, show-
ing 200% improvement over the IBM default gate. These initial performance calibration measurements are performed approximately
48 h after initial gate design due to hardware-access constraints and comparison is made to the most recently updated default gate.

error per gate, achieving a gate fidelity > 99.5%. These
results show that both agents are able to identify superior
ZX (−π/2) gates without the need for use of a cancellation
tone on channel d1, shown in Figs. 3(c) and 3(f), and that
we are able to avoid the potential pitfalls of the learning
procedure using DRL relative to a direct fidelity optimiza-
tion. Optimizations and comparisons to the default were
performed on different days (due to access limits), result-
ing in variation between calibrated default gate definition
and absolute performance.

In a manner similar to the single-qubit robustness stud-
ies, we have also seen that DRL optimized ZX (−π/2)
gates outperform the default even up to 25 days since
optimization with ! 2× lower error, again with no recal-
ibration or tuning; see Fig. 4(a). As another measure,
we construct a CNOT gate from the optimized ZX (−π/2)
gate and compare it to the default CNOT using interleaved
randomized benchmarking (IRB) [64]. The absolute IRB
gate infidelities achieved and the relative improvements of

approximately 1.25 − 1.7x vary with machine in use and
time (as T1 can fluctuate substantially), but optimized gates
consistently outperform the default across multiple metrics
and over long delays since calibration. For the example of
testing 25+ days post calibration shown in Fig. 4(b), we
achieve a DRL optimized CNOT gate fidelity > 99%.

Finally, we demonstrate that DRL can be used to directly
optimize the SWAP gate in situ. The SWAP gate involves
sequential application of three CNOT gates, built in turn
from ZX (−π/2) entangling operations and single-qubit
unitaries. We maintain this overall decomposition but cre-
ate a new reward function for the DRL algorithm as
follows. We apply the full SWAP schedule with varying
repetition values ri on initial states | + 0⟩ and | + 1⟩,
and average the different state fidelities which we extract
from a full state tomography. Again we are able to see
improvements in the SWAP gate fidelity through both
direct repetition and interleaved randomized benchmark-
ing. Using DRL optimization on ibmq_bogota, we achieve
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These modules could be used as stand-alone quantum
memory or be part of the modular approach to quantum
computation, which has been suggested for several leading
hardware platforms [19,20].
Given a collection of qubits and a set of available

quantum gates, the agent is asked to preserve an arbitrary
quantum state αj0iþ βj1i initially stored in one of the
qubits. It finds complex sequences including projective
measurements and entangling gates, thereby protecting the
quantum information stored in such a few-qubit system
against decoherence. This challenge is very complex,
where both brute-force searches and even the most straight-
forward RL approaches fail. The success of our approach is
due to a combination of two key ideas: (i) two-stage
learning with a RL-trained network receiving maximum
input acting as a teacher for a second network and (ii) a
measure of the recoverable quantum information hidden
inside a collection of qubits being used as a reward.

Recent progress in multiqubit quantum devices [21–30]
has highlighted hardware features deviating from often-
assumed idealized scenarios. These features include qubit
connectivity, correlated noise, restrictions on measure-
ments, or inhomogeneous error rates. Our approach can
help in finding “hardware-adapted” solutions, since it
builds on the main advantage of RL, namely, its flexibility:
It can discover strategies for such a wide range of situations
with minimal domain-specific input. We illustrate this
flexibility in examples from two different domains: In
one set of examples (uncorrelated bit-flip noise), the net-
work is able to go beyond rediscovering the textbook
stabilizer repetition code. It finds an adaptive response to
unexpectedmeasurement results that allows it to increase the
coherence time, performing better than any straightforward
nonadaptive implementation. Simultaneously, it automati-
cally discovers suitable gate sequences for various types of
hardware settings. In another very different example, the
agent learns to counter spatially correlated noise by finding
nontrivial adaptive phase-estimation strategies that quickly
become intractable by conventional numerical approaches
such as brute-force search. Crucially, all these examples can
be treated by exactly the same approach with no fine-tuning.
The only input consists in the problem specification (hard-
ware and noise model).
In a nutshell, our goal is to have a neural network which

can be employed in an experiment, receiving measurement
results and selecting suitable subsequent gate operations
conditioned on these results. However, in our two-stage
learning approach, we do not directly train this neural
network from scratch. Rather, we first employ reinforcement
learning to train an auxiliary network that has full knowledge
of the simulated quantum evolution. Later on, the exper-
imentally applicable network is trained in a supervised way
to mimic the behavior of this auxiliary network.
We emphasize that feedback requires reaction towards

the observations, going beyond optimal-control type chal-
lenges (like pulse-shape optimization or dynamical decou-
pling), and RL has been designed for exactly this purpose.
Specifically, in this work, we consider discrete-time digital
feedback of the type that is now starting to be implemented
experimentally [31–35], e.g., for error correction in super-
conducting quantum computers. Other widespread optimi-
zation techniques for quantum control, like gradient-ascent
pulse engineering (GRAPE), often vary evolution operators
with respect to continuous parameters [36,37] but do not
easily include feedback and are most suited for optimizing
the pulse shapes of individual gates (rather than complex
gate sequences acting on many qubits). Another recent
approach [38] to quantum-error correction uses the opti-
mization of control parameters in a preconfigured gate
sequence. By contrast, RL directly explores the space of
discrete gate sequences. Moreover, it is a “model-free”
approach [2]; i.e., it does not rely on access to the
underlying dynamics. What is optimized is the network
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FIG. 1. (a) The general setting of this work: A few-qubit
quantum device with a neural-network-based controller whose
task is to protect the quantum memory residing in this device
against noise. Reinforcement learning lets the controller (“RL
agent”) discover on its own how to best choose gate sequences,
perform measurements, and react to measurement results by
interacting with the quantum device (“RL environment”).
(b) visualizes the flexibility of our approach (schematic).
Depending on the type of noise and hardware setting, different
approaches are optimal (DD, dynamical decoupling; DFS,
decoherence-free subspace). By contrast, the RL approach is
designed to automatically discover the best strategy adapted to
the situation. In (c), we show the conventional procedure to select
some QEC algorithm and then produce hardware-adapted device
instructions (possibly reiterating until an optimal choice is
found). We compare this to our approach (d) that takes care of
all these steps at once and provides QEC strategies fully adapted
to the concrete specifications of the quantum device.
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FIG. 4. Robustness and circuit-level implementations of DRL-optimized two-qubit gates. (a) Repetition measurements taken
immediately after optimization (dotted lines) and 25 days following optimization. The default gate has been recalibrated but the
DRL-optimized gate remains unchanged over 25 days. (b) Interleaved randomized benchmarking comparisons at 25 days post-DRL
optimization. Here, circles represent standard RB sequences and triangle sequences interleaved with CNOT. The shading represents the
gap between the overall sequence and the CNOT constructed from the default or optimized ZX (−π/2). The reduced purple shaded area
indicates improved performance relative to the default. (c) Repetition and (d) IRB for a DRL optimized SWAP gate constructed from
three CNOTs [inset, (c)].

up to 1.45× improvement in the achieved interleaved
randomized benchmarking error per gate.

IV. CONCLUSIONS AND OUTLOOK

In this work, we have shown the benefits of using deep
reinforcement learning for the autonomous experimental
design of high-fidelity and error-robust gatesets on super-
conducting quantum computers. We demonstrated that by
manipulating a small set of accessible experimental con-
trol signals, our method was able to provide low-level
implementations of novel quantum gates based only on
measured system responses without requiring any prior
knowledge of the particular device model or its underly-
ing error processes. The entire gateset was validated to
outperform the best alternatives.

We first constructed single-qubit Rx(π/2) gates, which
outperform the IBM default gate in RB with up to a 3×
reduction in gate duration and robustness against common
system drifts. We then constructed novel implementations
of the entangling ZX (−π/2) gate, which show up to
approximately 2.38× lower infidelity, achieving FZX >
99.5%. With these two driven gates, we used randomized
benchmarking techniques to validate a complete univer-
sal gateset with performance superior to hardware defaults
even weeks past last calibration.

We conclude that DRL is an effective tool for achieving
error-robust gatesets, which outperform default, human-
defined operations by capturing unknown Hamiltonian
terms through direct interaction with experimental hard-
ware, and without the need for onerous Hamiltonian
tomography methods. Moreover, we have validated that
even in the face of restricted access to measurement data,
DRL can effectively design useful novel controls. We
expect that in circumstances allowing better access to
measurement data, the richness of DRL may allow the

construction of gate implementations, which are out of
reach for simpler cost-function minimization methods.

Looking forward, we believe these results validate
DRL’s utility for directly improving the performance of
small-to-medium-scale algorithms, beyond individual gate
operations. For instance, it may be beneficial to directly
optimize frequently employed circuit elements outside
of the underlying universal gateset [65,66]. Our early
experimental exploration of the SWAP gate suggests that
additional optimization benefits may be achieved through
autonomous gate optimization in situ, in order to effec-
tively capture additional transients and context-dependent
error sources that arise at the circuit level. We look for-
ward to future work extending the applicability of DRL to
deliver further algorithmic advantages across a variety of
quantum-computing applications.
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APPENDIX A: METHODS

In this section we briefly summarize the parameters and
procedures we used to produce the results in the main text.

1. Single- and two-qubit measurement protocols
The measurement protocols we employ to observe the

system state are based on the concepts of quantum-state
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FIG. 4. Robustness and circuit-level implementations of DRL-optimized two-qubit gates. (a) Repetition measurements taken
immediately after optimization (dotted lines) and 25 days following optimization. The default gate has been recalibrated but the
DRL-optimized gate remains unchanged over 25 days. (b) Interleaved randomized benchmarking comparisons at 25 days post-DRL
optimization. Here, circles represent standard RB sequences and triangle sequences interleaved with CNOT. The shading represents the
gap between the overall sequence and the CNOT constructed from the default or optimized ZX (−π/2). The reduced purple shaded area
indicates improved performance relative to the default. (c) Repetition and (d) IRB for a DRL optimized SWAP gate constructed from
three CNOTs [inset, (c)].

up to 1.45× improvement in the achieved interleaved
randomized benchmarking error per gate.

IV. CONCLUSIONS AND OUTLOOK

In this work, we have shown the benefits of using deep
reinforcement learning for the autonomous experimental
design of high-fidelity and error-robust gatesets on super-
conducting quantum computers. We demonstrated that by
manipulating a small set of accessible experimental con-
trol signals, our method was able to provide low-level
implementations of novel quantum gates based only on
measured system responses without requiring any prior
knowledge of the particular device model or its underly-
ing error processes. The entire gateset was validated to
outperform the best alternatives.

We first constructed single-qubit Rx(π/2) gates, which
outperform the IBM default gate in RB with up to a 3×
reduction in gate duration and robustness against common
system drifts. We then constructed novel implementations
of the entangling ZX (−π/2) gate, which show up to
approximately 2.38× lower infidelity, achieving FZX >
99.5%. With these two driven gates, we used randomized
benchmarking techniques to validate a complete univer-
sal gateset with performance superior to hardware defaults
even weeks past last calibration.

We conclude that DRL is an effective tool for achieving
error-robust gatesets, which outperform default, human-
defined operations by capturing unknown Hamiltonian
terms through direct interaction with experimental hard-
ware, and without the need for onerous Hamiltonian
tomography methods. Moreover, we have validated that
even in the face of restricted access to measurement data,
DRL can effectively design useful novel controls. We
expect that in circumstances allowing better access to
measurement data, the richness of DRL may allow the

construction of gate implementations, which are out of
reach for simpler cost-function minimization methods.

Looking forward, we believe these results validate
DRL’s utility for directly improving the performance of
small-to-medium-scale algorithms, beyond individual gate
operations. For instance, it may be beneficial to directly
optimize frequently employed circuit elements outside
of the underlying universal gateset [65,66]. Our early
experimental exploration of the SWAP gate suggests that
additional optimization benefits may be achieved through
autonomous gate optimization in situ, in order to effec-
tively capture additional transients and context-dependent
error sources that arise at the circuit level. We look for-
ward to future work extending the applicability of DRL to
deliver further algorithmic advantages across a variety of
quantum-computing applications.
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APPENDIX A: METHODS

In this section we briefly summarize the parameters and
procedures we used to produce the results in the main text.

1. Single- and two-qubit measurement protocols
The measurement protocols we employ to observe the

system state are based on the concepts of quantum-state

040324-7

theory RL

Sivak et al, Nature 616 50-55 (2023)

Applications of RL in Quantum Physics

Olle et al, arXiv:2311.04750

MB et al, PRX 8 031086 (2018)
Niu et al, npj 5 33 (2019)

Reuer, Nat Comm 14 7138 (2023)
Yao et al, PRX 11 (3), 031070 (2021)

Sivak et al, PRX 12, 011059 (2022) Porotti, Comm Phys 2 (2019)

+ many more

Gispen et al, MSML (2021) Dalgaard et al, npj 6 6 (2020)

+ many more

Marín Bukov

‣ task: find high-fidelity pulses that emulate gates on a quantum computer

๏ quantum control

๏ quantum error correction

๏ quantum gate design



MPI-PKS

YUVAL BAUM et al. PRX QUANTUM 2, 040324 (2021)

Time (ns)

In
fid

el
ity

Number of repetitions

Simulated annealing

u1
d1

d0

Time (ns) Time (ns)Time (ns)

Number of repetitions

DDeeeepp  rreeiinnffoorrcceemmeenntt  lleeaarrnniinngg Simulated annealing

dd
(a) (d)

(e) (f)(b) (c)

FIG. 3. Optimization of multiqubit ZX (−π/2) entangling gates on IBM device Casablanca, benchmarked against a black-box
closed-loop optimization routine. (a) Infidelity measurement for circuits consisting of different numbers of gate repetition for the
IBM default and DRL optimized gate. For each number of repetitions we perform five experiments on each of two different initial
states |00⟩ and |10⟩. Approximate gate error is extracted from the slope of infidelity with gate repetition. (Upper inset) Schematic of
the optimization cycle. (b),(c) The programmed control waveforms for the (b) IBM default and (c) DRL optimized ZX (−π/2) gates.
Note that channel d1, used as a cancellation tone in the IBM default is not used in the optimized gate. (d)–(f) Similar plots to (a)–(c) as
achieved via simulated annealing on the same IBM hardware. The derived benefit using simulated annealing is similar to DRL, show-
ing 200% improvement over the IBM default gate. These initial performance calibration measurements are performed approximately
48 h after initial gate design due to hardware-access constraints and comparison is made to the most recently updated default gate.

error per gate, achieving a gate fidelity > 99.5%. These
results show that both agents are able to identify superior
ZX (−π/2) gates without the need for use of a cancellation
tone on channel d1, shown in Figs. 3(c) and 3(f), and that
we are able to avoid the potential pitfalls of the learning
procedure using DRL relative to a direct fidelity optimiza-
tion. Optimizations and comparisons to the default were
performed on different days (due to access limits), result-
ing in variation between calibrated default gate definition
and absolute performance.

In a manner similar to the single-qubit robustness stud-
ies, we have also seen that DRL optimized ZX (−π/2)
gates outperform the default even up to 25 days since
optimization with ! 2× lower error, again with no recal-
ibration or tuning; see Fig. 4(a). As another measure,
we construct a CNOT gate from the optimized ZX (−π/2)
gate and compare it to the default CNOT using interleaved
randomized benchmarking (IRB) [64]. The absolute IRB
gate infidelities achieved and the relative improvements of

approximately 1.25 − 1.7x vary with machine in use and
time (as T1 can fluctuate substantially), but optimized gates
consistently outperform the default across multiple metrics
and over long delays since calibration. For the example of
testing 25+ days post calibration shown in Fig. 4(b), we
achieve a DRL optimized CNOT gate fidelity > 99%.

Finally, we demonstrate that DRL can be used to directly
optimize the SWAP gate in situ. The SWAP gate involves
sequential application of three CNOT gates, built in turn
from ZX (−π/2) entangling operations and single-qubit
unitaries. We maintain this overall decomposition but cre-
ate a new reward function for the DRL algorithm as
follows. We apply the full SWAP schedule with varying
repetition values ri on initial states | + 0⟩ and | + 1⟩,
and average the different state fidelities which we extract
from a full state tomography. Again we are able to see
improvements in the SWAP gate fidelity through both
direct repetition and interleaved randomized benchmark-
ing. Using DRL optimization on ibmq_bogota, we achieve
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gate,

Ux
j (θ) = e−iθσx

j , Uz
j (θ) = e−iθσz

j , Uxx(θ) = e
−iθ

∑

j<k

σx
j σx

k
|k−j|α

(1)

where σx
j ,σ

y
j , and σ

z
j are the Pauli matrices at site j. The

exponent α can be theoretically tuned within the range
0 ≤ α < 3, but the optimal performance is typically
reached either for α = 0 or α ≈ 1. For the following we
will focus for concreteness on either α = 3 or α = 1 while
emphasizing that our approach can be straighforwardly
applied also to other α or other quantum computing ar-
chitectures such as superconducting qubits with different
sets of universal quantum gates.
The central goal of our work is to find circuits with a

small number of quantum gates for the task of reproduc-
ing the dynamics of a given Hamiltonian. We translate
this task into a variational optimization problem as fol-
lows. Let |ψ0⟩ denote the initial state and let us fix the
resources in terms of quantum gates as in Eq. (1). Then
we construct a sequence of gates:

|ψDQS⟩ = Un · · ·U2U1|ψ0⟩ , (2)

Ut = Uxx(θxxt )
∏

j

[Uz
j (θ

z,j
t )Ux

j (θ
x,j
t )] , (3)

as depicted schematically in Fig. 1 (a). The main goal
now is to choose the underlying variational parameters
θ = (θxxt , θz,1t , θx,1t , . . . , θz,Nt , θx,Nt ) such that the state
|ψDQS⟩ is as close as possible to the desired time
evolution of the target Hamiltonian H at a specified
time τ : |ψtarget⟩ = e−iHτ |ψ0⟩ . From now on the number
of entangling gates will be fixed to n = 3. As we will
show, remarkably, these small quantum circuits will be
sufficient to reproduce the dynamics of local observables
such as for the lattice Schwinger model, see Fig. 1(b),
even for large systems and large times.

Method. We use reinforcement learning (RL) in order
to solve this difficult optimization problem. RL is a sub-
field of machine learning in which a software agent learns
by interacting with an environment and adapting its be-
havior accordingly. The agent generates sequences of ac-
tions in the environment and learns to perform a given
task by maximizing a cumulative reward function. RL
has seen a recent surge of applications in the field of quan-
tum control for few-body problems [17, 18, 20, 22–26] as
it suits well optimiziation problems consisting of succes-
sive actions on a state with high dimensionality. Here,
we are interested in the dynamics of quantum many-body
problems which is a far more challenging problem.
In this work, we use a modified version of a deep Q-

network algorithm [27], a variant of the original Watkins
off-policy Q-learning algorithm using artificial neural net-
works as function approximators [28, 29]. While we now
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FIG. 1. (a) Generic quantum circuit used for the DQSs of the
long-range Ising and Schwinger models, here for a three-site
system. The boxes represent different quantum gates, each
with a different variational parameter depicted by the box
width. (b) Particle number density ν in the 10-site lattice
Schwinger model starting from the bare vacuum for the pa-
rameters used in a recent DQS experiment [8]: J = w = 2m
in Eq. (7). We show the DQS results using the fidelity (green)
and the local reward (4) (red), and the exact time evolution
(blue).

summarize the central aspects of the algorithm, further
details can be found in Refs. [29, 30].
The optimization problem is defined as an episodic RL

problem: each episode is divided into a finite number of
steps t = 0, . . . , n, corresponding to the steps of the DQS.
At t = 0, the quantum wave function is in a given initial
state |ψ0⟩. Then, at each step t the agent chooses an ac-
tion at = (θxxt , θz,1t , θx,1t , . . . , θz,Nt , θx,Nt ) defining the uni-
tary Ut in Eq. (3). After each action at, the agent receives
a scalar reward rt. At the end of the episode, t = n, the
reward characterizes how close the final state |ψDQS⟩ is to
the target state |ψtarget⟩ = e−iHτ |ψ0⟩. For intermediate
steps, the reward is set to 0 as we do not constraint the
specific evolution of the quantum wave function between
the initial and target state. A representative learning
process as a function of episodes is shown in Fig. 2(a) for
the Ising model in Eq. (6).
In Q-learning, the goal is to numerically compute the

so-called action-value function, Q(s, a) (represented by
a neural network in our algorithm), which is defined
as the expected total return

∑n
t=1 rt, given that the

environment is in the state s and that the agent takes
the action a and acts optimally afterwards. At each step,
the agent chooses an action using current knowledge
of the Q functions and uses the obtained feedback to
update Q following the Bellman optimality equation
[29]. Importantly, the actions a take continuous values
in our case, which is not standard for Q-learning. We
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๏ quantum control

๏ quantum error correction

๏ quantum gate design

๏ quantum circuit design and synthesis

These modules could be used as stand-alone quantum
memory or be part of the modular approach to quantum
computation, which has been suggested for several leading
hardware platforms [19,20].
Given a collection of qubits and a set of available

quantum gates, the agent is asked to preserve an arbitrary
quantum state αj0iþ βj1i initially stored in one of the
qubits. It finds complex sequences including projective
measurements and entangling gates, thereby protecting the
quantum information stored in such a few-qubit system
against decoherence. This challenge is very complex,
where both brute-force searches and even the most straight-
forward RL approaches fail. The success of our approach is
due to a combination of two key ideas: (i) two-stage
learning with a RL-trained network receiving maximum
input acting as a teacher for a second network and (ii) a
measure of the recoverable quantum information hidden
inside a collection of qubits being used as a reward.

Recent progress in multiqubit quantum devices [21–30]
has highlighted hardware features deviating from often-
assumed idealized scenarios. These features include qubit
connectivity, correlated noise, restrictions on measure-
ments, or inhomogeneous error rates. Our approach can
help in finding “hardware-adapted” solutions, since it
builds on the main advantage of RL, namely, its flexibility:
It can discover strategies for such a wide range of situations
with minimal domain-specific input. We illustrate this
flexibility in examples from two different domains: In
one set of examples (uncorrelated bit-flip noise), the net-
work is able to go beyond rediscovering the textbook
stabilizer repetition code. It finds an adaptive response to
unexpectedmeasurement results that allows it to increase the
coherence time, performing better than any straightforward
nonadaptive implementation. Simultaneously, it automati-
cally discovers suitable gate sequences for various types of
hardware settings. In another very different example, the
agent learns to counter spatially correlated noise by finding
nontrivial adaptive phase-estimation strategies that quickly
become intractable by conventional numerical approaches
such as brute-force search. Crucially, all these examples can
be treated by exactly the same approach with no fine-tuning.
The only input consists in the problem specification (hard-
ware and noise model).
In a nutshell, our goal is to have a neural network which

can be employed in an experiment, receiving measurement
results and selecting suitable subsequent gate operations
conditioned on these results. However, in our two-stage
learning approach, we do not directly train this neural
network from scratch. Rather, we first employ reinforcement
learning to train an auxiliary network that has full knowledge
of the simulated quantum evolution. Later on, the exper-
imentally applicable network is trained in a supervised way
to mimic the behavior of this auxiliary network.
We emphasize that feedback requires reaction towards

the observations, going beyond optimal-control type chal-
lenges (like pulse-shape optimization or dynamical decou-
pling), and RL has been designed for exactly this purpose.
Specifically, in this work, we consider discrete-time digital
feedback of the type that is now starting to be implemented
experimentally [31–35], e.g., for error correction in super-
conducting quantum computers. Other widespread optimi-
zation techniques for quantum control, like gradient-ascent
pulse engineering (GRAPE), often vary evolution operators
with respect to continuous parameters [36,37] but do not
easily include feedback and are most suited for optimizing
the pulse shapes of individual gates (rather than complex
gate sequences acting on many qubits). Another recent
approach [38] to quantum-error correction uses the opti-
mization of control parameters in a preconfigured gate
sequence. By contrast, RL directly explores the space of
discrete gate sequences. Moreover, it is a “model-free”
approach [2]; i.e., it does not rely on access to the
underlying dynamics. What is optimized is the network
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FIG. 1. (a) The general setting of this work: A few-qubit
quantum device with a neural-network-based controller whose
task is to protect the quantum memory residing in this device
against noise. Reinforcement learning lets the controller (“RL
agent”) discover on its own how to best choose gate sequences,
perform measurements, and react to measurement results by
interacting with the quantum device (“RL environment”).
(b) visualizes the flexibility of our approach (schematic).
Depending on the type of noise and hardware setting, different
approaches are optimal (DD, dynamical decoupling; DFS,
decoherence-free subspace). By contrast, the RL approach is
designed to automatically discover the best strategy adapted to
the situation. In (c), we show the conventional procedure to select
some QEC algorithm and then produce hardware-adapted device
instructions (possibly reiterating until an optimal choice is
found). We compare this to our approach (d) that takes care of
all these steps at once and provides QEC strategies fully adapted
to the concrete specifications of the quantum device.
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Reinforcement Learning (RL) formalism

MPI-PKS

chooses action atagent

feedback loop

actions: {left, right, stay}

environment 
(different from env. in physics)

changes state: 
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st
at�! st+1

Sutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov
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gets reward rt+1

observes state st+1

Mnih et al., Nature 518 (2015) [Google DeepMind]



RL in a Nutshell

MPI-PKSSutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov

• RL formalism

‣ action space:   𝒜 = {left, stay, right}

‣ reward function:  scorer =

‣ state space:   pixelized image of the screen 𝒮



p(St+1|St, At)
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MPI-PKSSutton and Barto, Reinforcement Learning: an Introduction, MIT press

RL in a Nutshell

Marín Bukov

• RL formalism

• RL episode is a Markov decision process 

‣ action space:   𝒜 = {left, stay, right}

‣ state space:   pixelized image of the screen 𝒮

‣ transition probability:   p(St+1 |St, )

image: Kardashev Scale Wiki

‣ reward function:  scorer =



p(St+1|St, At)
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St+2
<latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit>

. . .
<latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit>

At
<latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit>

At+1
<latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit>

Stf
<latexit sha1_base64="soELFQ6viKPgSNMJS17gSQdVPgs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0JMUvHisaG2hDWGz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzXiLJTLRnZAaLoXiLRQoeSfVnMah5O1wdDP1209cG5GoBxyn3I/pQIlIMIpWat8HOQbRJKjW3Lo7A1kmXkFqUKAZVL96/YRlMVfIJDWm67kp+jnVKJjkk0ovMzylbEQHvGupojE3fj47d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vG6G0ZWfC5VmyBWbL4oySTAh099JX2jOUI4toUwLeythQ6opQ5tQxYbgLb68TB7P6t553b27qDWuizjKcATHcAoeXEIDbqEJLWAwgmd4hTcndV6cd+dj3lpyiplD+APn8wd11Y+h</latexit>

MPI-PKSSutton and Barto, Reinforcement Learning: an Introduction, MIT press

RL in a Nutshell

Marín Bukov

• RL formalism

• RL episode is a Markov decision process 

‣ transition probability:   p(St+1 |St, At)

‣ action space:   𝒜 = {left, stay, right}

‣ state space:   pixelized image of the screen 𝒮

image: Kardashev Scale Wiki

‣ reward function:  scorer =



p(St+1|St, At)
<latexit sha1_base64="P8TmM6IKYZOUF7q+1B3B6khZMkg=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiVJSSiKArqbhxWam9QBvCZDpph04uzJyIJeZV3LhQxK0v4s63cdpmodUfBj7+cw7nzO/FgiuwrC+jsLS8srpWXC9tbG5t75i75baKEklZi0Yikl2PKCZ4yFrAQbBuLBkJPME63vh6Wu/cM6l4FN7BJGZOQIYh9zkloC3XLMfVppvCsZ09Nl04uXLhyDUrVs2aCf8FO4cKytVwzc/+IKJJwEKggijVs60YnJRI4FSwrNRPFIsJHZMh62kMScCUk85uz/ChdgbYj6R+IeCZ+3MiJYFSk8DTnQGBkVqsTc3/ar0E/Asn5WGcAAvpfJGfCAwRngaBB1wyCmKigVDJ9a2YjogkFHRcJR2Cvfjlv9A+rdmab88q9cs8jiLaRweoimx0juroBjVQC1H0gJ7QC3o1MuPZeDPe560FI5/ZQ79kfHwDlTOTeA==</latexit><latexit sha1_base64="P8TmM6IKYZOUF7q+1B3B6khZMkg=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiVJSSiKArqbhxWam9QBvCZDpph04uzJyIJeZV3LhQxK0v4s63cdpmodUfBj7+cw7nzO/FgiuwrC+jsLS8srpWXC9tbG5t75i75baKEklZi0Yikl2PKCZ4yFrAQbBuLBkJPME63vh6Wu/cM6l4FN7BJGZOQIYh9zkloC3XLMfVppvCsZ09Nl04uXLhyDUrVs2aCf8FO4cKytVwzc/+IKJJwEKggijVs60YnJRI4FSwrNRPFIsJHZMh62kMScCUk85uz/ChdgbYj6R+IeCZ+3MiJYFSk8DTnQGBkVqsTc3/ar0E/Asn5WGcAAvpfJGfCAwRngaBB1wyCmKigVDJ9a2YjogkFHRcJR2Cvfjlv9A+rdmab88q9cs8jiLaRweoimx0juroBjVQC1H0gJ7QC3o1MuPZeDPe560FI5/ZQ79kfHwDlTOTeA==</latexit><latexit sha1_base64="P8TmM6IKYZOUF7q+1B3B6khZMkg=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiVJSSiKArqbhxWam9QBvCZDpph04uzJyIJeZV3LhQxK0v4s63cdpmodUfBj7+cw7nzO/FgiuwrC+jsLS8srpWXC9tbG5t75i75baKEklZi0Yikl2PKCZ4yFrAQbBuLBkJPME63vh6Wu/cM6l4FN7BJGZOQIYh9zkloC3XLMfVppvCsZ09Nl04uXLhyDUrVs2aCf8FO4cKytVwzc/+IKJJwEKggijVs60YnJRI4FSwrNRPFIsJHZMh62kMScCUk85uz/ChdgbYj6R+IeCZ+3MiJYFSk8DTnQGBkVqsTc3/ar0E/Asn5WGcAAvpfJGfCAwRngaBB1wyCmKigVDJ9a2YjogkFHRcJR2Cvfjlv9A+rdmab88q9cs8jiLaRweoimx0juroBjVQC1H0gJ7QC3o1MuPZeDPe560FI5/ZQ79kfHwDlTOTeA==</latexit><latexit sha1_base64="P8TmM6IKYZOUF7q+1B3B6khZMkg=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiVJSSiKArqbhxWam9QBvCZDpph04uzJyIJeZV3LhQxK0v4s63cdpmodUfBj7+cw7nzO/FgiuwrC+jsLS8srpWXC9tbG5t75i75baKEklZi0Yikl2PKCZ4yFrAQbBuLBkJPME63vh6Wu/cM6l4FN7BJGZOQIYh9zkloC3XLMfVppvCsZ09Nl04uXLhyDUrVs2aCf8FO4cKytVwzc/+IKJJwEKggijVs60YnJRI4FSwrNRPFIsJHZMh62kMScCUk85uz/ChdgbYj6R+IeCZ+3MiJYFSk8DTnQGBkVqsTc3/ar0E/Asn5WGcAAvpfJGfCAwRngaBB1wyCmKigVDJ9a2YjogkFHRcJR2Cvfjlv9A+rdmab88q9cs8jiLaRweoimx0juroBjVQC1H0gJ7QC3o1MuPZeDPe560FI5/ZQ79kfHwDlTOTeA==</latexit>

St
<latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit>

St+1
<latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit>

St+2
<latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit>

. . .
<latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit>

At
<latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit>

At+1
<latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit>

Stf
<latexit sha1_base64="soELFQ6viKPgSNMJS17gSQdVPgs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0JMUvHisaG2hDWGz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzXiLJTLRnZAaLoXiLRQoeSfVnMah5O1wdDP1209cG5GoBxyn3I/pQIlIMIpWat8HOQbRJKjW3Lo7A1kmXkFqUKAZVL96/YRlMVfIJDWm67kp+jnVKJjkk0ovMzylbEQHvGupojE3fj47d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vG6G0ZWfC5VmyBWbL4oySTAh099JX2jOUI4toUwLeythQ6opQ5tQxYbgLb68TB7P6t553b27qDWuizjKcATHcAoeXEIDbqEJLWAwgmd4hTcndV6cd+dj3lpyiplD+APn8wd11Y+h</latexit>

MPI-PKSSutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov

• RL formalism

• RL episode is a Markov decision process 

RL in a Nutshell
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actions

|R1,2,3,4i

q1 q2 q3 q4

actions
‣ policy:  — probability to take action  in the state π(At, St) At St

‣ transition probability:   p(St+1 |St, At)

‣ action space:   𝒜 = {left, stay, right}

‣ state space:   pixelized image of the screen 𝒮

⇡(At|St)
<latexit sha1_base64="ENRLcvtNylri7i4ozgEI9Dy+yyE=">AAAB83icbZDLSgMxFIYz9VbrrerSTbAIdVNmRNCVVNy4rGgv0BmGTJppQzOZkJwRSu1ruHGhiFtfxp1vY9rOQlt/CHz85xzOyR8pwQ247rdTWFldW98obpa2tnd298r7By2TZpqyJk1FqjsRMUxwyZrAQbCO0owkkWDtaHgzrbcfmTY8lQ8wUixISF/ymFMC1vJ9xavXITzdh3AalituzZ0JL4OXQwXlaoTlL7+X0ixhEqggxnQ9V0EwJho4FWxS8jPDFKFD0mddi5IkzATj2c0TfGKdHo5TbZ8EPHN/T4xJYswoiWxnQmBgFmtT879aN4P4MhhzqTJgks4XxZnAkOJpALjHNaMgRhYI1dzeiumAaELBxlSyIXiLX16G1lnNs3x3Xqlf5XEU0RE6RlXkoQtUR7eogZqIIoWe0St6czLnxXl3PuatBSefOUR/5Hz+AEhukSo=</latexit><latexit sha1_base64="ENRLcvtNylri7i4ozgEI9Dy+yyE=">AAAB83icbZDLSgMxFIYz9VbrrerSTbAIdVNmRNCVVNy4rGgv0BmGTJppQzOZkJwRSu1ruHGhiFtfxp1vY9rOQlt/CHz85xzOyR8pwQ247rdTWFldW98obpa2tnd298r7By2TZpqyJk1FqjsRMUxwyZrAQbCO0owkkWDtaHgzrbcfmTY8lQ8wUixISF/ymFMC1vJ9xavXITzdh3AalituzZ0JL4OXQwXlaoTlL7+X0ixhEqggxnQ9V0EwJho4FWxS8jPDFKFD0mddi5IkzATj2c0TfGKdHo5TbZ8EPHN/T4xJYswoiWxnQmBgFmtT879aN4P4MhhzqTJgks4XxZnAkOJpALjHNaMgRhYI1dzeiumAaELBxlSyIXiLX16G1lnNs3x3Xqlf5XEU0RE6RlXkoQtUR7eogZqIIoWe0St6czLnxXl3PuatBSefOUR/5Hz+AEhukSo=</latexit><latexit sha1_base64="ENRLcvtNylri7i4ozgEI9Dy+yyE=">AAAB83icbZDLSgMxFIYz9VbrrerSTbAIdVNmRNCVVNy4rGgv0BmGTJppQzOZkJwRSu1ruHGhiFtfxp1vY9rOQlt/CHz85xzOyR8pwQ247rdTWFldW98obpa2tnd298r7By2TZpqyJk1FqjsRMUxwyZrAQbCO0owkkWDtaHgzrbcfmTY8lQ8wUixISF/ymFMC1vJ9xavXITzdh3AalituzZ0JL4OXQwXlaoTlL7+X0ixhEqggxnQ9V0EwJho4FWxS8jPDFKFD0mddi5IkzATj2c0TfGKdHo5TbZ8EPHN/T4xJYswoiWxnQmBgFmtT879aN4P4MhhzqTJgks4XxZnAkOJpALjHNaMgRhYI1dzeiumAaELBxlSyIXiLX16G1lnNs3x3Xqlf5XEU0RE6RlXkoQtUR7eogZqIIoWe0St6czLnxXl3PuatBSefOUR/5Hz+AEhukSo=</latexit><latexit sha1_base64="ENRLcvtNylri7i4ozgEI9Dy+yyE=">AAAB83icbZDLSgMxFIYz9VbrrerSTbAIdVNmRNCVVNy4rGgv0BmGTJppQzOZkJwRSu1ruHGhiFtfxp1vY9rOQlt/CHz85xzOyR8pwQ247rdTWFldW98obpa2tnd298r7By2TZpqyJk1FqjsRMUxwyZrAQbCO0owkkWDtaHgzrbcfmTY8lQ8wUixISF/ymFMC1vJ9xavXITzdh3AalituzZ0JL4OXQwXlaoTlL7+X0ixhEqggxnQ9V0EwJho4FWxS8jPDFKFD0mddi5IkzATj2c0TfGKdHo5TbZ8EPHN/T4xJYswoiWxnQmBgFmtT879aN4P4MhhzqTJgks4XxZnAkOJpALjHNaMgRhYI1dzeiumAaELBxlSyIXiLX16G1lnNs3x3Xqlf5XEU0RE6RlXkoQtUR7eogZqIIoWe0St6czLnxXl3PuatBSefOUR/5Hz+AEhukSo=</latexit>

‣ reward function:  scorer =



J = Ea⇠⇡(a|s)[Rt+1 + · · ·+Rtf |S0 = s]

<latexit sha1_base64="YGjpDagXicBIi0lGynl+7VtpSQU="></latexit>

⇡(At|St)
<latexit sha1_base64="ENRLcvtNylri7i4ozgEI9Dy+yyE=">AAAB83icbZDLSgMxFIYz9VbrrerSTbAIdVNmRNCVVNy4rGgv0BmGTJppQzOZkJwRSu1ruHGhiFtfxp1vY9rOQlt/CHz85xzOyR8pwQ247rdTWFldW98obpa2tnd298r7By2TZpqyJk1FqjsRMUxwyZrAQbCO0owkkWDtaHgzrbcfmTY8lQ8wUixISF/ymFMC1vJ9xavXITzdh3AalituzZ0JL4OXQwXlaoTlL7+X0ixhEqggxnQ9V0EwJho4FWxS8jPDFKFD0mddi5IkzATj2c0TfGKdHo5TbZ8EPHN/T4xJYswoiWxnQmBgFmtT879aN4P4MhhzqTJgks4XxZnAkOJpALjHNaMgRhYI1dzeiumAaELBxlSyIXiLX16G1lnNs3x3Xqlf5XEU0RE6RlXkoQtUR7eogZqIIoWe0St6czLnxXl3PuatBSefOUR/5Hz+AEhukSo=</latexit><latexit sha1_base64="ENRLcvtNylri7i4ozgEI9Dy+yyE=">AAAB83icbZDLSgMxFIYz9VbrrerSTbAIdVNmRNCVVNy4rGgv0BmGTJppQzOZkJwRSu1ruHGhiFtfxp1vY9rOQlt/CHz85xzOyR8pwQ247rdTWFldW98obpa2tnd298r7By2TZpqyJk1FqjsRMUxwyZrAQbCO0owkkWDtaHgzrbcfmTY8lQ8wUixISF/ymFMC1vJ9xavXITzdh3AalituzZ0JL4OXQwXlaoTlL7+X0ixhEqggxnQ9V0EwJho4FWxS8jPDFKFD0mddi5IkzATj2c0TfGKdHo5TbZ8EPHN/T4xJYswoiWxnQmBgFmtT879aN4P4MhhzqTJgks4XxZnAkOJpALjHNaMgRhYI1dzeiumAaELBxlSyIXiLX16G1lnNs3x3Xqlf5XEU0RE6RlXkoQtUR7eogZqIIoWe0St6czLnxXl3PuatBSefOUR/5Hz+AEhukSo=</latexit><latexit sha1_base64="ENRLcvtNylri7i4ozgEI9Dy+yyE=">AAAB83icbZDLSgMxFIYz9VbrrerSTbAIdVNmRNCVVNy4rGgv0BmGTJppQzOZkJwRSu1ruHGhiFtfxp1vY9rOQlt/CHz85xzOyR8pwQ247rdTWFldW98obpa2tnd298r7By2TZpqyJk1FqjsRMUxwyZrAQbCO0owkkWDtaHgzrbcfmTY8lQ8wUixISF/ymFMC1vJ9xavXITzdh3AalituzZ0JL4OXQwXlaoTlL7+X0ixhEqggxnQ9V0EwJho4FWxS8jPDFKFD0mddi5IkzATj2c0TfGKdHo5TbZ8EPHN/T4xJYswoiWxnQmBgFmtT879aN4P4MhhzqTJgks4XxZnAkOJpALjHNaMgRhYI1dzeiumAaELBxlSyIXiLX16G1lnNs3x3Xqlf5XEU0RE6RlXkoQtUR7eogZqIIoWe0St6czLnxXl3PuatBSefOUR/5Hz+AEhukSo=</latexit><latexit sha1_base64="ENRLcvtNylri7i4ozgEI9Dy+yyE=">AAAB83icbZDLSgMxFIYz9VbrrerSTbAIdVNmRNCVVNy4rGgv0BmGTJppQzOZkJwRSu1ruHGhiFtfxp1vY9rOQlt/CHz85xzOyR8pwQ247rdTWFldW98obpa2tnd298r7By2TZpqyJk1FqjsRMUxwyZrAQbCO0owkkWDtaHgzrbcfmTY8lQ8wUixISF/ymFMC1vJ9xavXITzdh3AalituzZ0JL4OXQwXlaoTlL7+X0ixhEqggxnQ9V0EwJho4FWxS8jPDFKFD0mddi5IkzATj2c0TfGKdHo5TbZ8EPHN/T4xJYswoiWxnQmBgFmtT879aN4P4MhhzqTJgks4XxZnAkOJpALjHNaMgRhYI1dzeiumAaELBxlSyIXiLX16G1lnNs3x3Xqlf5XEU0RE6RlXkoQtUR7eogZqIIoWe0St6czLnxXl3PuatBSefOUR/5Hz+AEhukSo=</latexit>

p(St+1|St, At)
<latexit sha1_base64="P8TmM6IKYZOUF7q+1B3B6khZMkg=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiVJSSiKArqbhxWam9QBvCZDpph04uzJyIJeZV3LhQxK0v4s63cdpmodUfBj7+cw7nzO/FgiuwrC+jsLS8srpWXC9tbG5t75i75baKEklZi0Yikl2PKCZ4yFrAQbBuLBkJPME63vh6Wu/cM6l4FN7BJGZOQIYh9zkloC3XLMfVppvCsZ09Nl04uXLhyDUrVs2aCf8FO4cKytVwzc/+IKJJwEKggijVs60YnJRI4FSwrNRPFIsJHZMh62kMScCUk85uz/ChdgbYj6R+IeCZ+3MiJYFSk8DTnQGBkVqsTc3/ar0E/Asn5WGcAAvpfJGfCAwRngaBB1wyCmKigVDJ9a2YjogkFHRcJR2Cvfjlv9A+rdmab88q9cs8jiLaRweoimx0juroBjVQC1H0gJ7QC3o1MuPZeDPe560FI5/ZQ79kfHwDlTOTeA==</latexit><latexit sha1_base64="P8TmM6IKYZOUF7q+1B3B6khZMkg=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiVJSSiKArqbhxWam9QBvCZDpph04uzJyIJeZV3LhQxK0v4s63cdpmodUfBj7+cw7nzO/FgiuwrC+jsLS8srpWXC9tbG5t75i75baKEklZi0Yikl2PKCZ4yFrAQbBuLBkJPME63vh6Wu/cM6l4FN7BJGZOQIYh9zkloC3XLMfVppvCsZ09Nl04uXLhyDUrVs2aCf8FO4cKytVwzc/+IKJJwEKggijVs60YnJRI4FSwrNRPFIsJHZMh62kMScCUk85uz/ChdgbYj6R+IeCZ+3MiJYFSk8DTnQGBkVqsTc3/ar0E/Asn5WGcAAvpfJGfCAwRngaBB1wyCmKigVDJ9a2YjogkFHRcJR2Cvfjlv9A+rdmab88q9cs8jiLaRweoimx0juroBjVQC1H0gJ7QC3o1MuPZeDPe560FI5/ZQ79kfHwDlTOTeA==</latexit><latexit sha1_base64="P8TmM6IKYZOUF7q+1B3B6khZMkg=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiVJSSiKArqbhxWam9QBvCZDpph04uzJyIJeZV3LhQxK0v4s63cdpmodUfBj7+cw7nzO/FgiuwrC+jsLS8srpWXC9tbG5t75i75baKEklZi0Yikl2PKCZ4yFrAQbBuLBkJPME63vh6Wu/cM6l4FN7BJGZOQIYh9zkloC3XLMfVppvCsZ09Nl04uXLhyDUrVs2aCf8FO4cKytVwzc/+IKJJwEKggijVs60YnJRI4FSwrNRPFIsJHZMh62kMScCUk85uz/ChdgbYj6R+IeCZ+3MiJYFSk8DTnQGBkVqsTc3/ar0E/Asn5WGcAAvpfJGfCAwRngaBB1wyCmKigVDJ9a2YjogkFHRcJR2Cvfjlv9A+rdmab88q9cs8jiLaRweoimx0juroBjVQC1H0gJ7QC3o1MuPZeDPe560FI5/ZQ79kfHwDlTOTeA==</latexit><latexit sha1_base64="P8TmM6IKYZOUF7q+1B3B6khZMkg=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiVJSSiKArqbhxWam9QBvCZDpph04uzJyIJeZV3LhQxK0v4s63cdpmodUfBj7+cw7nzO/FgiuwrC+jsLS8srpWXC9tbG5t75i75baKEklZi0Yikl2PKCZ4yFrAQbBuLBkJPME63vh6Wu/cM6l4FN7BJGZOQIYh9zkloC3XLMfVppvCsZ09Nl04uXLhyDUrVs2aCf8FO4cKytVwzc/+IKJJwEKggijVs60YnJRI4FSwrNRPFIsJHZMh62kMScCUk85uz/ChdgbYj6R+IeCZ+3MiJYFSk8DTnQGBkVqsTc3/ar0E/Asn5WGcAAvpfJGfCAwRngaBB1wyCmKigVDJ9a2YjogkFHRcJR2Cvfjlv9A+rdmab88q9cs8jiLaRweoimx0juroBjVQC1H0gJ7QC3o1MuPZeDPe560FI5/ZQ79kfHwDlTOTeA==</latexit>

St
<latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit>

At
<latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit>

At+1
<latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit>

St+1
<latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit>

St+2
<latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit>

. . .
<latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit> Stf

<latexit sha1_base64="soELFQ6viKPgSNMJS17gSQdVPgs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0JMUvHisaG2hDWGz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzXiLJTLRnZAaLoXiLRQoeSfVnMah5O1wdDP1209cG5GoBxyn3I/pQIlIMIpWat8HOQbRJKjW3Lo7A1kmXkFqUKAZVL96/YRlMVfIJDWm67kp+jnVKJjkk0ovMzylbEQHvGupojE3fj47d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vG6G0ZWfC5VmyBWbL4oySTAh099JX2jOUI4toUwLeythQ6opQ5tQxYbgLb68TB7P6t553b27qDWuizjKcATHcAoeXEIDbqEJLWAwgmd4hTcndV6cd+dj3lpyiplD+APn8wd11Y+h</latexit>

Rt+1
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RL in a Nutshell

Marín Bukov

• RL formalism

• RL episode is a Markov decision process 

• RL objective: find policy which maximizes the total expected return

‣ action space:   𝒜 = {left, stay, right}

‣ state space:   pixelized image of the screen 𝒮

‣ reward function:  scorer =
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✓ Reinforcement learning (RL) in quantum physics

‣ environment, states, actions, rewards

• RL framework in a nutshell

‣ RL as a branch of machine learning

✓ Applications of RL
‣ hallmark applications of RL 

‣ applications in quantum technologies

‣ RL algorithms
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<latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit>

. . .
<latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit> Stf

<latexit sha1_base64="soELFQ6viKPgSNMJS17gSQdVPgs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0JMUvHisaG2hDWGz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzXiLJTLRnZAaLoXiLRQoeSfVnMah5O1wdDP1209cG5GoBxyn3I/pQIlIMIpWat8HOQbRJKjW3Lo7A1kmXkFqUKAZVL96/YRlMVfIJDWm67kp+jnVKJjkk0ovMzylbEQHvGupojE3fj47d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vG6G0ZWfC5VmyBWbL4oySTAh099JX2jOUI4toUwLeythQ6opQ5tQxYbgLb68TB7P6t553b27qDWuizjKcATHcAoeXEIDbqEJLWAwgmd4hTcndV6cd+dj3lpyiplD+APn8wd11Y+h</latexit>

Policy Gradient

• in practice: evaluate RL objective by sampling trajectories 

Sutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov MPI-PKS (Dresden)



• improve policy 

J = Ea⇠⇡(a|s)
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<latexit sha1_base64="5BXRhkMw0EJPeqlPFY/6wg5p+3s="></latexit>

St
<latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit>

At
<latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit>

At+1
<latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit>

St+1
<latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit>

St+2
<latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit>

. . .
<latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit> Stf

<latexit sha1_base64="soELFQ6viKPgSNMJS17gSQdVPgs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0JMUvHisaG2hDWGz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzXiLJTLRnZAaLoXiLRQoeSfVnMah5O1wdDP1209cG5GoBxyn3I/pQIlIMIpWat8HOQbRJKjW3Lo7A1kmXkFqUKAZVL96/YRlMVfIJDWm67kp+jnVKJjkk0ovMzylbEQHvGupojE3fj47d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vG6G0ZWfC5VmyBWbL4oySTAh099JX2jOUI4toUwLeythQ6opQ5tQxYbgLb68TB7P6t553b27qDWuizjKcATHcAoeXEIDbqEJLWAwgmd4hTcndV6cd+dj3lpyiplD+APn8wd11Y+h</latexit>

⇡(a|s) ⇡ ⇡✓(a|s)

<latexit sha1_base64="JdUx7W8wFYRhWR4S3x4nNLy233Y=">AAACG3icbVDLSgNBEJz1GeMr6lGQxSDES9iVgJ4k4MVjBPOA7LL0TibJkNndYaZXEmJu/oY/4FX/wJt49eAP+B1OHgeTWDBQXdVN91QoBdfoON/Wyura+sZmZiu7vbO7t587OKzpJFWUVWkiEtUIQTPBY1ZFjoI1pGIQhYLVw97N2K8/MKV5Et/jQDI/gk7M25wCGinInXiSF+BRn3sgpUr6pgw87DKEiRrk8k7RmcBeJu6M5MkMlSD347USmkYsRipA66brSPSHoJBTwUZZL9VMAu1BhzUNjSFi2h9O/jGyz4zSstuJMi9Ge6L+nRhCpPUgCk1nBNjVi95Y/M9rpti+8oc8limymE4XtVNhY2KPQ7FbXDGKYmAIUMXNrTbtggKKJrq5Lf3pqVkTjLsYwzKpXRTdUrF0V8qXr2cRZcgxOSUF4pJLUia3pEKqhJIn8kJeyZv1bL1bH9bntHXFms0ckTlYX7/lBaHT</latexit>

Policy Gradient

• in practice: evaluate RL objective by sampling trajectories 

parametrize policy
<latexit sha1_base64="GUBXf6+e5rW8SjxpwGv73wJhVuc=">AAACAnicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA9oh5LJZNrQTDIkd4qldOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygkRwA6777RTW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDohhgkvWAA6CtRPNSBwI1gqGd5nfGjFtuJKPME6YH5O+5BGnBKzU6o5CBabUK1fcqjsDXiVeTiooR71X/umGiqYxk0AFMabjuQn4E6KBU8GmpW5qWELokPRZx1JJYmb8ySzuFJ9ZJcSR0vZJwDP178aExMaM48BOxgQGZtnLxP+8TgrRjT/hMkmBSTo/FKUCg8LZ33HINaMgxpYQqrnNiumAaELBNrRw5WkeNSvGW65hlTQvqt5V9fLhslK7zSsqohN0is6Rh65RDd2jOmogioboBb2iN+fZeXc+nM/5aMHJd47RApyvX1T9l+E=</latexit>...<latexit sha1_base64="GUBXf6+e5rW8SjxpwGv73wJhVuc=">AAACAnicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA9oh5LJZNrQTDIkd4qldOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygkRwA6777RTW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDohhgkvWAA6CtRPNSBwI1gqGd5nfGjFtuJKPME6YH5O+5BGnBKzU6o5CBabUK1fcqjsDXiVeTiooR71X/umGiqYxk0AFMabjuQn4E6KBU8GmpW5qWELokPRZx1JJYmb8ySzuFJ9ZJcSR0vZJwDP178aExMaM48BOxgQGZtnLxP+8TgrRjT/hMkmBSTo/FKUCg8LZ33HINaMgxpYQqrnNiumAaELBNrRw5WkeNSvGW65hlTQvqt5V9fLhslK7zSsqohN0is6Rh65RDd2jOmogioboBb2iN+fZeXc+nM/5aMHJd47RApyvX1T9l+E=</latexit>...

<latexit sha1_base64="QFIzUK95DLokwsi9tAmR1Gi9iNs=">AAACD3icbVDLSsNAFJ34rPUV69LNYBHqpiTiayUFNy4r2Ac0IUymk3bo5MHMjbTEfoQ/4Fb/wJ249RP8Ab/DaZuFbT1w4XDOvdzD8RPBFVjWt7Gyura+sVnYKm7v7O7tmwelpopTSVmDxiKWbZ8oJnjEGsBBsHYiGQl9wVr+4Hbitx6ZVDyOHmCUMDckvYgHnBLQkmeWnIR7DvQZkArx7Cd1ij2zbFWtKfAysXNSRjnqnvnjdGOahiwCKohSHdtKwM2IBE4FGxedVLGE0AHpsY6mEQmZcrNp9jE+0UoXB7HUEwGeqn8vMhIqNQp9vRkS6KtFbyL+53VSCK7djEdJCiyis0dBKjDEeFIE7nLJKIiRJoRKrrNi2ieSUNB1zX0ZzqIWdTH2Yg3LpHlWtS+rF/fn5dpNXlEBHaFjVEE2ukI1dIfqqIEoGqIX9IrejGfj3fgwPmerK0Z+c4jmYHz9ApVgnEI=</latexit>

⇡✓(a1|s)
<latexit sha1_base64="/rSeatVEUIkAHP9xLCbZmYcyINg=">AAACD3icbVBLSgNBFOyJvxh/Y1y6aQxC3ISZ4G8lATcuI5gPZIahp9NJmvR86H4jCWMO4QXc6g3ciVuP4AU8h51kFiax4EFR9R6vKD8WXIFlfRu5tfWNza38dmFnd2//wDwsNlWUSMoaNBKRbPtEMcFD1gAOgrVjyUjgC9byh7dTv/XIpOJR+ADjmLkB6Ye8xykBLXlm0Ym558CAASkTr/qkzrBnlqyKNQNeJXZGSihD3TN/nG5Ek4CFQAVRqmNbMbgpkcCpYJOCkygWEzokfdbRNCQBU246yz7Bp1rp4l4k9YSAZ+rfi5QESo0DX28GBAZq2ZuK/3mdBHrXbsrDOAEW0vmjXiIwRHhaBO5yySiIsSaESq6zYjogklDQdS18Gc2jFnQx9nINq6RZrdiXlYv781LtJqsoj47RCSojG12hGrpDddRAFI3QC3pFb8az8W58GJ/z1ZyR3RyhBRhfv5b8nEM=</latexit>

⇡✓(a2|s)
<latexit sha1_base64="TrCI1jpmB+yh6Hz+6UQ7Rsvx0lY=">AAACD3icbVBLSgNBFOyJvxh/Y1y6aQxC3IQZ/ysJuHEZwXwgMww9nU7SpOdD9xtJGHMIL+BWb+BO3HoEL+A57CSzMIkFD4qq93hF+bHgCizr28itrK6tb+Q3C1vbO7t75n6xoaJEUlankYhkyyeKCR6yOnAQrBVLRgJfsKY/uJ34zUcmFY/CBxjFzA1IL+RdTgloyTOLTsw9B/oMSJl4Z0/qBHtmyapYU+BlYmekhDLUPPPH6UQ0CVgIVBCl2rYVg5sSCZwKNi44iWIxoQPSY21NQxIw5abT7GN8rJUO7kZSTwh4qv69SEmg1Cjw9WZAoK8WvYn4n9dOoHvtpjyME2AhnT3qJgJDhCdF4A6XjIIYaUKo5Dorpn0iCQVd19yX4SxqQRdjL9awTBqnFfuycnF/XqreZBXl0SE6QmVkoytURXeohuqIoiF6Qa/ozXg23o0P43O2mjOymwM0B+PrF5iYnEQ=</latexit>

⇡✓(a3|s)
<latexit sha1_base64="r8CdH3ko295VTre1s7ZENhZ1oGc=">AAACD3icbVBLSgNBFOyJvxh/Y1y6aQxC3IQZiZ+VBNy4jGA+kBmGnk5P0qTnQ/cbSYg5hBdwqzdwJ249ghfwHHaSWZjEggdF1Xu8ovxEcAWW9W3k1tY3Nrfy24Wd3b39A/Ow2FRxKilr0FjEsu0TxQSPWAM4CNZOJCOhL1jLH9xO/dYjk4rH0QOMEuaGpBfxgFMCWvLMopNwz4E+A1ImXvVJnWHPLFkVawa8SuyMlFCGumf+ON2YpiGLgAqiVMe2EnDHRAKngk0KTqpYQuiA9FhH04iETLnjWfYJPtVKFwex1BMBnql/L8YkVGoU+nozJNBXy95U/M/rpBBcu2MeJSmwiM4fBanAEONpEbjLJaMgRpoQKrnOimmfSEJB17XwZTiPWtDF2Ms1rJLmecW+rFzcV0u1m6yiPDpGJ6iMbHSFaugO1VEDUTREL+gVvRnPxrvxYXzOV3NGdnOEFmB8/QKaNJxF</latexit>

⇡✓(a4|s)

<latexit sha1_base64="3oRNOPcaB+xlCA8UuCdzJnI5g3s=">AAAB/HicbVDLSgMxFL3js9ZX1aWbYBFclRnxtZKCG5ct2Ae0Q8mkd9rQTGZIMmIp9Qfc6h+4E7f+iz/gd5i2s7CtBwKHc+7lnpwgEVwb1/12VlbX1jc2c1v57Z3dvf3CwWFdx6liWGOxiFUzoBoFl1gz3AhsJgppFAhsBIO7id94RKV5LB/MMEE/oj3JQ86osVJVdwpFt+ROQZaJl5EiZKh0Cj/tbszSCKVhgmrd8tzE+COqDGcCx/l2qjGhbEB72LJU0gi1P5oGHZNTq3RJGCv7pCFT9e/GiEZaD6PATkbU9PWiNxH/81qpCW/8EZdJalCy2aEwFcTEZPJr0uUKmRFDSyhT3GYlrE8VZcZ2M3flaRY1b4vxFmtYJvXzkndVuqxeFMu3WUU5OIYTOAMPrqEM91CBGjBAeIFXeHOenXfnw/mcja442c4RzMH5+gUGr5WD</latexit>s

<latexit sha1_base64="EQroUGVZHkVEsLJvm8lgexkxBn0=">AAACAXicbVDLSgMxFM34rPVVdekmWARXZUZ8raTgxmUF+4B2KJn0ThubyQzJHbEMXfkDbvUP3Ilbv8Qf8DtMHwvbeiBwOOde7skJEikMuu63s7S8srq2ntvIb25t7+wW9vZrJk41hyqPZawbATMghYIqCpTQSDSwKJBQD/o3I7/+CNqIWN3jIAE/Yl0lQsEZWqnWwh4gaxeKbskdgy4Sb0qKZIpKu/DT6sQ8jUAhl8yYpucm6GdMo+AShvlWaiBhvM+60LRUsQiMn43TDumxVTo0jLV9CulY/buRsciYQRTYyYhhz8x7I/E/r5lieOVnQiUpguKTQ2EqKcZ09HXaERo4yoEljGths1LeY5pxtAXNXHmaRM3bYrz5GhZJ7bTkXZTO786K5etpRTlySI7ICfHIJSmTW1IhVcLJA3khr+TNeXbenQ/nczK65Ex3DsgMnK9f9EKXtA==</latexit>

✓

Sutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov MPI-PKS (Dresden)
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• improve policy 

J = Ea⇠⇡(a|s)
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<latexit sha1_base64="5BXRhkMw0EJPeqlPFY/6wg5p+3s="></latexit>

St
<latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit>

At
<latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit>

At+1
<latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit>

St+1
<latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit>

St+2
<latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit>

. . .
<latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit> Stf

<latexit sha1_base64="soELFQ6viKPgSNMJS17gSQdVPgs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0JMUvHisaG2hDWGz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzXiLJTLRnZAaLoXiLRQoeSfVnMah5O1wdDP1209cG5GoBxyn3I/pQIlIMIpWat8HOQbRJKjW3Lo7A1kmXkFqUKAZVL96/YRlMVfIJDWm67kp+jnVKJjkk0ovMzylbEQHvGupojE3fj47d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vG6G0ZWfC5VmyBWbL4oySTAh099JX2jOUI4toUwLeythQ6opQ5tQxYbgLb68TB7P6t553b27qDWuizjKcATHcAoeXEIDbqEJLWAwgmd4hTcndV6cd+dj3lpyiplD+APn8wd11Y+h</latexit>

⇡(a|s) ⇡ ⇡✓(a|s)

<latexit sha1_base64="JdUx7W8wFYRhWR4S3x4nNLy233Y=">AAACG3icbVDLSgNBEJz1GeMr6lGQxSDES9iVgJ4k4MVjBPOA7LL0TibJkNndYaZXEmJu/oY/4FX/wJt49eAP+B1OHgeTWDBQXdVN91QoBdfoON/Wyura+sZmZiu7vbO7t587OKzpJFWUVWkiEtUIQTPBY1ZFjoI1pGIQhYLVw97N2K8/MKV5Et/jQDI/gk7M25wCGinInXiSF+BRn3sgpUr6pgw87DKEiRrk8k7RmcBeJu6M5MkMlSD347USmkYsRipA66brSPSHoJBTwUZZL9VMAu1BhzUNjSFi2h9O/jGyz4zSstuJMi9Ge6L+nRhCpPUgCk1nBNjVi95Y/M9rpti+8oc8limymE4XtVNhY2KPQ7FbXDGKYmAIUMXNrTbtggKKJrq5Lf3pqVkTjLsYwzKpXRTdUrF0V8qXr2cRZcgxOSUF4pJLUia3pEKqhJIn8kJeyZv1bL1bH9bntHXFms0ckTlYX7/lBaHT</latexit>

r✓J(✓) = Ea⇠⇡✓
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<latexit sha1_base64="0vrTlOigOGTiM2V+o3jleSiKic4="></latexit>

Policy Gradient

• in practice: evaluate RL objective by sampling trajectories 

parametrize policy

compute gradients

Sutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov MPI-PKS (Dresden)

<latexit sha1_base64="GUBXf6+e5rW8SjxpwGv73wJhVuc=">AAACAnicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA9oh5LJZNrQTDIkd4qldOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygkRwA6777RTW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDohhgkvWAA6CtRPNSBwI1gqGd5nfGjFtuJKPME6YH5O+5BGnBKzU6o5CBabUK1fcqjsDXiVeTiooR71X/umGiqYxk0AFMabjuQn4E6KBU8GmpW5qWELokPRZx1JJYmb8ySzuFJ9ZJcSR0vZJwDP178aExMaM48BOxgQGZtnLxP+8TgrRjT/hMkmBSTo/FKUCg8LZ33HINaMgxpYQqrnNiumAaELBNrRw5WkeNSvGW65hlTQvqt5V9fLhslK7zSsqohN0is6Rh65RDd2jOmogioboBb2iN+fZeXc+nM/5aMHJd47RApyvX1T9l+E=</latexit>...<latexit sha1_base64="GUBXf6+e5rW8SjxpwGv73wJhVuc=">AAACAnicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA9oh5LJZNrQTDIkd4qldOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygkRwA6777RTW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDohhgkvWAA6CtRPNSBwI1gqGd5nfGjFtuJKPME6YH5O+5BGnBKzU6o5CBabUK1fcqjsDXiVeTiooR71X/umGiqYxk0AFMabjuQn4E6KBU8GmpW5qWELokPRZx1JJYmb8ySzuFJ9ZJcSR0vZJwDP178aExMaM48BOxgQGZtnLxP+8TgrRjT/hMkmBSTo/FKUCg8LZ33HINaMgxpYQqrnNiumAaELBNrRw5WkeNSvGW65hlTQvqt5V9fLhslK7zSsqohN0is6Rh65RDd2jOmogioboBb2iN+fZeXc+nM/5aMHJd47RApyvX1T9l+E=</latexit>...

<latexit sha1_base64="QFIzUK95DLokwsi9tAmR1Gi9iNs=">AAACD3icbVDLSsNAFJ34rPUV69LNYBHqpiTiayUFNy4r2Ac0IUymk3bo5MHMjbTEfoQ/4Fb/wJ249RP8Ab/DaZuFbT1w4XDOvdzD8RPBFVjWt7Gyura+sVnYKm7v7O7tmwelpopTSVmDxiKWbZ8oJnjEGsBBsHYiGQl9wVr+4Hbitx6ZVDyOHmCUMDckvYgHnBLQkmeWnIR7DvQZkArx7Cd1ij2zbFWtKfAysXNSRjnqnvnjdGOahiwCKohSHdtKwM2IBE4FGxedVLGE0AHpsY6mEQmZcrNp9jE+0UoXB7HUEwGeqn8vMhIqNQp9vRkS6KtFbyL+53VSCK7djEdJCiyis0dBKjDEeFIE7nLJKIiRJoRKrrNi2ieSUNB1zX0ZzqIWdTH2Yg3LpHlWtS+rF/fn5dpNXlEBHaFjVEE2ukI1dIfqqIEoGqIX9IrejGfj3fgwPmerK0Z+c4jmYHz9ApVgnEI=</latexit>

⇡✓(a1|s)
<latexit sha1_base64="/rSeatVEUIkAHP9xLCbZmYcyINg=">AAACD3icbVBLSgNBFOyJvxh/Y1y6aQxC3ISZ4G8lATcuI5gPZIahp9NJmvR86H4jCWMO4QXc6g3ciVuP4AU8h51kFiax4EFR9R6vKD8WXIFlfRu5tfWNza38dmFnd2//wDwsNlWUSMoaNBKRbPtEMcFD1gAOgrVjyUjgC9byh7dTv/XIpOJR+ADjmLkB6Ye8xykBLXlm0Ym558CAASkTr/qkzrBnlqyKNQNeJXZGSihD3TN/nG5Ek4CFQAVRqmNbMbgpkcCpYJOCkygWEzokfdbRNCQBU246yz7Bp1rp4l4k9YSAZ+rfi5QESo0DX28GBAZq2ZuK/3mdBHrXbsrDOAEW0vmjXiIwRHhaBO5yySiIsSaESq6zYjogklDQdS18Gc2jFnQx9nINq6RZrdiXlYv781LtJqsoj47RCSojG12hGrpDddRAFI3QC3pFb8az8W58GJ/z1ZyR3RyhBRhfv5b8nEM=</latexit>

⇡✓(a2|s)
<latexit sha1_base64="TrCI1jpmB+yh6Hz+6UQ7Rsvx0lY=">AAACD3icbVBLSgNBFOyJvxh/Y1y6aQxC3IQZ/ysJuHEZwXwgMww9nU7SpOdD9xtJGHMIL+BWb+BO3HoEL+A57CSzMIkFD4qq93hF+bHgCizr28itrK6tb+Q3C1vbO7t75n6xoaJEUlankYhkyyeKCR6yOnAQrBVLRgJfsKY/uJ34zUcmFY/CBxjFzA1IL+RdTgloyTOLTsw9B/oMSJl4Z0/qBHtmyapYU+BlYmekhDLUPPPH6UQ0CVgIVBCl2rYVg5sSCZwKNi44iWIxoQPSY21NQxIw5abT7GN8rJUO7kZSTwh4qv69SEmg1Cjw9WZAoK8WvYn4n9dOoHvtpjyME2AhnT3qJgJDhCdF4A6XjIIYaUKo5Dorpn0iCQVd19yX4SxqQRdjL9awTBqnFfuycnF/XqreZBXl0SE6QmVkoytURXeohuqIoiF6Qa/ozXg23o0P43O2mjOymwM0B+PrF5iYnEQ=</latexit>

⇡✓(a3|s)
<latexit sha1_base64="r8CdH3ko295VTre1s7ZENhZ1oGc=">AAACD3icbVBLSgNBFOyJvxh/Y1y6aQxC3IQZiZ+VBNy4jGA+kBmGnk5P0qTnQ/cbSYg5hBdwqzdwJ249ghfwHHaSWZjEggdF1Xu8ovxEcAWW9W3k1tY3Nrfy24Wd3b39A/Ow2FRxKilr0FjEsu0TxQSPWAM4CNZOJCOhL1jLH9xO/dYjk4rH0QOMEuaGpBfxgFMCWvLMopNwz4E+A1ImXvVJnWHPLFkVawa8SuyMlFCGumf+ON2YpiGLgAqiVMe2EnDHRAKngk0KTqpYQuiA9FhH04iETLnjWfYJPtVKFwex1BMBnql/L8YkVGoU+nozJNBXy95U/M/rpBBcu2MeJSmwiM4fBanAEONpEbjLJaMgRpoQKrnOimmfSEJB17XwZTiPWtDF2Ms1rJLmecW+rFzcV0u1m6yiPDpGJ6iMbHSFaugO1VEDUTREL+gVvRnPxrvxYXzOV3NGdnOEFmB8/QKaNJxF</latexit>

⇡✓(a4|s)

<latexit sha1_base64="3oRNOPcaB+xlCA8UuCdzJnI5g3s=">AAAB/HicbVDLSgMxFL3js9ZX1aWbYBFclRnxtZKCG5ct2Ae0Q8mkd9rQTGZIMmIp9Qfc6h+4E7f+iz/gd5i2s7CtBwKHc+7lnpwgEVwb1/12VlbX1jc2c1v57Z3dvf3CwWFdx6liWGOxiFUzoBoFl1gz3AhsJgppFAhsBIO7id94RKV5LB/MMEE/oj3JQ86osVJVdwpFt+ROQZaJl5EiZKh0Cj/tbszSCKVhgmrd8tzE+COqDGcCx/l2qjGhbEB72LJU0gi1P5oGHZNTq3RJGCv7pCFT9e/GiEZaD6PATkbU9PWiNxH/81qpCW/8EZdJalCy2aEwFcTEZPJr0uUKmRFDSyhT3GYlrE8VZcZ2M3flaRY1b4vxFmtYJvXzkndVuqxeFMu3WUU5OIYTOAMPrqEM91CBGjBAeIFXeHOenXfnw/mcja442c4RzMH5+gUGr5WD</latexit>s

<latexit sha1_base64="EQroUGVZHkVEsLJvm8lgexkxBn0=">AAACAXicbVDLSgMxFM34rPVVdekmWARXZUZ8raTgxmUF+4B2KJn0ThubyQzJHbEMXfkDbvUP3Ilbv8Qf8DtMHwvbeiBwOOde7skJEikMuu63s7S8srq2ntvIb25t7+wW9vZrJk41hyqPZawbATMghYIqCpTQSDSwKJBQD/o3I7/+CNqIWN3jIAE/Yl0lQsEZWqnWwh4gaxeKbskdgy4Sb0qKZIpKu/DT6sQ8jUAhl8yYpucm6GdMo+AShvlWaiBhvM+60LRUsQiMn43TDumxVTo0jLV9CulY/buRsciYQRTYyYhhz8x7I/E/r5lieOVnQiUpguKTQ2EqKcZ09HXaERo4yoEljGths1LeY5pxtAXNXHmaRM3bYrz5GhZJ7bTkXZTO786K5etpRTlySI7ICfHIJSmTW1IhVcLJA3khr+TNeXbenQ/nczK65Ex3DsgMnK9f9EKXtA==</latexit>

✓
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• improve policy 
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<latexit sha1_base64="5BXRhkMw0EJPeqlPFY/6wg5p+3s="></latexit>

St
<latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit>

At
<latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit>

At+1
<latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit>

St+1
<latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit>

St+2
<latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit>

. . .
<latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit> Stf

<latexit sha1_base64="soELFQ6viKPgSNMJS17gSQdVPgs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0JMUvHisaG2hDWGz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzXiLJTLRnZAaLoXiLRQoeSfVnMah5O1wdDP1209cG5GoBxyn3I/pQIlIMIpWat8HOQbRJKjW3Lo7A1kmXkFqUKAZVL96/YRlMVfIJDWm67kp+jnVKJjkk0ovMzylbEQHvGupojE3fj47d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vG6G0ZWfC5VmyBWbL4oySTAh099JX2jOUI4toUwLeythQ6opQ5tQxYbgLb68TB7P6t553b27qDWuizjKcATHcAoeXEIDbqEJLWAwgmd4hTcndV6cd+dj3lpyiplD+APn8wd11Y+h</latexit>

⇡(a|s) ⇡ ⇡✓(a|s)

<latexit sha1_base64="JdUx7W8wFYRhWR4S3x4nNLy233Y=">AAACG3icbVDLSgNBEJz1GeMr6lGQxSDES9iVgJ4k4MVjBPOA7LL0TibJkNndYaZXEmJu/oY/4FX/wJt49eAP+B1OHgeTWDBQXdVN91QoBdfoON/Wyura+sZmZiu7vbO7t587OKzpJFWUVWkiEtUIQTPBY1ZFjoI1pGIQhYLVw97N2K8/MKV5Et/jQDI/gk7M25wCGinInXiSF+BRn3sgpUr6pgw87DKEiRrk8k7RmcBeJu6M5MkMlSD347USmkYsRipA66brSPSHoJBTwUZZL9VMAu1BhzUNjSFi2h9O/jGyz4zSstuJMi9Ge6L+nRhCpPUgCk1nBNjVi95Y/M9rpti+8oc8limymE4XtVNhY2KPQ7FbXDGKYmAIUMXNrTbtggKKJrq5Lf3pqVkTjLsYwzKpXRTdUrF0V8qXr2cRZcgxOSUF4pJLUia3pEKqhJIn8kJeyZv1bL1bH9bntHXFms0ckTlYX7/lBaHT</latexit>

r✓J(✓) = Ea⇠⇡✓
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<latexit sha1_base64="0vrTlOigOGTiM2V+o3jleSiKic4="></latexit>

<latexit sha1_base64="x86ZhlR68942xBLPgpXe+FF3GBo="></latexit>

✓new = ✓old + ↵r✓J(✓)

Policy Gradient

• in practice: evaluate RL objective by sampling trajectories 

parametrize policy

compute gradients

update parameters  to maximize returnθ

Sutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov MPI-PKS (Dresden)

image: medium.com

gradient ascent

<latexit sha1_base64="GUBXf6+e5rW8SjxpwGv73wJhVuc=">AAACAnicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA9oh5LJZNrQTDIkd4qldOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygkRwA6777RTW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDohhgkvWAA6CtRPNSBwI1gqGd5nfGjFtuJKPME6YH5O+5BGnBKzU6o5CBabUK1fcqjsDXiVeTiooR71X/umGiqYxk0AFMabjuQn4E6KBU8GmpW5qWELokPRZx1JJYmb8ySzuFJ9ZJcSR0vZJwDP178aExMaM48BOxgQGZtnLxP+8TgrRjT/hMkmBSTo/FKUCg8LZ33HINaMgxpYQqrnNiumAaELBNrRw5WkeNSvGW65hlTQvqt5V9fLhslK7zSsqohN0is6Rh65RDd2jOmogioboBb2iN+fZeXc+nM/5aMHJd47RApyvX1T9l+E=</latexit>...<latexit sha1_base64="GUBXf6+e5rW8SjxpwGv73wJhVuc=">AAACAnicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA9oh5LJZNrQTDIkd4qldOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygkRwA6777RTW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDohhgkvWAA6CtRPNSBwI1gqGd5nfGjFtuJKPME6YH5O+5BGnBKzU6o5CBabUK1fcqjsDXiVeTiooR71X/umGiqYxk0AFMabjuQn4E6KBU8GmpW5qWELokPRZx1JJYmb8ySzuFJ9ZJcSR0vZJwDP178aExMaM48BOxgQGZtnLxP+8TgrRjT/hMkmBSTo/FKUCg8LZ33HINaMgxpYQqrnNiumAaELBNrRw5WkeNSvGW65hlTQvqt5V9fLhslK7zSsqohN0is6Rh65RDd2jOmogioboBb2iN+fZeXc+nM/5aMHJd47RApyvX1T9l+E=</latexit>...

<latexit sha1_base64="QFIzUK95DLokwsi9tAmR1Gi9iNs=">AAACD3icbVDLSsNAFJ34rPUV69LNYBHqpiTiayUFNy4r2Ac0IUymk3bo5MHMjbTEfoQ/4Fb/wJ249RP8Ab/DaZuFbT1w4XDOvdzD8RPBFVjWt7Gyura+sVnYKm7v7O7tmwelpopTSVmDxiKWbZ8oJnjEGsBBsHYiGQl9wVr+4Hbitx6ZVDyOHmCUMDckvYgHnBLQkmeWnIR7DvQZkArx7Cd1ij2zbFWtKfAysXNSRjnqnvnjdGOahiwCKohSHdtKwM2IBE4FGxedVLGE0AHpsY6mEQmZcrNp9jE+0UoXB7HUEwGeqn8vMhIqNQp9vRkS6KtFbyL+53VSCK7djEdJCiyis0dBKjDEeFIE7nLJKIiRJoRKrrNi2ieSUNB1zX0ZzqIWdTH2Yg3LpHlWtS+rF/fn5dpNXlEBHaFjVEE2ukI1dIfqqIEoGqIX9IrejGfj3fgwPmerK0Z+c4jmYHz9ApVgnEI=</latexit>

⇡✓(a1|s)
<latexit sha1_base64="/rSeatVEUIkAHP9xLCbZmYcyINg=">AAACD3icbVBLSgNBFOyJvxh/Y1y6aQxC3ISZ4G8lATcuI5gPZIahp9NJmvR86H4jCWMO4QXc6g3ciVuP4AU8h51kFiax4EFR9R6vKD8WXIFlfRu5tfWNza38dmFnd2//wDwsNlWUSMoaNBKRbPtEMcFD1gAOgrVjyUjgC9byh7dTv/XIpOJR+ADjmLkB6Ye8xykBLXlm0Ym558CAASkTr/qkzrBnlqyKNQNeJXZGSihD3TN/nG5Ek4CFQAVRqmNbMbgpkcCpYJOCkygWEzokfdbRNCQBU246yz7Bp1rp4l4k9YSAZ+rfi5QESo0DX28GBAZq2ZuK/3mdBHrXbsrDOAEW0vmjXiIwRHhaBO5yySiIsSaESq6zYjogklDQdS18Gc2jFnQx9nINq6RZrdiXlYv781LtJqsoj47RCSojG12hGrpDddRAFI3QC3pFb8az8W58GJ/z1ZyR3RyhBRhfv5b8nEM=</latexit>

⇡✓(a2|s)
<latexit sha1_base64="TrCI1jpmB+yh6Hz+6UQ7Rsvx0lY=">AAACD3icbVBLSgNBFOyJvxh/Y1y6aQxC3IQZ/ysJuHEZwXwgMww9nU7SpOdD9xtJGHMIL+BWb+BO3HoEL+A57CSzMIkFD4qq93hF+bHgCizr28itrK6tb+Q3C1vbO7t75n6xoaJEUlankYhkyyeKCR6yOnAQrBVLRgJfsKY/uJ34zUcmFY/CBxjFzA1IL+RdTgloyTOLTsw9B/oMSJl4Z0/qBHtmyapYU+BlYmekhDLUPPPH6UQ0CVgIVBCl2rYVg5sSCZwKNi44iWIxoQPSY21NQxIw5abT7GN8rJUO7kZSTwh4qv69SEmg1Cjw9WZAoK8WvYn4n9dOoHvtpjyME2AhnT3qJgJDhCdF4A6XjIIYaUKo5Dorpn0iCQVd19yX4SxqQRdjL9awTBqnFfuycnF/XqreZBXl0SE6QmVkoytURXeohuqIoiF6Qa/ozXg23o0P43O2mjOymwM0B+PrF5iYnEQ=</latexit>

⇡✓(a3|s)
<latexit sha1_base64="r8CdH3ko295VTre1s7ZENhZ1oGc=">AAACD3icbVBLSgNBFOyJvxh/Y1y6aQxC3IQZiZ+VBNy4jGA+kBmGnk5P0qTnQ/cbSYg5hBdwqzdwJ249ghfwHHaSWZjEggdF1Xu8ovxEcAWW9W3k1tY3Nrfy24Wd3b39A/Ow2FRxKilr0FjEsu0TxQSPWAM4CNZOJCOhL1jLH9xO/dYjk4rH0QOMEuaGpBfxgFMCWvLMopNwz4E+A1ImXvVJnWHPLFkVawa8SuyMlFCGumf+ON2YpiGLgAqiVMe2EnDHRAKngk0KTqpYQuiA9FhH04iETLnjWfYJPtVKFwex1BMBnql/L8YkVGoU+nozJNBXy95U/M/rpBBcu2MeJSmwiM4fBanAEONpEbjLJaMgRpoQKrnOimmfSEJB17XwZTiPWtDF2Ms1rJLmecW+rFzcV0u1m6yiPDpGJ6iMbHSFaugO1VEDUTREL+gVvRnPxrvxYXzOV3NGdnOEFmB8/QKaNJxF</latexit>

⇡✓(a4|s)

<latexit sha1_base64="3oRNOPcaB+xlCA8UuCdzJnI5g3s=">AAAB/HicbVDLSgMxFL3js9ZX1aWbYBFclRnxtZKCG5ct2Ae0Q8mkd9rQTGZIMmIp9Qfc6h+4E7f+iz/gd5i2s7CtBwKHc+7lnpwgEVwb1/12VlbX1jc2c1v57Z3dvf3CwWFdx6liWGOxiFUzoBoFl1gz3AhsJgppFAhsBIO7id94RKV5LB/MMEE/oj3JQ86osVJVdwpFt+ROQZaJl5EiZKh0Cj/tbszSCKVhgmrd8tzE+COqDGcCx/l2qjGhbEB72LJU0gi1P5oGHZNTq3RJGCv7pCFT9e/GiEZaD6PATkbU9PWiNxH/81qpCW/8EZdJalCy2aEwFcTEZPJr0uUKmRFDSyhT3GYlrE8VZcZ2M3flaRY1b4vxFmtYJvXzkndVuqxeFMu3WUU5OIYTOAMPrqEM91CBGjBAeIFXeHOenXfnw/mcja442c4RzMH5+gUGr5WD</latexit>s

<latexit sha1_base64="EQroUGVZHkVEsLJvm8lgexkxBn0=">AAACAXicbVDLSgMxFM34rPVVdekmWARXZUZ8raTgxmUF+4B2KJn0ThubyQzJHbEMXfkDbvUP3Ilbv8Qf8DtMHwvbeiBwOOde7skJEikMuu63s7S8srq2ntvIb25t7+wW9vZrJk41hyqPZawbATMghYIqCpTQSDSwKJBQD/o3I7/+CNqIWN3jIAE/Yl0lQsEZWqnWwh4gaxeKbskdgy4Sb0qKZIpKu/DT6sQ8jUAhl8yYpucm6GdMo+AShvlWaiBhvM+60LRUsQiMn43TDumxVTo0jLV9CulY/buRsciYQRTYyYhhz8x7I/E/r5lieOVnQiUpguKTQ2EqKcZ09HXaERo4yoEljGths1LeY5pxtAXNXHmaRM3bYrz5GhZJ7bTkXZTO786K5etpRTlySI7ICfHIJSmTW1IhVcLJA3khr+TNeXbenQ/nczK65Ex3DsgMnK9f9EKXtA==</latexit>

✓
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<latexit sha1_base64="5BXRhkMw0EJPeqlPFY/6wg5p+3s="></latexit>

St
<latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit><latexit sha1_base64="8pWf4z438c/cxs8wl4hMVUpLdmM=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48Vmo/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsndvN554tqIWD3iNOF+REdKhIJRtFazOcBBueJW3YXIOng5VCBXY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxsseqMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRje+JlQSYpcseVHYSoJxmR+NxkKzRnKqQXKtLC7EjammjK06ZRsCN7qyevQvqp6lh+uK/XbPI4inME5XIIHNajDPTSgBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3I+fwA3rI26</latexit>

At
<latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit><latexit sha1_base64="zGc2Q5j/qINeMXt57ZC+1Um8XcI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJKl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvhpo/9csWtunORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG88jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0ynZELzlk1ehdVH1LN9fVurXeRxFOIFTOAcPalCHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gAcQI2o</latexit>

At+1
<latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit><latexit sha1_base64="HydVhxWWTHstJ2FV9BTpLaBMBQM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvHisYL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsZ3s3r7iWsjYvWIk4T7ER0qEQpG0Vrt236GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuWHWqV+k8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz+5qY8k</latexit>

St+1
<latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit><latexit sha1_base64="ho2kYSaefvsjK3L3lDsMphPGAUc=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSSEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF960X664VXcusgpeDhXI1eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a1HRiBs/m687JWfWGZAw1vYpJHP390RGI2MmUWA7I4ojs1ybmf/VuimG134mVJIiV2zxUZhKgjGZ3U4GQnOGcmKBMi3sroSNqKYMbUIlG4K3fPIqtC6rnuX7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx85nz/VXY82</latexit>

St+2
<latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit><latexit sha1_base64="cO/UvNKvIpzQXSkZhF6wlQh1I18=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSFEFPUvDisaL9gDaUzXbTLt1swu5EKKE/wosHRbz6e7z5b9y2OWjrCwsP78ywM2+QSGHQdb+dwtr6xuZWcbu0s7u3f1A+PGqZONWMN1ksY90JqOFSKN5EgZJ3Es1pFEjeDsa3s3r7iWsjYvWIk4T7ER0qEQpG0Vrth36GF7Vpv1xxq+5cZBW8HCqQq9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5516KiETd+Nl93Ss6sMyBhrO1TSObu74mMRsZMosB2RhRHZrk2M/+rdVMMr/1MqCRFrtjiozCVBGMyu50MhOYM5cQCZVrYXQkbUU0Z2oRKNgRv+eRVaNWqnuX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9yPn8A1uKPNw==</latexit>

. . .
<latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit><latexit sha1_base64="pjCOa4v2CS1smk9KwCFSvIOub2M=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIUE9S8OKxgmkLbSib7aZdutmE3RehhP4GLx4U8eoP8ua/cdvmoK0DC8PMG/a9CVMpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+f1hgmZQrbl1dwGyTryC1KBAa1D9sjmWxVwhk9SYnuemGORUo2CSzyr9zPCUsgkd8Z6lisbcBPli2Rm5sMqQRIm2TyFZqL8TOY2NmcahnYwpjs2qNxf/83oZRjdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdp+KrYEb/XkddK+qnuWP1zXmrdFHWU4g3O4BA8a0IR7aIEPDAQ8wyu8Ocp5cd6dj+VoySkyp/AHzucP8DaOvg==</latexit> Stf

<latexit sha1_base64="soELFQ6viKPgSNMJS17gSQdVPgs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0JMUvHisaG2hDWGz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzXiLJTLRnZAaLoXiLRQoeSfVnMah5O1wdDP1209cG5GoBxyn3I/pQIlIMIpWat8HOQbRJKjW3Lo7A1kmXkFqUKAZVL96/YRlMVfIJDWm67kp+jnVKJjkk0ovMzylbEQHvGupojE3fj47d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vG6G0ZWfC5VmyBWbL4oySTAh099JX2jOUI4toUwLeythQ6opQ5tQxYbgLb68TB7P6t553b27qDWuizjKcATHcAoeXEIDbqEJLWAwgmd4hTcndV6cd+dj3lpyiplD+APn8wd11Y+h</latexit>

⇡(a|s) ⇡ ⇡✓(a|s)

<latexit sha1_base64="JdUx7W8wFYRhWR4S3x4nNLy233Y=">AAACG3icbVDLSgNBEJz1GeMr6lGQxSDES9iVgJ4k4MVjBPOA7LL0TibJkNndYaZXEmJu/oY/4FX/wJt49eAP+B1OHgeTWDBQXdVN91QoBdfoON/Wyura+sZmZiu7vbO7t587OKzpJFWUVWkiEtUIQTPBY1ZFjoI1pGIQhYLVw97N2K8/MKV5Et/jQDI/gk7M25wCGinInXiSF+BRn3sgpUr6pgw87DKEiRrk8k7RmcBeJu6M5MkMlSD347USmkYsRipA66brSPSHoJBTwUZZL9VMAu1BhzUNjSFi2h9O/jGyz4zSstuJMi9Ge6L+nRhCpPUgCk1nBNjVi95Y/M9rpti+8oc8limymE4XtVNhY2KPQ7FbXDGKYmAIUMXNrTbtggKKJrq5Lf3pqVkTjLsYwzKpXRTdUrF0V8qXr2cRZcgxOSUF4pJLUia3pEKqhJIn8kJeyZv1bL1bH9bntHXFms0ckTlYX7/lBaHT</latexit>

r✓J(✓) = Ea⇠⇡✓
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<latexit sha1_base64="0vrTlOigOGTiM2V+o3jleSiKic4="></latexit>

<latexit sha1_base64="x86ZhlR68942xBLPgpXe+FF3GBo="></latexit>

✓new = ✓old + ↵r✓J(✓)

Policy Gradient

• in practice: evaluate RL objective by sampling trajectories 

parametrize policy

compute gradients

update parameters  to maximize returnθ

Sutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov MPI-PKS (Dresden)

image: medium.com

• pseudo-loss function J̃(θ)
<latexit sha1_base64="77tsvvKhP8kSltUAQHEfXs8OBeE="></latexit>

J̃(✓) =
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<latexit sha1_base64="MuB7wJDvXGupIvT73PjNdhvmiJo="></latexit>

r✓J̃(✓) = r✓JMC(✓)
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                …a1 a2 a3 a4

<latexit sha1_base64="GUBXf6+e5rW8SjxpwGv73wJhVuc=">AAACAnicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA9oh5LJZNrQTDIkd4qldOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygkRwA6777RTW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDohhgkvWAA6CtRPNSBwI1gqGd5nfGjFtuJKPME6YH5O+5BGnBKzU6o5CBabUK1fcqjsDXiVeTiooR71X/umGiqYxk0AFMabjuQn4E6KBU8GmpW5qWELokPRZx1JJYmb8ySzuFJ9ZJcSR0vZJwDP178aExMaM48BOxgQGZtnLxP+8TgrRjT/hMkmBSTo/FKUCg8LZ33HINaMgxpYQqrnNiumAaELBNrRw5WkeNSvGW65hlTQvqt5V9fLhslK7zSsqohN0is6Rh65RDd2jOmogioboBb2iN+fZeXc+nM/5aMHJd47RApyvX1T9l+E=</latexit>...<latexit sha1_base64="GUBXf6+e5rW8SjxpwGv73wJhVuc=">AAACAnicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA9oh5LJZNrQTDIkd4qldOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygkRwA6777RTW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDohhgkvWAA6CtRPNSBwI1gqGd5nfGjFtuJKPME6YH5O+5BGnBKzU6o5CBabUK1fcqjsDXiVeTiooR71X/umGiqYxk0AFMabjuQn4E6KBU8GmpW5qWELokPRZx1JJYmb8ySzuFJ9ZJcSR0vZJwDP178aExMaM48BOxgQGZtnLxP+8TgrRjT/hMkmBSTo/FKUCg8LZ33HINaMgxpYQqrnNiumAaELBNrRw5WkeNSvGW65hlTQvqt5V9fLhslK7zSsqohN0is6Rh65RDd2jOmogioboBb2iN+fZeXc+nM/5aMHJd47RApyvX1T9l+E=</latexit>...

<latexit sha1_base64="QFIzUK95DLokwsi9tAmR1Gi9iNs=">AAACD3icbVDLSsNAFJ34rPUV69LNYBHqpiTiayUFNy4r2Ac0IUymk3bo5MHMjbTEfoQ/4Fb/wJ249RP8Ab/DaZuFbT1w4XDOvdzD8RPBFVjWt7Gyura+sVnYKm7v7O7tmwelpopTSVmDxiKWbZ8oJnjEGsBBsHYiGQl9wVr+4Hbitx6ZVDyOHmCUMDckvYgHnBLQkmeWnIR7DvQZkArx7Cd1ij2zbFWtKfAysXNSRjnqnvnjdGOahiwCKohSHdtKwM2IBE4FGxedVLGE0AHpsY6mEQmZcrNp9jE+0UoXB7HUEwGeqn8vMhIqNQp9vRkS6KtFbyL+53VSCK7djEdJCiyis0dBKjDEeFIE7nLJKIiRJoRKrrNi2ieSUNB1zX0ZzqIWdTH2Yg3LpHlWtS+rF/fn5dpNXlEBHaFjVEE2ukI1dIfqqIEoGqIX9IrejGfj3fgwPmerK0Z+c4jmYHz9ApVgnEI=</latexit>

⇡✓(a1|s)
<latexit sha1_base64="/rSeatVEUIkAHP9xLCbZmYcyINg=">AAACD3icbVBLSgNBFOyJvxh/Y1y6aQxC3ISZ4G8lATcuI5gPZIahp9NJmvR86H4jCWMO4QXc6g3ciVuP4AU8h51kFiax4EFR9R6vKD8WXIFlfRu5tfWNza38dmFnd2//wDwsNlWUSMoaNBKRbPtEMcFD1gAOgrVjyUjgC9byh7dTv/XIpOJR+ADjmLkB6Ye8xykBLXlm0Ym558CAASkTr/qkzrBnlqyKNQNeJXZGSihD3TN/nG5Ek4CFQAVRqmNbMbgpkcCpYJOCkygWEzokfdbRNCQBU246yz7Bp1rp4l4k9YSAZ+rfi5QESo0DX28GBAZq2ZuK/3mdBHrXbsrDOAEW0vmjXiIwRHhaBO5yySiIsSaESq6zYjogklDQdS18Gc2jFnQx9nINq6RZrdiXlYv781LtJqsoj47RCSojG12hGrpDddRAFI3QC3pFb8az8W58GJ/z1ZyR3RyhBRhfv5b8nEM=</latexit>

⇡✓(a2|s)
<latexit sha1_base64="TrCI1jpmB+yh6Hz+6UQ7Rsvx0lY=">AAACD3icbVBLSgNBFOyJvxh/Y1y6aQxC3IQZ/ysJuHEZwXwgMww9nU7SpOdD9xtJGHMIL+BWb+BO3HoEL+A57CSzMIkFD4qq93hF+bHgCizr28itrK6tb+Q3C1vbO7t75n6xoaJEUlankYhkyyeKCR6yOnAQrBVLRgJfsKY/uJ34zUcmFY/CBxjFzA1IL+RdTgloyTOLTsw9B/oMSJl4Z0/qBHtmyapYU+BlYmekhDLUPPPH6UQ0CVgIVBCl2rYVg5sSCZwKNi44iWIxoQPSY21NQxIw5abT7GN8rJUO7kZSTwh4qv69SEmg1Cjw9WZAoK8WvYn4n9dOoHvtpjyME2AhnT3qJgJDhCdF4A6XjIIYaUKo5Dorpn0iCQVd19yX4SxqQRdjL9awTBqnFfuycnF/XqreZBXl0SE6QmVkoytURXeohuqIoiF6Qa/ozXg23o0P43O2mjOymwM0B+PrF5iYnEQ=</latexit>

⇡✓(a3|s)
<latexit sha1_base64="r8CdH3ko295VTre1s7ZENhZ1oGc=">AAACD3icbVBLSgNBFOyJvxh/Y1y6aQxC3IQZiZ+VBNy4jGA+kBmGnk5P0qTnQ/cbSYg5hBdwqzdwJ249ghfwHHaSWZjEggdF1Xu8ovxEcAWW9W3k1tY3Nrfy24Wd3b39A/Ow2FRxKilr0FjEsu0TxQSPWAM4CNZOJCOhL1jLH9xO/dYjk4rH0QOMEuaGpBfxgFMCWvLMopNwz4E+A1ImXvVJnWHPLFkVawa8SuyMlFCGumf+ON2YpiGLgAqiVMe2EnDHRAKngk0KTqpYQuiA9FhH04iETLnjWfYJPtVKFwex1BMBnql/L8YkVGoU+nozJNBXy95U/M/rpBBcu2MeJSmwiM4fBanAEONpEbjLJaMgRpoQKrnOimmfSEJB17XwZTiPWtDF2Ms1rJLmecW+rFzcV0u1m6yiPDpGJ6iMbHSFaugO1VEDUTREL+gVvRnPxrvxYXzOV3NGdnOEFmB8/QKaNJxF</latexit>

⇡✓(a4|s)

<latexit sha1_base64="3oRNOPcaB+xlCA8UuCdzJnI5g3s=">AAAB/HicbVDLSgMxFL3js9ZX1aWbYBFclRnxtZKCG5ct2Ae0Q8mkd9rQTGZIMmIp9Qfc6h+4E7f+iz/gd5i2s7CtBwKHc+7lnpwgEVwb1/12VlbX1jc2c1v57Z3dvf3CwWFdx6liWGOxiFUzoBoFl1gz3AhsJgppFAhsBIO7id94RKV5LB/MMEE/oj3JQ86osVJVdwpFt+ROQZaJl5EiZKh0Cj/tbszSCKVhgmrd8tzE+COqDGcCx/l2qjGhbEB72LJU0gi1P5oGHZNTq3RJGCv7pCFT9e/GiEZaD6PATkbU9PWiNxH/81qpCW/8EZdJalCy2aEwFcTEZPJr0uUKmRFDSyhT3GYlrE8VZcZ2M3flaRY1b4vxFmtYJvXzkndVuqxeFMu3WUU5OIYTOAMPrqEM91CBGjBAeIFXeHOenXfnw/mcja442c4RzMH5+gUGr5WD</latexit>s

<latexit sha1_base64="EQroUGVZHkVEsLJvm8lgexkxBn0=">AAACAXicbVDLSgMxFM34rPVVdekmWARXZUZ8raTgxmUF+4B2KJn0ThubyQzJHbEMXfkDbvUP3Ilbv8Qf8DtMHwvbeiBwOOde7skJEikMuu63s7S8srq2ntvIb25t7+wW9vZrJk41hyqPZawbATMghYIqCpTQSDSwKJBQD/o3I7/+CNqIWN3jIAE/Yl0lQsEZWqnWwh4gaxeKbskdgy4Sb0qKZIpKu/DT6sQ8jUAhl8yYpucm6GdMo+AShvlWaiBhvM+60LRUsQiMn43TDumxVTo0jLV9CulY/buRsciYQRTYyYhhz8x7I/E/r5lieOVnQiUpguKTQ2EqKcZ09HXaERo4yoEljGths1LeY5pxtAXNXHmaRM3bYrz5GhZJ7bTkXZTO786K5etpRTlySI7ICfHIJSmTW1IhVcLJA3khr+TNeXbenQ/nczK65Ex3DsgMnK9f9EKXtA==</latexit>

✓



Bloch sphere

MPI-PKS

quantum control: two-level system

• task: prepare         using infinitesimal rotations 
<latexit sha1_base64="ZakK0xIo2mZZGjjBoF2Dcdq1tsQ=">AAACBHicbVDLSgMxFM3UV62vqks3wSK4KjNS1JUU3LisYB/SDiWT3mlDk8yQZMQydusPuNU/cCdu/Q9/wO8wbWdhWw8EDufcyz05QcyZNq777eRWVtfWN/Kbha3tnd294v5BQ0eJolCnEY9UKyAaOJNQN8xwaMUKiAg4NIPh9cRvPoDSLJJ3ZhSDL0hfspBRYqx0/+R2FJF9Dt1iyS27U+Bl4mWkhDLUusWfTi+iiQBpKCdatz03Nn5KlGGUw7jQSTTEhA5JH9qWSiJA++k08BifWKWHw0jZJw2eqn83UiK0HonATgpiBnrRm4j/ee3EhJd+ymScGJB0dihMODYRnvwe95gCavjIEkIVs1kxHRBFqLEdzV15nEUt2GK8xRqWSeOs7J2XK7eVUvUqqyiPjtAxOkUeukBVdINqqI4oEugFvaI359l5dz6cz9lozsl2DtEcnK9fGpmY4A==</latexit>

|0i
<latexit sha1_base64="TRQu40DzFyCJTK8EQp3YZBwvbMc="></latexit>

U↵ = exp

✓
�i

�t

2
�↵

◆
<latexit sha1_base64="vDorOU4SkiT4Zr9XvGI/dUoWt3Q=">AAACB3icbVDLSsNAFJ34rPVVdekmWAQXpSRS1I1ScOOygn1AE8rNdNIOnUyGmYm0hn6AP+BW/8CduPUz/AG/w2mbhW09cOFwzr3cwwkEo0o7zre1srq2vrGZ28pv7+zu7RcODhsqTiQmdRyzWLYCUIRRTuqaakZaQhKIAkaaweB24jcfiVQ05g96JIgfQY/TkGLQRvI8YKIP18PSqPTUKRSdsjOFvUzcjBRRhlqn8ON1Y5xEhGvMQKm26wjtpyA1xYyM816iiAA8gB5pG8ohIspPp5nH9qlRunYYSzNc21P170UKkVKjKDCbEei+WvQm4n9eO9HhlZ9SLhJNOJ49ChNm69ieFGB3qSRYs5EhgCU1WW3cBwlYm5rmvgxnUfOmGHexhmXSOC+7F+XKfaVYvckqyqFjdILOkIsuURXdoRqqI4wEekGv6M16tt6tD+tztrpiZTdHaA7W1y/7n5nf</latexit>↵ = x, y, z

Example: RL for Quantum State Initialization

Marín Bukov



Bloch sphere

MPI-PKS

quantum control: two-level system

• task: prepare         using infinitesimal rotations 
<latexit sha1_base64="ZakK0xIo2mZZGjjBoF2Dcdq1tsQ=">AAACBHicbVDLSgMxFM3UV62vqks3wSK4KjNS1JUU3LisYB/SDiWT3mlDk8yQZMQydusPuNU/cCdu/Q9/wO8wbWdhWw8EDufcyz05QcyZNq777eRWVtfWN/Kbha3tnd294v5BQ0eJolCnEY9UKyAaOJNQN8xwaMUKiAg4NIPh9cRvPoDSLJJ3ZhSDL0hfspBRYqx0/+R2FJF9Dt1iyS27U+Bl4mWkhDLUusWfTi+iiQBpKCdatz03Nn5KlGGUw7jQSTTEhA5JH9qWSiJA++k08BifWKWHw0jZJw2eqn83UiK0HonATgpiBnrRm4j/ee3EhJd+ymScGJB0dihMODYRnvwe95gCavjIEkIVs1kxHRBFqLEdzV15nEUt2GK8xRqWSeOs7J2XK7eVUvUqqyiPjtAxOkUeukBVdINqqI4oEugFvaI359l5dz6cz9lozsl2DtEcnK9fGpmY4A==</latexit>

|0i
<latexit sha1_base64="TRQu40DzFyCJTK8EQp3YZBwvbMc="></latexit>

U↵ = exp

✓
�i

�t

2
�↵

◆
<latexit sha1_base64="vDorOU4SkiT4Zr9XvGI/dUoWt3Q=">AAACB3icbVDLSsNAFJ34rPVVdekmWAQXpSRS1I1ScOOygn1AE8rNdNIOnUyGmYm0hn6AP+BW/8CduPUz/AG/w2mbhW09cOFwzr3cwwkEo0o7zre1srq2vrGZ28pv7+zu7RcODhsqTiQmdRyzWLYCUIRRTuqaakZaQhKIAkaaweB24jcfiVQ05g96JIgfQY/TkGLQRvI8YKIP18PSqPTUKRSdsjOFvUzcjBRRhlqn8ON1Y5xEhGvMQKm26wjtpyA1xYyM816iiAA8gB5pG8ohIspPp5nH9qlRunYYSzNc21P170UKkVKjKDCbEei+WvQm4n9eO9HhlZ9SLhJNOJ49ChNm69ieFGB3qSRYs5EhgCU1WW3cBwlYm5rmvgxnUfOmGHexhmXSOC+7F+XKfaVYvckqyqFjdILOkIsuURXdoRqqI4wEekGv6M16tt6tD+tztrpiZTdHaA7W1y/7n5nf</latexit>↵ = x, y, z

• define RL states:

parametrization of state of system:

RL state space:
<latexit sha1_base64="cXhIQQbHxhwP9JwSdC4EE+rb52k="></latexit>

S = {(#,')|# 2 [0,⇡], ' 2 [0, 2⇡)}

<latexit sha1_base64="7VYwbmBOTnIEAAkgPCZFCWlzigI="></latexit>

| i =
✓

cos #
2

ei' sin #
2

◆

RL for Quantum State Initialization

Marín Bukov



Bloch sphere

MPI-PKS

quantum control: two-level system

• task: prepare         using infinitesimal rotations 
<latexit sha1_base64="ZakK0xIo2mZZGjjBoF2Dcdq1tsQ=">AAACBHicbVDLSgMxFM3UV62vqks3wSK4KjNS1JUU3LisYB/SDiWT3mlDk8yQZMQydusPuNU/cCdu/Q9/wO8wbWdhWw8EDufcyz05QcyZNq777eRWVtfWN/Kbha3tnd294v5BQ0eJolCnEY9UKyAaOJNQN8xwaMUKiAg4NIPh9cRvPoDSLJJ3ZhSDL0hfspBRYqx0/+R2FJF9Dt1iyS27U+Bl4mWkhDLUusWfTi+iiQBpKCdatz03Nn5KlGGUw7jQSTTEhA5JH9qWSiJA++k08BifWKWHw0jZJw2eqn83UiK0HonATgpiBnrRm4j/ee3EhJd+ymScGJB0dihMODYRnvwe95gCavjIEkIVs1kxHRBFqLEdzV15nEUt2GK8xRqWSeOs7J2XK7eVUvUqqyiPjtAxOkUeukBVdINqqI4oEugFvaI359l5dz6cz9lozsl2DtEcnK9fGpmY4A==</latexit>

|0i
<latexit sha1_base64="TRQu40DzFyCJTK8EQp3YZBwvbMc="></latexit>

U↵ = exp

✓
�i

�t

2
�↵

◆
<latexit sha1_base64="vDorOU4SkiT4Zr9XvGI/dUoWt3Q=">AAACB3icbVDLSsNAFJ34rPVVdekmWAQXpSRS1I1ScOOygn1AE8rNdNIOnUyGmYm0hn6AP+BW/8CduPUz/AG/w2mbhW09cOFwzr3cwwkEo0o7zre1srq2vrGZ28pv7+zu7RcODhsqTiQmdRyzWLYCUIRRTuqaakZaQhKIAkaaweB24jcfiVQ05g96JIgfQY/TkGLQRvI8YKIP18PSqPTUKRSdsjOFvUzcjBRRhlqn8ON1Y5xEhGvMQKm26wjtpyA1xYyM816iiAA8gB5pG8ohIspPp5nH9qlRunYYSzNc21P170UKkVKjKDCbEei+WvQm4n9eO9HhlZ9SLhJNOJ49ChNm69ieFGB3qSRYs5EhgCU1WW3cBwlYm5rmvgxnUfOmGHexhmXSOC+7F+XKfaVYvckqyqFjdILOkIsuURXdoRqqI4wEekGv6M16tt6tD+tztrpiZTdHaA7W1y/7n5nf</latexit>↵ = x, y, z

• define RL states:

parametrization of state of system:

RL state space:

• define RL actions:
<latexit sha1_base64="Hg0RHAElX3hI+Aquc2ohN3emRLY=">AAACInicbVDLSsNAFJ34rPVVdelmsBRdlUSKulEKblxWsA9oQriZTtuhk0mYmYil9gv8DX/Arf6BO3EluPY7nKZZ2NYDFw7n3Mu99wQxZ0rb9pe1tLyyurae28hvbm3v7Bb29hsqSiShdRLxSLYCUJQzQeuaaU5bsaQQBpw2g8H1xG/eU6lYJO70MKZeCD3BuoyANpJfKD26sWLHrgTR4xRf4rrvAo/7gFMj0/1C0S7bKfAicTJSRBlqfuHH7UQkCanQhINSbceOtTcCqRnhdJx3E0VjIAPo0bahAkKqvFH6zhiXjNLB3UiaEhqn6t+JEYRKDcPAdIag+2rem4j/ee1Edy+8ERNxoqkg00XdhGMd4Uk2uMMkJZoPDQEimbkVkz5IINokOLPlYXpq3gTjzMewSBqnZeesXLmtFKtXWUQ5dIiO0Aly0DmqohtUQ3VE0BN6Qa/ozXq23q0P63PaumRlMwdoBtb3L/bVpHQ=</latexit>

| 0i = U↵| i
<latexit sha1_base64="Xv92gpk/vqxlsyVX5erJZfHdPlA=">AAACB3icbVDLSgMxFL3js9ZX1aWbYBFdlRkp6koKblxWsA/oDCWTZtrQZCYkGbEM/QB/wK3+gTtx62f4A36HaTsL23ogcDjnXu7JCSVn2rjut7Oyura+sVnYKm7v7O7tlw4OmzpJFaENkvBEtUOsKWcxbRhmOG1LRbEIOW2Fw9uJ33qkSrMkfjAjSQOB+zGLGMHGSr5GvsBSmwTps26p7FbcKdAy8XJShhz1bunH7yUkFTQ2hGOtO54rTZBhZRjhdFz0U00lJkPcpx1LYyyoDrJp5jE6tUoPRYmyLzZoqv7dyLDQeiRCOymwGehFbyL+53VSE10HGYtlamhMZoeilCP7x0kBqMcUJYaPLMFEMZsVkQFWmBhb09yVp1nUoi3GW6xhmTQvKt5lpXpfLddu8ooKcAwncA4eXEEN7qAODSAg4QVe4c15dt6dD+dzNrri5DtHMAfn6xe/95m6</latexit>

s 7! s0

<latexit sha1_base64="cXhIQQbHxhwP9JwSdC4EE+rb52k="></latexit>

S = {(#,')|# 2 [0,⇡], ' 2 [0, 2⇡)}

<latexit sha1_base64="7VYwbmBOTnIEAAkgPCZFCWlzigI="></latexit>

| i =
✓

cos #
2

ei' sin #
2

◆

<latexit sha1_base64="rC1ILCkJmyMmz6qKSWDqULld5P0="></latexit>

A = {I, U↵|↵ = x, y, z}

RL for Quantum State Initialization

Marín Bukov



Bloch sphere

MPI-PKS

quantum control: two-level system

• task: prepare         using infinitesimal rotations 
<latexit sha1_base64="ZakK0xIo2mZZGjjBoF2Dcdq1tsQ=">AAACBHicbVDLSgMxFM3UV62vqks3wSK4KjNS1JUU3LisYB/SDiWT3mlDk8yQZMQydusPuNU/cCdu/Q9/wO8wbWdhWw8EDufcyz05QcyZNq777eRWVtfWN/Kbha3tnd294v5BQ0eJolCnEY9UKyAaOJNQN8xwaMUKiAg4NIPh9cRvPoDSLJJ3ZhSDL0hfspBRYqx0/+R2FJF9Dt1iyS27U+Bl4mWkhDLUusWfTi+iiQBpKCdatz03Nn5KlGGUw7jQSTTEhA5JH9qWSiJA++k08BifWKWHw0jZJw2eqn83UiK0HonATgpiBnrRm4j/ee3EhJd+ymScGJB0dihMODYRnvwe95gCavjIEkIVs1kxHRBFqLEdzV15nEUt2GK8xRqWSeOs7J2XK7eVUvUqqyiPjtAxOkUeukBVdINqqI4oEugFvaI359l5dz6cz9lozsl2DtEcnK9fGpmY4A==</latexit>

|0i
<latexit sha1_base64="TRQu40DzFyCJTK8EQp3YZBwvbMc="></latexit>

U↵ = exp

✓
�i

�t

2
�↵

◆
<latexit sha1_base64="vDorOU4SkiT4Zr9XvGI/dUoWt3Q=">AAACB3icbVDLSsNAFJ34rPVVdekmWAQXpSRS1I1ScOOygn1AE8rNdNIOnUyGmYm0hn6AP+BW/8CduPUz/AG/w2mbhW09cOFwzr3cwwkEo0o7zre1srq2vrGZ28pv7+zu7RcODhsqTiQmdRyzWLYCUIRRTuqaakZaQhKIAkaaweB24jcfiVQ05g96JIgfQY/TkGLQRvI8YKIP18PSqPTUKRSdsjOFvUzcjBRRhlqn8ON1Y5xEhGvMQKm26wjtpyA1xYyM816iiAA8gB5pG8ohIspPp5nH9qlRunYYSzNc21P170UKkVKjKDCbEei+WvQm4n9eO9HhlZ9SLhJNOJ49ChNm69ieFGB3qSRYs5EhgCU1WW3cBwlYm5rmvgxnUfOmGHexhmXSOC+7F+XKfaVYvckqyqFjdILOkIsuURXdoRqqI4wEekGv6M16tt6tD+tztrpiZTdHaA7W1y/7n5nf</latexit>↵ = x, y, z

• define RL states:

parametrization of state of system:

RL state space:

• define RL actions:
<latexit sha1_base64="Hg0RHAElX3hI+Aquc2ohN3emRLY=">AAACInicbVDLSsNAFJ34rPVVdelmsBRdlUSKulEKblxWsA9oQriZTtuhk0mYmYil9gv8DX/Arf6BO3EluPY7nKZZ2NYDFw7n3Mu99wQxZ0rb9pe1tLyyurae28hvbm3v7Bb29hsqSiShdRLxSLYCUJQzQeuaaU5bsaQQBpw2g8H1xG/eU6lYJO70MKZeCD3BuoyANpJfKD26sWLHrgTR4xRf4rrvAo/7gFMj0/1C0S7bKfAicTJSRBlqfuHH7UQkCanQhINSbceOtTcCqRnhdJx3E0VjIAPo0bahAkKqvFH6zhiXjNLB3UiaEhqn6t+JEYRKDcPAdIag+2rem4j/ee1Edy+8ERNxoqkg00XdhGMd4Uk2uMMkJZoPDQEimbkVkz5IINokOLPlYXpq3gTjzMewSBqnZeesXLmtFKtXWUQ5dIiO0Aly0DmqohtUQ3VE0BN6Qa/ozXq23q0P63PaumRlMwdoBtb3L/bVpHQ=</latexit>

| 0i = U↵| i
<latexit sha1_base64="Xv92gpk/vqxlsyVX5erJZfHdPlA=">AAACB3icbVDLSgMxFL3js9ZX1aWbYBFdlRkp6koKblxWsA/oDCWTZtrQZCYkGbEM/QB/wK3+gTtx62f4A36HaTsL23ogcDjnXu7JCSVn2rjut7Oyura+sVnYKm7v7O7tlw4OmzpJFaENkvBEtUOsKWcxbRhmOG1LRbEIOW2Fw9uJ33qkSrMkfjAjSQOB+zGLGMHGSr5GvsBSmwTps26p7FbcKdAy8XJShhz1bunH7yUkFTQ2hGOtO54rTZBhZRjhdFz0U00lJkPcpx1LYyyoDrJp5jE6tUoPRYmyLzZoqv7dyLDQeiRCOymwGehFbyL+53VSE10HGYtlamhMZoeilCP7x0kBqMcUJYaPLMFEMZsVkQFWmBhb09yVp1nUoi3GW6xhmTQvKt5lpXpfLddu8ooKcAwncA4eXEEN7qAODSAg4QVe4c15dt6dD+dzNrri5DtHMAfn6xe/95m6</latexit>

s 7! s0

• define reward:
<latexit sha1_base64="bMm8SKiiqUhvsODwaSF93YfMj78=">AAACHnicbVDLTgIxFO34RHyhLt1UiYkrMkOIutGQuHGJiTwSBiedUqCh05m0d4xkYO1v+ANu9Q/cGbf6A36HZWAh4EmanHvOvbm3x48E12Db39bS8srq2npmI7u5tb2zm9vbr+kwVpRVaShC1fCJZoJLVgUOgjUixUjgC1b3+9djv/7AlOahvINBxFoB6Ure4ZSAkbzckfIAX+KhK4jsCobtoRtp7oGr0np4X/Ryebtgp8CLxJmSPJqi4uV+3HZI44BJoIJo3XTsCFoJUcCpYKOsG2sWEdonXdY0VJKA6VaSfmWET4zSxp1QmScBp+rfiYQEWg8C33QGBHp63huL/3nNGDoXrYTLKAYm6WRRJxYYQjzOBbe5YhTEwBBCFTe3YtojilAw6c1seZycmjXBOPMxLJJaseCcFUq3pXz5ahpRBh2iY3SKHHSOyugGVVAVUfSEXtArerOerXfrw/qctC5Z05kDNAPr6xehvaK1</latexit>

rt = |h0| ti|2

<latexit sha1_base64="cXhIQQbHxhwP9JwSdC4EE+rb52k="></latexit>

S = {(#,')|# 2 [0,⇡], ' 2 [0, 2⇡)}

<latexit sha1_base64="7VYwbmBOTnIEAAkgPCZFCWlzigI="></latexit>

| i =
✓

cos #
2

ei' sin #
2

◆

<latexit sha1_base64="rC1ILCkJmyMmz6qKSWDqULld5P0="></latexit>

A = {I, U↵|↵ = x, y, z}

RL for Quantum State Initialization

Marín Bukov



Bloch sphere

MPI-PKS

quantum control: two-level system

• task: prepare         using infinitesimal rotations 
<latexit sha1_base64="ZakK0xIo2mZZGjjBoF2Dcdq1tsQ=">AAACBHicbVDLSgMxFM3UV62vqks3wSK4KjNS1JUU3LisYB/SDiWT3mlDk8yQZMQydusPuNU/cCdu/Q9/wO8wbWdhWw8EDufcyz05QcyZNq777eRWVtfWN/Kbha3tnd294v5BQ0eJolCnEY9UKyAaOJNQN8xwaMUKiAg4NIPh9cRvPoDSLJJ3ZhSDL0hfspBRYqx0/+R2FJF9Dt1iyS27U+Bl4mWkhDLUusWfTi+iiQBpKCdatz03Nn5KlGGUw7jQSTTEhA5JH9qWSiJA++k08BifWKWHw0jZJw2eqn83UiK0HonATgpiBnrRm4j/ee3EhJd+ymScGJB0dihMODYRnvwe95gCavjIEkIVs1kxHRBFqLEdzV15nEUt2GK8xRqWSeOs7J2XK7eVUvUqqyiPjtAxOkUeukBVdINqqI4oEugFvaI359l5dz6cz9lozsl2DtEcnK9fGpmY4A==</latexit>

|0i
<latexit sha1_base64="TRQu40DzFyCJTK8EQp3YZBwvbMc="></latexit>

U↵ = exp

✓
�i

�t

2
�↵

◆
<latexit sha1_base64="vDorOU4SkiT4Zr9XvGI/dUoWt3Q=">AAACB3icbVDLSsNAFJ34rPVVdekmWAQXpSRS1I1ScOOygn1AE8rNdNIOnUyGmYm0hn6AP+BW/8CduPUz/AG/w2mbhW09cOFwzr3cwwkEo0o7zre1srq2vrGZ28pv7+zu7RcODhsqTiQmdRyzWLYCUIRRTuqaakZaQhKIAkaaweB24jcfiVQ05g96JIgfQY/TkGLQRvI8YKIP18PSqPTUKRSdsjOFvUzcjBRRhlqn8ON1Y5xEhGvMQKm26wjtpyA1xYyM816iiAA8gB5pG8ohIspPp5nH9qlRunYYSzNc21P170UKkVKjKDCbEei+WvQm4n9eO9HhlZ9SLhJNOJ49ChNm69ieFGB3qSRYs5EhgCU1WW3cBwlYm5rmvgxnUfOmGHexhmXSOC+7F+XKfaVYvckqyqFjdILOkIsuURXdoRqqI4wEekGv6M16tt6tD+tztrpiZTdHaA7W1y/7n5nf</latexit>↵ = x, y, z

• define RL states:

parametrization of state of system:

RL state space:

• define RL actions:
<latexit sha1_base64="Hg0RHAElX3hI+Aquc2ohN3emRLY=">AAACInicbVDLSsNAFJ34rPVVdelmsBRdlUSKulEKblxWsA9oQriZTtuhk0mYmYil9gv8DX/Arf6BO3EluPY7nKZZ2NYDFw7n3Mu99wQxZ0rb9pe1tLyyurae28hvbm3v7Bb29hsqSiShdRLxSLYCUJQzQeuaaU5bsaQQBpw2g8H1xG/eU6lYJO70MKZeCD3BuoyANpJfKD26sWLHrgTR4xRf4rrvAo/7gFMj0/1C0S7bKfAicTJSRBlqfuHH7UQkCanQhINSbceOtTcCqRnhdJx3E0VjIAPo0bahAkKqvFH6zhiXjNLB3UiaEhqn6t+JEYRKDcPAdIag+2rem4j/ee1Edy+8ERNxoqkg00XdhGMd4Uk2uMMkJZoPDQEimbkVkz5IINokOLPlYXpq3gTjzMewSBqnZeesXLmtFKtXWUQ5dIiO0Aly0DmqohtUQ3VE0BN6Qa/ozXq23q0P63PaumRlMwdoBtb3L/bVpHQ=</latexit>

| 0i = U↵| i
<latexit sha1_base64="Xv92gpk/vqxlsyVX5erJZfHdPlA=">AAACB3icbVDLSgMxFL3js9ZX1aWbYBFdlRkp6koKblxWsA/oDCWTZtrQZCYkGbEM/QB/wK3+gTtx62f4A36HaTsL23ogcDjnXu7JCSVn2rjut7Oyura+sVnYKm7v7O7tlw4OmzpJFaENkvBEtUOsKWcxbRhmOG1LRbEIOW2Fw9uJ33qkSrMkfjAjSQOB+zGLGMHGSr5GvsBSmwTps26p7FbcKdAy8XJShhz1bunH7yUkFTQ2hGOtO54rTZBhZRjhdFz0U00lJkPcpx1LYyyoDrJp5jE6tUoPRYmyLzZoqv7dyLDQeiRCOymwGehFbyL+53VSE10HGYtlamhMZoeilCP7x0kBqMcUJYaPLMFEMZsVkQFWmBhb09yVp1nUoi3GW6xhmTQvKt5lpXpfLddu8ooKcAwncA4eXEEN7qAODSAg4QVe4c15dt6dD+dzNrri5DtHMAfn6xe/95m6</latexit>

s 7! s0

• define reward:
<latexit sha1_base64="bMm8SKiiqUhvsODwaSF93YfMj78=">AAACHnicbVDLTgIxFO34RHyhLt1UiYkrMkOIutGQuHGJiTwSBiedUqCh05m0d4xkYO1v+ANu9Q/cGbf6A36HZWAh4EmanHvOvbm3x48E12Db39bS8srq2npmI7u5tb2zm9vbr+kwVpRVaShC1fCJZoJLVgUOgjUixUjgC1b3+9djv/7AlOahvINBxFoB6Ure4ZSAkbzckfIAX+KhK4jsCobtoRtp7oGr0np4X/Ryebtgp8CLxJmSPJqi4uV+3HZI44BJoIJo3XTsCFoJUcCpYKOsG2sWEdonXdY0VJKA6VaSfmWET4zSxp1QmScBp+rfiYQEWg8C33QGBHp63huL/3nNGDoXrYTLKAYm6WRRJxYYQjzOBbe5YhTEwBBCFTe3YtojilAw6c1seZycmjXBOPMxLJJaseCcFUq3pXz5ahpRBh2iY3SKHHSOyugGVVAVUfSEXtArerOerXfrw/qctC5Z05kDNAPr6xehvaK1</latexit>

rt = |h0| ti|2

<latexit sha1_base64="cXhIQQbHxhwP9JwSdC4EE+rb52k="></latexit>

S = {(#,')|# 2 [0,⇡], ' 2 [0, 2⇡)}

<latexit sha1_base64="7VYwbmBOTnIEAAkgPCZFCWlzigI="></latexit>

| i =
✓

cos #
2

ei' sin #
2

◆

<latexit sha1_base64="rC1ILCkJmyMmz6qKSWDqULld5P0="></latexit>

A = {I, U↵|↵ = x, y, z}

• choose RL algorithm: policy gradient
simulate trial trajectories

<latexit sha1_base64="NsKuzW4VBLgMcar0WMEapFnNARQ="></latexit>

r✓J(✓) ⇡
1

NMC

NMCX

j=1

r✓ log ⇡✓(⌧j)
X

t

Rt(⌧j)

<latexit sha1_base64="xgpn04tOhcRkYN1DZa7kADgd4J4=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3IgldOcPuNU/cCdu/RF/wO8wabOwrQcGDufcyz1zvEgKg7b9bRVWVtfWN4qbpa3tnd298v5B04SxZrzBQhnqtkcNl0LxBgqUvB1pTgNP8pY3usn81iPXRoTqHscRdwM6UMIXjGIqtbpI495DqVeu2FV7CrJMnJxUIEe9V/7p9kMWB1whk9SYjmNH6CZUo2CST0rd2PCIshEd8E5KFQ24cZNp3Ak5SZU+8UOdPoVkqv7dSGhgzDjw0smA4tAsepn4n9eJ0b9yE6GiGLlis0N+LAmGJPs76QvNGcpxSijTIs1K2JBqyjBtaO7K0yxqVoyzWMMyaZ5VnYvq+d15pXadV1SEIziGU3DgEmpwC3VoAIMRvMArvFnP1rv1YX3ORgtWvnMIc7C+fgEmjpfE</latexit>⌧j

RL for Quantum State Initialization

Marín Bukov



Bloch sphere

MPI-PKS

quantum control: two-level system

• task: prepare         using infinitesimal rotations 
<latexit sha1_base64="ZakK0xIo2mZZGjjBoF2Dcdq1tsQ=">AAACBHicbVDLSgMxFM3UV62vqks3wSK4KjNS1JUU3LisYB/SDiWT3mlDk8yQZMQydusPuNU/cCdu/Q9/wO8wbWdhWw8EDufcyz05QcyZNq777eRWVtfWN/Kbha3tnd294v5BQ0eJolCnEY9UKyAaOJNQN8xwaMUKiAg4NIPh9cRvPoDSLJJ3ZhSDL0hfspBRYqx0/+R2FJF9Dt1iyS27U+Bl4mWkhDLUusWfTi+iiQBpKCdatz03Nn5KlGGUw7jQSTTEhA5JH9qWSiJA++k08BifWKWHw0jZJw2eqn83UiK0HonATgpiBnrRm4j/ee3EhJd+ymScGJB0dihMODYRnvwe95gCavjIEkIVs1kxHRBFqLEdzV15nEUt2GK8xRqWSeOs7J2XK7eVUvUqqyiPjtAxOkUeukBVdINqqI4oEugFvaI359l5dz6cz9lozsl2DtEcnK9fGpmY4A==</latexit>

|0i
<latexit sha1_base64="TRQu40DzFyCJTK8EQp3YZBwvbMc="></latexit>

U↵ = exp

✓
�i

�t

2
�↵

◆
<latexit sha1_base64="vDorOU4SkiT4Zr9XvGI/dUoWt3Q=">AAACB3icbVDLSsNAFJ34rPVVdekmWAQXpSRS1I1ScOOygn1AE8rNdNIOnUyGmYm0hn6AP+BW/8CduPUz/AG/w2mbhW09cOFwzr3cwwkEo0o7zre1srq2vrGZ28pv7+zu7RcODhsqTiQmdRyzWLYCUIRRTuqaakZaQhKIAkaaweB24jcfiVQ05g96JIgfQY/TkGLQRvI8YKIP18PSqPTUKRSdsjOFvUzcjBRRhlqn8ON1Y5xEhGvMQKm26wjtpyA1xYyM816iiAA8gB5pG8ohIspPp5nH9qlRunYYSzNc21P170UKkVKjKDCbEei+WvQm4n9eO9HhlZ9SLhJNOJ49ChNm69ieFGB3qSRYs5EhgCU1WW3cBwlYm5rmvgxnUfOmGHexhmXSOC+7F+XKfaVYvckqyqFjdILOkIsuURXdoRqqI4wEekGv6M16tt6tD+tztrpiZTdHaA7W1y/7n5nf</latexit>↵ = x, y, z

• define RL states:

parametrization of state of system:

RL state space:

• define RL actions:
<latexit sha1_base64="Hg0RHAElX3hI+Aquc2ohN3emRLY=">AAACInicbVDLSsNAFJ34rPVVdelmsBRdlUSKulEKblxWsA9oQriZTtuhk0mYmYil9gv8DX/Arf6BO3EluPY7nKZZ2NYDFw7n3Mu99wQxZ0rb9pe1tLyyurae28hvbm3v7Bb29hsqSiShdRLxSLYCUJQzQeuaaU5bsaQQBpw2g8H1xG/eU6lYJO70MKZeCD3BuoyANpJfKD26sWLHrgTR4xRf4rrvAo/7gFMj0/1C0S7bKfAicTJSRBlqfuHH7UQkCanQhINSbceOtTcCqRnhdJx3E0VjIAPo0bahAkKqvFH6zhiXjNLB3UiaEhqn6t+JEYRKDcPAdIag+2rem4j/ee1Edy+8ERNxoqkg00XdhGMd4Uk2uMMkJZoPDQEimbkVkz5IINokOLPlYXpq3gTjzMewSBqnZeesXLmtFKtXWUQ5dIiO0Aly0DmqohtUQ3VE0BN6Qa/ozXq23q0P63PaumRlMwdoBtb3L/bVpHQ=</latexit>

| 0i = U↵| i
<latexit sha1_base64="Xv92gpk/vqxlsyVX5erJZfHdPlA=">AAACB3icbVDLSgMxFL3js9ZX1aWbYBFdlRkp6koKblxWsA/oDCWTZtrQZCYkGbEM/QB/wK3+gTtx62f4A36HaTsL23ogcDjnXu7JCSVn2rjut7Oyura+sVnYKm7v7O7tlw4OmzpJFaENkvBEtUOsKWcxbRhmOG1LRbEIOW2Fw9uJ33qkSrMkfjAjSQOB+zGLGMHGSr5GvsBSmwTps26p7FbcKdAy8XJShhz1bunH7yUkFTQ2hGOtO54rTZBhZRjhdFz0U00lJkPcpx1LYyyoDrJp5jE6tUoPRYmyLzZoqv7dyLDQeiRCOymwGehFbyL+53VSE10HGYtlamhMZoeilCP7x0kBqMcUJYaPLMFEMZsVkQFWmBhb09yVp1nUoi3GW6xhmTQvKt5lpXpfLddu8ooKcAwncA4eXEEN7qAODSAg4QVe4c15dt6dD+dzNrri5DtHMAfn6xe/95m6</latexit>

s 7! s0

• define reward:
<latexit sha1_base64="bMm8SKiiqUhvsODwaSF93YfMj78=">AAACHnicbVDLTgIxFO34RHyhLt1UiYkrMkOIutGQuHGJiTwSBiedUqCh05m0d4xkYO1v+ANu9Q/cGbf6A36HZWAh4EmanHvOvbm3x48E12Db39bS8srq2npmI7u5tb2zm9vbr+kwVpRVaShC1fCJZoJLVgUOgjUixUjgC1b3+9djv/7AlOahvINBxFoB6Ure4ZSAkbzckfIAX+KhK4jsCobtoRtp7oGr0np4X/Ryebtgp8CLxJmSPJqi4uV+3HZI44BJoIJo3XTsCFoJUcCpYKOsG2sWEdonXdY0VJKA6VaSfmWET4zSxp1QmScBp+rfiYQEWg8C33QGBHp63huL/3nNGDoXrYTLKAYm6WRRJxYYQjzOBbe5YhTEwBBCFTe3YtojilAw6c1seZycmjXBOPMxLJJaseCcFUq3pXz5ahpRBh2iY3SKHHSOyugGVVAVUfSEXtArerOerXfrw/qctC5Z05kDNAPr6xehvaK1</latexit>

rt = |h0| ti|2

<latexit sha1_base64="cXhIQQbHxhwP9JwSdC4EE+rb52k="></latexit>

S = {(#,')|# 2 [0,⇡], ' 2 [0, 2⇡)}

<latexit sha1_base64="7VYwbmBOTnIEAAkgPCZFCWlzigI="></latexit>

| i =
✓

cos #
2

ei' sin #
2

◆

<latexit sha1_base64="rC1ILCkJmyMmz6qKSWDqULld5P0="></latexit>

A = {I, U↵|↵ = x, y, z}

problem: continuous state space has infinitely many configurations

RL for Quantum State Initialization

Marín Bukov



RL with Function Approximation

MPI-PKS

|A|NT
<latexit sha1_base64="hyERLZCJnB+apaA6J6RE8pZ18Xw=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQq6EoqblxJhb6gjWEynbRDJ5MwMxFCGn/FjQtF3Poh7vwbJ20W2npg4HDOvdwzx4sYlcqyvo3Syura+kZ5s7K1vbO7Z+4fdGQYC0zaOGSh6HlIEkY5aSuqGOlFgqDAY6TrTW5yv/tIhKQhb6kkIk6ARpz6FCOlJdesTgcBUmOMWHqdTR/SO7eVuWbNqlszwGViF6QGCjRd82swDHEcEK4wQ1L2bStSToqEopiRrDKIJYkQnqAR6WvKUUCkk87CZ/BYK0Poh0I/ruBM/b2RokDKJPD0ZJ5ULnq5+J/Xj5V/6aSUR7EiHM8P+TGDKoR5E3BIBcGKJZogLKjOCvEYCYSV7quiS7AXv7xMOqd1+6xu3Z/XGldFHWVwCI7ACbDBBWiAW9AEbYBBAp7BK3gznowX4934mI+WjGKnCv7A+PwBRHmVJQ==</latexit>

problem: state space has exponentially/continuously many  
configurations
• can we estimate values of not yet encountered states?

Sutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov



MPI-PKS

variational parameters
<latexit sha1_base64="f1oBZDHlpDWR0S+K0TxpNR+yRyE=">AAACAnicbVDLSsNAFL2pr1pfVZdugkVwVRIp6koKblxWsA9oQ5lMJ+3QySTM3IgldOcPuNU/cCdu/RF/wO9w0mZhWw8MHM65l3vm+LHgGh3n2yqsrW9sbhW3Szu7e/sH5cOjlo4SRVmTRiJSHZ9oJrhkTeQoWCdWjIS+YG1/fJv57UemNI/kA05i5oVkKHnAKUEjtXs4YkhK/XLFqToz2KvEzUkFcjT65Z/eIKJJyCRSQbTuuk6MXkoUcirYtNRLNIsJHZMh6xoqSci0l87iTu0zowzsIFLmSbRn6t+NlIRaT0LfTIYER3rZy8T/vG6CwbWXchknyCSdHwoSYWNkZ3+3B1wximJiCKGKm6w2HRFFKJqGFq48zaNmxbjLNayS1kXVvazW7muV+k1eURFO4BTOwYUrqMMdNKAJFMbwAq/wZj1b79aH9TkfLVj5zjEswPr6BStjl8c=</latexit>

✓

YES, via inter- & extrapolation: parametrize the Q-function/policy

⇡(a|s) ! ⇡✓(a|s)
<latexit sha1_base64="wcrJxb4UjsqauCZQuG0N+muFtLM=">AAACBXicbVDLSgMxFM34rPU16lIXwSLUTZkRQVdScOOygn1AZxgyaaYNzWSG5I5Qajdu/BU3LhRx6z+4829Mp7PQ1gOBk3PuJTknTAXX4Djf1tLyyuraemmjvLm1vbNr7+23dJIpypo0EYnqhEQzwSVrAgfBOqliJA4Fa4fD66nfvmdK80TewShlfkz6kkecEjBSYB95Ka+SB32KPUiwuQQeDBiQXAvsilNzcuBF4hakggo0AvvL6yU0i5kEKojWXddJwR8TBZwKNil7mWYpoUPSZ11DJYmZ9sd5igk+MUoPR4kyRwLO1d8bYxJrPYpDMxkTGOh5byr+53UziC79MZdpBkzS2UNRJrAJPK0E97hiFMTIEEIVN3/FdEAUoWCKK5sS3PnIi6R1VnMNvz2v1K+KOkroEB2jKnLRBaqjG9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8fN/uXuw==</latexit><latexit sha1_base64="wcrJxb4UjsqauCZQuG0N+muFtLM=">AAACBXicbVDLSgMxFM34rPU16lIXwSLUTZkRQVdScOOygn1AZxgyaaYNzWSG5I5Qajdu/BU3LhRx6z+4829Mp7PQ1gOBk3PuJTknTAXX4Djf1tLyyuraemmjvLm1vbNr7+23dJIpypo0EYnqhEQzwSVrAgfBOqliJA4Fa4fD66nfvmdK80TewShlfkz6kkecEjBSYB95Ka+SB32KPUiwuQQeDBiQXAvsilNzcuBF4hakggo0AvvL6yU0i5kEKojWXddJwR8TBZwKNil7mWYpoUPSZ11DJYmZ9sd5igk+MUoPR4kyRwLO1d8bYxJrPYpDMxkTGOh5byr+53UziC79MZdpBkzS2UNRJrAJPK0E97hiFMTIEEIVN3/FdEAUoWCKK5sS3PnIi6R1VnMNvz2v1K+KOkroEB2jKnLRBaqjG9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8fN/uXuw==</latexit><latexit sha1_base64="wcrJxb4UjsqauCZQuG0N+muFtLM=">AAACBXicbVDLSgMxFM34rPU16lIXwSLUTZkRQVdScOOygn1AZxgyaaYNzWSG5I5Qajdu/BU3LhRx6z+4829Mp7PQ1gOBk3PuJTknTAXX4Djf1tLyyuraemmjvLm1vbNr7+23dJIpypo0EYnqhEQzwSVrAgfBOqliJA4Fa4fD66nfvmdK80TewShlfkz6kkecEjBSYB95Ka+SB32KPUiwuQQeDBiQXAvsilNzcuBF4hakggo0AvvL6yU0i5kEKojWXddJwR8TBZwKNil7mWYpoUPSZ11DJYmZ9sd5igk+MUoPR4kyRwLO1d8bYxJrPYpDMxkTGOh5byr+53UziC79MZdpBkzS2UNRJrAJPK0E97hiFMTIEEIVN3/FdEAUoWCKK5sS3PnIi6R1VnMNvz2v1K+KOkroEB2jKnLRBaqjG9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8fN/uXuw==</latexit><latexit sha1_base64="wcrJxb4UjsqauCZQuG0N+muFtLM=">AAACBXicbVDLSgMxFM34rPU16lIXwSLUTZkRQVdScOOygn1AZxgyaaYNzWSG5I5Qajdu/BU3LhRx6z+4829Mp7PQ1gOBk3PuJTknTAXX4Djf1tLyyuraemmjvLm1vbNr7+23dJIpypo0EYnqhEQzwSVrAgfBOqliJA4Fa4fD66nfvmdK80TewShlfkz6kkecEjBSYB95Ka+SB32KPUiwuQQeDBiQXAvsilNzcuBF4hakggo0AvvL6yU0i5kEKojWXddJwR8TBZwKNil7mWYpoUPSZ11DJYmZ9sd5igk+MUoPR4kyRwLO1d8bYxJrPYpDMxkTGOh5byr+53UziC79MZdpBkzS2UNRJrAJPK0E97hiFMTIEEIVN3/FdEAUoWCKK5sS3PnIi6R1VnMNvz2v1K+KOkroEB2jKnLRBaqjG9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8fN/uXuw==</latexit>

|A|NT
<latexit sha1_base64="hyERLZCJnB+apaA6J6RE8pZ18Xw=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQq6EoqblxJhb6gjWEynbRDJ5MwMxFCGn/FjQtF3Poh7vwbJ20W2npg4HDOvdwzx4sYlcqyvo3Syura+kZ5s7K1vbO7Z+4fdGQYC0zaOGSh6HlIEkY5aSuqGOlFgqDAY6TrTW5yv/tIhKQhb6kkIk6ARpz6FCOlJdesTgcBUmOMWHqdTR/SO7eVuWbNqlszwGViF6QGCjRd82swDHEcEK4wQ1L2bStSToqEopiRrDKIJYkQnqAR6WvKUUCkk87CZ/BYK0Poh0I/ruBM/b2RokDKJPD0ZJ5ULnq5+J/Xj5V/6aSUR7EiHM8P+TGDKoR5E3BIBcGKJZogLKjOCvEYCYSV7quiS7AXv7xMOqd1+6xu3Z/XGldFHWVwCI7ACbDBBWiAW9AEbYBBAp7BK3gznowX4934mI+WjGKnCv7A+PwBRHmVJQ==</latexit>

problem: state space has exponentially/continuously many  
configurations
• can we estimate values of not yet encountered states?

Sutton and Barto, Reinforcement Learning: an Introduction, MIT press

RL with Function Approximation

Marín Bukov



• typical approach: use deep neural network (Deep RL)

YES, via inter- & extrapolation: parametrize the Q-function/policy

⇡(a|s) ! ⇡✓(a|s)
<latexit sha1_base64="wcrJxb4UjsqauCZQuG0N+muFtLM=">AAACBXicbVDLSgMxFM34rPU16lIXwSLUTZkRQVdScOOygn1AZxgyaaYNzWSG5I5Qajdu/BU3LhRx6z+4829Mp7PQ1gOBk3PuJTknTAXX4Djf1tLyyuraemmjvLm1vbNr7+23dJIpypo0EYnqhEQzwSVrAgfBOqliJA4Fa4fD66nfvmdK80TewShlfkz6kkecEjBSYB95Ka+SB32KPUiwuQQeDBiQXAvsilNzcuBF4hakggo0AvvL6yU0i5kEKojWXddJwR8TBZwKNil7mWYpoUPSZ11DJYmZ9sd5igk+MUoPR4kyRwLO1d8bYxJrPYpDMxkTGOh5byr+53UziC79MZdpBkzS2UNRJrAJPK0E97hiFMTIEEIVN3/FdEAUoWCKK5sS3PnIi6R1VnMNvz2v1K+KOkroEB2jKnLRBaqjG9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8fN/uXuw==</latexit><latexit sha1_base64="wcrJxb4UjsqauCZQuG0N+muFtLM=">AAACBXicbVDLSgMxFM34rPU16lIXwSLUTZkRQVdScOOygn1AZxgyaaYNzWSG5I5Qajdu/BU3LhRx6z+4829Mp7PQ1gOBk3PuJTknTAXX4Djf1tLyyuraemmjvLm1vbNr7+23dJIpypo0EYnqhEQzwSVrAgfBOqliJA4Fa4fD66nfvmdK80TewShlfkz6kkecEjBSYB95Ka+SB32KPUiwuQQeDBiQXAvsilNzcuBF4hakggo0AvvL6yU0i5kEKojWXddJwR8TBZwKNil7mWYpoUPSZ11DJYmZ9sd5igk+MUoPR4kyRwLO1d8bYxJrPYpDMxkTGOh5byr+53UziC79MZdpBkzS2UNRJrAJPK0E97hiFMTIEEIVN3/FdEAUoWCKK5sS3PnIi6R1VnMNvz2v1K+KOkroEB2jKnLRBaqjG9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8fN/uXuw==</latexit><latexit sha1_base64="wcrJxb4UjsqauCZQuG0N+muFtLM=">AAACBXicbVDLSgMxFM34rPU16lIXwSLUTZkRQVdScOOygn1AZxgyaaYNzWSG5I5Qajdu/BU3LhRx6z+4829Mp7PQ1gOBk3PuJTknTAXX4Djf1tLyyuraemmjvLm1vbNr7+23dJIpypo0EYnqhEQzwSVrAgfBOqliJA4Fa4fD66nfvmdK80TewShlfkz6kkecEjBSYB95Ka+SB32KPUiwuQQeDBiQXAvsilNzcuBF4hakggo0AvvL6yU0i5kEKojWXddJwR8TBZwKNil7mWYpoUPSZ11DJYmZ9sd5igk+MUoPR4kyRwLO1d8bYxJrPYpDMxkTGOh5byr+53UziC79MZdpBkzS2UNRJrAJPK0E97hiFMTIEEIVN3/FdEAUoWCKK5sS3PnIi6R1VnMNvz2v1K+KOkroEB2jKnLRBaqjG9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8fN/uXuw==</latexit><latexit sha1_base64="wcrJxb4UjsqauCZQuG0N+muFtLM=">AAACBXicbVDLSgMxFM34rPU16lIXwSLUTZkRQVdScOOygn1AZxgyaaYNzWSG5I5Qajdu/BU3LhRx6z+4829Mp7PQ1gOBk3PuJTknTAXX4Djf1tLyyuraemmjvLm1vbNr7+23dJIpypo0EYnqhEQzwSVrAgfBOqliJA4Fa4fD66nfvmdK80TewShlfkz6kkecEjBSYB95Ka+SB32KPUiwuQQeDBiQXAvsilNzcuBF4hakggo0AvvL6yU0i5kEKojWXddJwR8TBZwKNil7mWYpoUPSZ11DJYmZ9sd5igk+MUoPR4kyRwLO1d8bYxJrPYpDMxkTGOh5byr+53UziC79MZdpBkzS2UNRJrAJPK0E97hiFMTIEEIVN3/FdEAUoWCKK5sS3PnIi6R1VnMNvz2v1K+KOkroEB2jKnLRBaqjG9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8fN/uXuw==</latexit>

MPI-PKS

<latexit sha1_base64="GUBXf6+e5rW8SjxpwGv73wJhVuc=">AAACAnicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA9oh5LJZNrQTDIkd4qldOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygkRwA6777RTW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDohhgkvWAA6CtRPNSBwI1gqGd5nfGjFtuJKPME6YH5O+5BGnBKzU6o5CBabUK1fcqjsDXiVeTiooR71X/umGiqYxk0AFMabjuQn4E6KBU8GmpW5qWELokPRZx1JJYmb8ySzuFJ9ZJcSR0vZJwDP178aExMaM48BOxgQGZtnLxP+8TgrRjT/hMkmBSTo/FKUCg8LZ33HINaMgxpYQqrnNiumAaELBNrRw5WkeNSvGW65hlTQvqt5V9fLhslK7zSsqohN0is6Rh65RDd2jOmogioboBb2iN+fZeXc+nM/5aMHJd47RApyvX1T9l+E=</latexit>...

<latexit sha1_base64="zafSJ5EUuEW4VdMi/pfwkgwv8MI=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMb9qhk0mYmagldOEPuNU/cCdu/RR/wO8wabOwrQcGDufcyz1zvEhwbWz72yqsrK6tbxQ3S1vbO7t75f2Dpg5jxbDBQhGqtkc1Ci6xYbgR2I4U0sAT2PJGN5nfekCleSjvzThCN6ADyX3OqMmkx55T6pUrdtWegiwTJycVyFHvlX+6/ZDFAUrDBNW649iRcROqDGcCJ6VurDGibEQH2EmppAFqN5lmnZCTVOkTP1Tpk4ZM1b8bCQ20HgdeOhlQM9SLXib+53Vi41+5CZdRbFCy2SE/FsSEJPs46XOFzIhxSihTPM1K2JAqykxaz9yVp1nUrBhnsYZl0jyrOhfV87vzSu06r6gIR3AMp+DAJdTgFurQAAZDeIFXeLOerXfrw/qcjRasfOcQ5mB9/QJzfpY+</latexit>w1
<latexit sha1_base64="rxG+8B8DSzzHBjUJIHdAuw1qpiM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiSlqCspuHFZwT6gDWUyvWmHTiZhZqKW0oU/4Fb/wJ249VP8Ab/DpM3Cth4YOJxzL/fM8SLBtbHtbyu3tr6xuZXfLuzs7u0fFA+PmjqMFcMGC0Wo2h7VKLjEhuFGYDtSSANPYMsb3aR+6wGV5qG8N+MI3YAOJPc5oyaVHnuVQq9Yssv2DGSVOBkpQYZ6r/jT7YcsDlAaJqjWHceOjDuhynAmcFroxhojykZ0gJ2EShqgdiezrFNylih94ocqedKQmfp3Y0IDrceBl0wG1Az1speK/3md2PhX7oTLKDYo2fyQHwtiQpJ+nPS5QmbEOCGUKZ5kJWxIFWUmqWfhytM8alqMs1zDKmlWys5FuXpXLdWus4rycAKncA4OXEINbqEODWAwhBd4hTfr2Xq3PqzP+WjOynaOYQHW1y91F5Y/</latexit>w2

<latexit sha1_base64="gZdHn9rQ/k8CM1vAFRM9p3HPkf4=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRa1JUU3LisYB/QhjKZ3rRDJ5MwM1FL6cIfcKt/4E7c+in+gN9h0mZhWw8MHM65l3vmeJHg2tj2t5VbWV1b38hvFra2d3b3ivsHDR3GimGdhSJULY9qFFxi3XAjsBUppIEnsOkNb1K/+YBK81Dem1GEbkD7kvucUZNKj93zQrdYssv2FGSZOBkpQYZat/jT6YUsDlAaJqjWbceOjDumynAmcFLoxBojyoa0j+2EShqgdsfTrBNykig94ocqedKQqfp3Y0wDrUeBl0wG1Az0opeK/3nt2PhX7pjLKDYo2eyQHwtiQpJ+nPS4QmbEKCGUKZ5kJWxAFWUmqWfuytMsalqMs1jDMmmclZ2LcuWuUqpeZxXl4QiO4RQcuIQq3EIN6sBgAC/wCm/Ws/VufVifs9Gcle0cwhysr192sJZA</latexit>w3

<latexit sha1_base64="MtP0o699dUQXcwjcaoGptffrr18=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMb9qhk0mYmagldOEPuNU/cCdu/RR/wO8wabOwrQcGDufcyz1zvEhwbWz72yqsrK6tbxQ3S1vbO7t75f2Dpg5jxbDBQhGqtkc1Ci6xYbgR2I4U0sAT2PJGN5nfekCleSjvzThCN6ADyX3OqMmkx15U6pUrdtWegiwTJycVyFHvlX+6/ZDFAUrDBNW649iRcROqDGcCJ6VurDGibEQH2EmppAFqN5lmnZCTVOkTP1Tpk4ZM1b8bCQ20HgdeOhlQM9SLXib+53Vi41+5CZdRbFCy2SE/FsSEJPs46XOFzIhxSihTPM1K2JAqykxaz9yVp1nUrBhnsYZl0jyrOhfV87vzSu06r6gIR3AMp+DAJdTgFurQAAZDeIFXeLOerXfrw/qcjRasfOcQ5mB9/QLYJZZ9</latexit>wp<latexit sha1_base64="UQPjHIp/cIXYGffx0RDWfo5waes=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMb9qhk0mYmUhL6MIfcKt/4E7c+in+gN9h0mZhWw8MHM65l3vmeJHg2tj2t1VYW9/Y3Cpul3Z29/YPyodHTR3GimGDhSJUbY9qFFxiw3AjsB0ppIEnsOWN7jK/9YRK81A+mkmEbkAHkvucUZNJ415U6pUrdtWegawSJycVyFHvlX+6/ZDFAUrDBNW649iRcROqDGcCp6VurDGibEQH2EmppAFqN5llnZKzVOkTP1Tpk4bM1L8bCQ20ngReOhlQM9TLXib+53Vi49+4CZdRbFCy+SE/FsSEJPs46XOFzIhJSihTPM1K2JAqykxaz8KV8TxqVoyzXMMqaV5Unavq5cNlpXabV1SEEziFc3DgGmpwD3VoAIMhvMArvFnP1rv1YX3ORwtWvnMMC7C+fgHZwJZ+</latexit>xp

<latexit sha1_base64="IeUArDP0L9kJelJJetPpfHBAbtw=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3QySTM3EhL6MIfcKt/4E7c+in+gN9h0mZhWw8MHM65l3vmeJEUBm372yqsrW9sbhW3Szu7e/sH5cOjpgljzXiDhTLUbY8aLoXiDRQoeTvSnAae5C1vdJf5rSeujQjVI04i7gZ0oIQvGMVMGvecUq9csav2DGSVODmpQI56r/zT7YcsDrhCJqkxHceO0E2oRsEkn5a6seERZSM64J2UKhpw4yazrFNylip94oc6fQrJTP27kdDAmEngpZMBxaFZ9jLxP68To3/jJkJFMXLF5of8WBIMSfZx0heaM5STlFCmRZqVsCHVlGFaz8KV8TxqVoyzXMMqaV5Unavq5cNlpXabV1SEEziFc3DgGmpwD3VoAIMhvMArvFnP1rv1YX3ORwtWvnMMC7C+fgF1GZY/</latexit>x1
<latexit sha1_base64="ijL//DPLcuYwuM6kkvs7On3kgtQ=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiSlqCspuHFZwT6gDWUyvWmHTiZhZiItpQt/wK3+gTtx66f4A36HSZuFbT0wcDjnXu6Z40WCa2Pb31ZuY3Nreye/W9jbPzg8Kh6fNHUYK4YNFopQtT2qUXCJDcONwHakkAaewJY3ukv91hMqzUP5aCYRugEdSO5zRk0qjXuVQq9Yssv2HGSdOBkpQYZ6r/jT7YcsDlAaJqjWHceOjDulynAmcFboxhojykZ0gJ2EShqgdqfzrDNykSh94ocqedKQufp3Y0oDrSeBl0wG1Az1qpeK/3md2Pg37pTLKDYo2eKQHwtiQpJ+nPS5QmbEJCGUKZ5kJWxIFWUmqWfpyngRNS3GWa1hnTQrZeeqXH2olmq3WUV5OINzuAQHrqEG91CHBjAYwgu8wpv1bL1bH9bnYjRnZTunsATr6xd2spZA</latexit>x2

<latexit sha1_base64="QKe52lxWih0DyHG4nGbQ6E6rEyw=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRa1JUU3LisYB/QhjKZ3rZDJ5MwM5GW0IU/4Fb/wJ249VP8Ab/DpM3Cth4YOJxzL/fM8ULBtbHtbyu3tr6xuZXfLuzs7u0fFA+PGjqIFMM6C0SgWh7VKLjEuuFGYCtUSH1PYNMb3aV+8wmV5oF8NJMQXZ8OJO9zRk0qjbuXhW6xZJftGcgqcTJSggy1bvGn0wtY5KM0TFCt244dGjemynAmcFroRBpDykZ0gO2ESuqjduNZ1ik5S5Qe6QcqedKQmfp3I6a+1hPfSyZ9aoZ62UvF/7x2ZPo3bsxlGBmUbH6oHwliApJ+nPS4QmbEJCGUKZ5kJWxIFWUmqWfhyngeNS3GWa5hlTQuys5VufJQKVVvs4rycAKncA4OXEMV7qEGdWAwhBd4hTfr2Xq3PqzP+WjOynaOYQHW1y94S5ZB</latexit>x3

<latexit sha1_base64="ibMIhL1p0RSTmsdn5PZYGnrBq9c=">AAAB/XicbVDLSgMxFL2pr1pfVZdugkVwVWZE1JUU3LisYh/QDiWTZtrQTGZIMmIZij/gVv/Anbj1W/wBv8NMOwvbeiBwOOde7snxY8G1cZxvVFhZXVvfKG6WtrZ3dvfK+wdNHSWKsgaNRKTaPtFMcMkahhvB2rFiJPQFa/mjm8xvPTKleSQfzDhmXkgGkgecEmOle7/UK1ecqjMFXiZuTiqQo94r/3T7EU1CJg0VROuO68TGS4kynAo2KXUTzWJCR2TAOpZKEjLtpdOkE3xilT4OImWfNHiq/t1ISaj1OPTtZEjMUC96mfif10lMcOWlXMaJYZLODgWJwCbC2bdxnytGjRhbQqjiNiumQ6IINbacuStPs6hZMe5iDcukeVZ1L6rnd+eV2nVeURGO4BhOwYVLqMEt1KEBFAJ4gVd4Q8/oHX2gz9loAeU7hzAH9PULII+VhQ==</latexit>

b activation function

neuron weights

biases

<latexit sha1_base64="3IW0lhfqXzkDz8JnMCPYkO1GxEI=">AAACEXicbVDLSsNAFJ3UV62v+Ni5GSxCRSiJFHWjFNy4rGAf0IYymUzaoZOZMDORxtCv8Afc6h+4E7d+gT/gd5i0WdjqgQuHc+7lHo4bMqq0ZX0ZhaXlldW14nppY3Nre8fc3WspEUlMmlgwITsuUoRRTpqaakY6oSQocBlpu6ObzG8/EKmo4Pc6DokToAGnPsVIp1LfPIjhFfQr7R72hIZjeArdk1LfLFtVawr4l9g5KYMcjb753fMEjgLCNWZIqa5thdpJkNQUMzIp9SJFQoRHaEC6KeUoIMpJpukn8DhVPOgLmQ7XcKr+vkhQoFQcuOlmgPRQLXqZ+J/XjbR/6SSUh5EmHM8e+RGDWsCsCuhRSbBmcUoQljTNCvEQSYR1Wtjcl/EsalaMvVjDX9I6q9rn1dpdrVy/zisqgkNwBCrABhegDm5BAzQBBo/gGbyAV+PJeDPejY/ZasHIb/bBHIzPH3sym3c=</latexit>

y = f(W · x+ b)
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ELU

<latexit sha1_base64="NKP84bFE6AnffQPJes/E0HZM4cs=">AAACAHicbVDLSsNAFL2pr1pfVZduBotQNyWRoq6k4MZlBdMKbSiT6aQdOpmEmYlYQzf+gFv9A3fi1j/xB/wOJ20WtvXAwOGce7lnjh9zprRtf1uFldW19Y3iZmlre2d3r7x/0FJRIgl1ScQjee9jRTkT1NVMc3ofS4pDn9O2P7rO/PYDlYpF4k6PY+qFeCBYwAjWRnKD6tNpqVeu2DV7CrRMnJxUIEezV/7p9iOShFRowrFSHceOtZdiqRnhdFLqJorGmIzwgHYMFTikykunYSfoxCh9FETSPKHRVP27keJQqXHom8kQ66Fa9DLxP6+T6ODSS5mIE00FmR0KEo50hLKfoz6TlGg+NgQTyUxWRIZYYqJNP3NXHmdRs2KcxRqWSeus5pzX6rf1SuMqr6gIR3AMVXDgAhpwA01wgQCDF3iFN+vZerc+rM/ZaMHKdw5hDtbXL9xFlnI=</latexit>

f(z)

<latexit sha1_base64="jcFQSTuyl/nOZd4c3U3K2CydTIQ=">AAACFXicbVDLSgMxFM3UV62vUTeCm2ARKpQyU4q6UQpuXFawD2iHIZNm2tBMZkgy1jLU3/AH3OofuBO3rv0Bv8NM24VtPRA4nHMP9+Z4EaNSWda3kVlZXVvfyG7mtrZ3dvfM/YOGDGOBSR2HLBQtD0nCKCd1RRUjrUgQFHiMNL3BTeo3H4iQNOT3ahQRJ0A9Tn2KkdKSax41rwpD1y7CoVsuwk43VLI4dKOznGvmrZI1AVwm9ozkwQw11/zRaRwHhCvMkJRt24qUkyChKGZknOvEkkQID1CPtDXlKCDSSSY/GMNTrXShHwr9uIIT9W8iQYGUo8DTkwFSfbnopeJ/XjtW/qWTUB7FinA8XeTHDKoQpnXALhUEKzbSBGFB9a0Q95FAWOnS5rY8Tk9Ni7EXa1gmjXLJPi9V7ir56vWsoiw4BiegAGxwAargFtRAHWDwBF7AK3gzno1348P4nI5mjFnmEMzB+PoFx7SdRA==</latexit>

W = (w1, w2, . . . , wp)
<latexit sha1_base64="BR34XIB4S3LaNcAs0JNnADCwZ8U=">AAACDnicbVDLSsNAFJ3UV62vVJduBovgQkoiRd0oBTcuK9gHNKFMppN26GQSZm7UEvoP/oBb/QN34tZf8Af8DpM2C9t64MLhnHu5h+NFgmuwrG+jsLK6tr5R3Cxtbe/s7pnl/ZYOY0VZk4YiVB2PaCa4ZE3gIFgnUowEnmBtb3ST+e0HpjQP5T2MI+YGZCC5zymBVOqZZQeGDAi+wk7SPvWcSalnVqyqNQVeJnZOKihHo2f+OP2QxgGTQAXRumtbEbgJUcCpYJOSE2sWEToiA9ZNqSQB024yjT7Bx6nSx36o0pGAp+rfi4QEWo8DL90MCAz1opeJ/3ndGPxLN+EyioFJOnvkxwJDiLMecJ8rRkGMU0Ko4mlWTIdEEQppW3NfnmZRs2LsxRqWSeusap9Xa3e1Sv06r6iIDtEROkE2ukB1dIsaqIkoekQv6BW9Gc/Gu/FhfM5WC0Z+c4DmYHz9AiRam24=</latexit>

✓ = {W, b}

<latexit sha1_base64="3tiuKdl6IugaToBJtbS7FER+Tro=">AAACDXicbVDLSgMxFM3UVx1fVZdugqVQN2VGirosunFZwT6gHUomk2lDM8mQZMQy9BsEt/ob7sSt3+Bf+Amm0xFq64WQwzn3cs89fsyo0o7zZRXW1jc2t4rb9s7u3v5B6fCorUQiMWlhwYTs+kgRRjlpaaoZ6caSoMhnpOOPb2Z654FIRQW/15OYeBEachpSjLShumG1jwOhzwalslNzsoKrwM1BGeTVHJS++4HASUS4xgwp1XOdWHspkppiRqZ2P1EkRniMhqRnIEcRUV6a+Z3CimECGAppHtcwYxcnUhQpNYl80xkhPVLL2oz8T+slOrzyUsrjRBOO54vChEEt4Ox4GFBJsGYTAxCW1HiFeIQkwtpEZFcW1zz+es1+ZdsmInc5kFXQPq+5F7X6Xb3cuM7DKoITcAqqwAWXoAFuQRO0AAYMPIMX8Go9WW/Wu/Uxby1Y+cwx+FPW5w+YxptY</latexit>

f(·)

|A|NT
<latexit sha1_base64="hyERLZCJnB+apaA6J6RE8pZ18Xw=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQq6EoqblxJhb6gjWEynbRDJ5MwMxFCGn/FjQtF3Poh7vwbJ20W2npg4HDOvdwzx4sYlcqyvo3Syura+kZ5s7K1vbO7Z+4fdGQYC0zaOGSh6HlIEkY5aSuqGOlFgqDAY6TrTW5yv/tIhKQhb6kkIk6ARpz6FCOlJdesTgcBUmOMWHqdTR/SO7eVuWbNqlszwGViF6QGCjRd82swDHEcEK4wQ1L2bStSToqEopiRrDKIJYkQnqAR6WvKUUCkk87CZ/BYK0Poh0I/ruBM/b2RokDKJPD0ZJ5ULnq5+J/Xj5V/6aSUR7EiHM8P+TGDKoR5E3BIBcGKJZogLKjOCvEYCYSV7quiS7AXv7xMOqd1+6xu3Z/XGldFHWVwCI7ACbDBBWiAW9AEbYBBAp7BK3gznowX4934mI+WjGKnCv7A+PwBRHmVJQ==</latexit>

problem: state space has exponentially/continuously many  
configurations
• can we estimate values of not yet encountered states?

RL with Function Approximation

Marín Bukov



• typical approach: use deep neural network (Deep RL)

|A|NT
<latexit sha1_base64="hyERLZCJnB+apaA6J6RE8pZ18Xw=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQq6EoqblxJhb6gjWEynbRDJ5MwMxFCGn/FjQtF3Poh7vwbJ20W2npg4HDOvdwzx4sYlcqyvo3Syura+kZ5s7K1vbO7Z+4fdGQYC0zaOGSh6HlIEkY5aSuqGOlFgqDAY6TrTW5yv/tIhKQhb6kkIk6ARpz6FCOlJdesTgcBUmOMWHqdTR/SO7eVuWbNqlszwGViF6QGCjRd82swDHEcEK4wQ1L2bStSToqEopiRrDKIJYkQnqAR6WvKUUCkk87CZ/BYK0Poh0I/ruBM/b2RokDKJPD0ZJ5ULnq5+J/Xj5V/6aSUR7EiHM8P+TGDKoR5E3BIBcGKJZogLKjOCvEYCYSV7quiS7AXv7xMOqd1+6xu3Z/XGldFHWVwCI7ACbDBBWiAW9AEbYBBAp7BK3gznowX4934mI+WjGKnCv7A+PwBRHmVJQ==</latexit>

MPI-PKS

<latexit sha1_base64="LD0K5XxIF7L8BWOatPGsifW3K+I=">AAACIXicbVDLSsNAFJ3UV62vqEs3g1Wom5JIUUGQghuXFewDmlgmk0k7dPJwZiINIT/gb/gDbvUP3Ik7ce93mDRZ2NYDFw7n3Mu991gBo0Jq2pdSWlpeWV0rr1c2Nre2d9TdvY7wQ45JG/vM5z0LCcKoR9qSSkZ6ASfItRjpWuPrzO8+Ei6o793JKCCmi4YedShGMpUG6tHkPq5pJ4nxECIbGi6SI+7G1AtCaVxChiLCk8pArWp1bQq4SPSCVEGB1kD9MWwfhy7xJGZIiL6uBdKMEZcUM5JUjFCQAOExGpJ+Sj3kEmHG028SeJwqNnR8npYn4VT9OxEjV4jItdLO7Fwx72Xif14/lM6Fmf9GPJwvckIGpQ+zaKBNOcGSRSlBmNP0VohHiCMs0wBntkzyU7Ng9PkYFknntK6f1Ru3jWrzqoioDA7AIagBHZyDJrgBLdAGGDyBF/AK3pRn5V35UD7z1pJSzOyDGSjfvxuAo/8=</latexit>

x(0) input layer
<latexit sha1_base64="iHXaDu5c79MwL7efBDmkcMRmVbg="></latexit>

x(1)
i = f (1)

⇣
W (1)

ij x(0)
j + b(1)i

⌘

<latexit sha1_base64="sKoZdk5L2t9X7bclrTZUF5URqHg="></latexit>

W (l)
ij : weight matrix of layer l

<latexit sha1_base64="aZgoaEmNAcoPlmVLv5jzhHc+YWY="></latexit>

b(l)i : bias vector of layer l

<latexit sha1_base64="gyOr0ofobz1IK1icLh6AjGlT2t8="></latexit>

x(2)
i = f (2)

⇣
W (2)

ij x(1)
j + b(2)i

⌘

<latexit sha1_base64="gJJ7d5HYbLf/1+jE3b6oHHrVkXw="></latexit>

f (l) : activation function of layer l

<latexit sha1_base64="BR34XIB4S3LaNcAs0JNnADCwZ8U=">AAACDnicbVDLSsNAFJ3UV62vVJduBovgQkoiRd0oBTcuK9gHNKFMppN26GQSZm7UEvoP/oBb/QN34tZf8Af8DpM2C9t64MLhnHu5h+NFgmuwrG+jsLK6tr5R3Cxtbe/s7pnl/ZYOY0VZk4YiVB2PaCa4ZE3gIFgnUowEnmBtb3ST+e0HpjQP5T2MI+YGZCC5zymBVOqZZQeGDAi+wk7SPvWcSalnVqyqNQVeJnZOKihHo2f+OP2QxgGTQAXRumtbEbgJUcCpYJOSE2sWEToiA9ZNqSQB024yjT7Bx6nSx36o0pGAp+rfi4QEWo8DL90MCAz1opeJ/3ndGPxLN+EyioFJOnvkxwJDiLMecJ8rRkGMU0Ko4mlWTIdEEQppW3NfnmZRs2LsxRqWSeusap9Xa3e1Sv06r6iIDtEROkE2ukB1dIsaqIkoekQv6BW9Gc/Gu/FhfM5WC0Z+c4DmYHz9AiRam24=</latexit>

✓ = {W, b}

<latexit sha1_base64="GUBXf6+e5rW8SjxpwGv73wJhVuc=">AAACAnicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA9oh5LJZNrQTDIkd4qldOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygkRwA6777RTW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDohhgkvWAA6CtRPNSBwI1gqGd5nfGjFtuJKPME6YH5O+5BGnBKzU6o5CBabUK1fcqjsDXiVeTiooR71X/umGiqYxk0AFMabjuQn4E6KBU8GmpW5qWELokPRZx1JJYmb8ySzuFJ9ZJcSR0vZJwDP178aExMaM48BOxgQGZtnLxP+8TgrRjT/hMkmBSTo/FKUCg8LZ33HINaMgxpYQqrnNiumAaELBNrRw5WkeNSvGW65hlTQvqt5V9fLhslK7zSsqohN0is6Rh65RDd2jOmogioboBb2iN+fZeXc+nM/5aMHJd47RApyvX1T9l+E=</latexit>...<latexit sha1_base64="GUBXf6+e5rW8SjxpwGv73wJhVuc=">AAACAnicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA9oh5LJZNrQTDIkd4qldOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygkRwA6777RTW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDohhgkvWAA6CtRPNSBwI1gqGd5nfGjFtuJKPME6YH5O+5BGnBKzU6o5CBabUK1fcqjsDXiVeTiooR71X/umGiqYxk0AFMabjuQn4E6KBU8GmpW5qWELokPRZx1JJYmb8ySzuFJ9ZJcSR0vZJwDP178aExMaM48BOxgQGZtnLxP+8TgrRjT/hMkmBSTo/FKUCg8LZ33HINaMgxpYQqrnNiumAaELBNrRw5WkeNSvGW65hlTQvqt5V9fLhslK7zSsqohN0is6Rh65RDd2jOmogioboBb2iN+fZeXc+nM/5aMHJd47RApyvX1T9l+E=</latexit>...

<latexit sha1_base64="CQVtD0/UsfhcwRBC+D9tAKWGj3c=">AAACA3icbVDLSgMxFL1TX7W+qi7dBItQN2VGirqSghuXFewD2rFk0kwbmskMSUZahi79Abf6B+7ErR/iD/gdZtpZ2NYDgcM593JPjhdxprRtf1u5tfWNza38dmFnd2//oHh41FRhLAltkJCHsu1hRTkTtKGZ5rQdSYoDj9OWN7pN/dYTlYqF4kFPIuoGeCCYzwjWRmqPH5OyfT4t9Iolu2LPgFaJk5ESZKj3ij/dfkjigApNOFaq49iRdhMsNSOcTgvdWNEIkxEe0I6hAgdUucks7xSdGaWP/FCaJzSaqX83EhwoNQk8MxlgPVTLXir+53Vi7V+7CRNRrKkg80N+zJEOUfp51GeSEs0nhmAimcmKyBBLTLSpaOHKeB41LcZZrmGVNC8qzmWlel8t1W6yivJwAqdQBgeuoAZ3UIcGEODwAq/wZj1b79aH9TkfzVnZzjEswPr6BRn9l64=</latexit>

x(0) <latexit sha1_base64="5kwRqyG/yhNOogJ4+9ubvEV2rL0=">AAACA3icbVDLSgMxFL1TX7W+qi7dBItQN2VGirqSghuXFewD2rFk0kwbmskMSUZahi79Abf6B+7ErR/iD/gdZtpZ2NYDgcM593JPjhdxprRtf1u5tfWNza38dmFnd2//oHh41FRhLAltkJCHsu1hRTkTtKGZ5rQdSYoDj9OWN7pN/dYTlYqF4kFPIuoGeCCYzwjWRmqPH5Oycz4t9Iolu2LPgFaJk5ESZKj3ij/dfkjigApNOFaq49iRdhMsNSOcTgvdWNEIkxEe0I6hAgdUucks7xSdGaWP/FCaJzSaqX83EhwoNQk8MxlgPVTLXir+53Vi7V+7CRNRrKkg80N+zJEOUfp51GeSEs0nhmAimcmKyBBLTLSpaOHKeB41LcZZrmGVNC8qzmWlel8t1W6yivJwAqdQBgeuoAZ3UIcGEODwAq/wZj1b79aH9TkfzVnZzjEswPr6BRuYl68=</latexit>

x(1)

<latexit sha1_base64="wxIDUSHRgd1EcIuEesg3aNq9VIA=">AAACA3icbVDLSgMxFL3js9ZX1aWbYBHqpsyUoq6k4MZlBfuAdiyZNNOGZjJDkpGWoUt/wK3+gTtx64f4A36HmXYWtvVA4HDOvdyT40WcKW3b39ba+sbm1nZuJ7+7t39wWDg6bqowloQ2SMhD2fawopwJ2tBMc9qOJMWBx2nLG92mfuuJSsVC8aAnEXUDPBDMZwRrI7XHj0mpcjHN9wpFu2zPgFaJk5EiZKj3Cj/dfkjigApNOFaq49iRdhMsNSOcTvPdWNEIkxEe0I6hAgdUucks7xSdG6WP/FCaJzSaqX83EhwoNQk8MxlgPVTLXir+53Vi7V+7CRNRrKkg80N+zJEOUfp51GeSEs0nhmAimcmKyBBLTLSpaOHKeB41LcZZrmGVNCtl57Jcva8WazdZRTk4hTMogQNXUIM7qEMDCHB4gVd4s56td+vD+pyPrlnZzgkswPr6BR0zl7A=</latexit>

x(2)

<latexit sha1_base64="uj0B9aIm2oWmecN7g7w6JP83BEk=">AAACA3icbVDLSgMxFL3js9ZX1aWbYBHqpsxoUVdScOOygn1AO5ZMmmlDM5khyUjL0KU/4Fb/wJ249UP8Ab/DTDsL23ogcDjnXu7J8SLOlLbtb2tldW19YzO3ld/e2d3bLxwcNlQYS0LrJOShbHlYUc4ErWumOW1FkuLA47TpDW9Tv/lEpWKheNDjiLoB7gvmM4K1kVqjx6R0cTbJdwtFu2xPgZaJk5EiZKh1Cz+dXkjigApNOFaq7diRdhMsNSOcTvKdWNEIkyHu07ahAgdUuck07wSdGqWH/FCaJzSaqn83EhwoNQ48MxlgPVCLXir+57Vj7V+7CRNRrKkgs0N+zJEOUfp51GOSEs3HhmAimcmKyABLTLSpaO7KaBY1LcZZrGGZNM7LzmW5cl8pVm+yinJwDCdQAgeuoAp3UIM6EODwAq/wZj1b79aH9TkbXbGynSOYg/X1Cx7Ol7E=</latexit>

x(3)

<latexit sha1_base64="mqzGX5rEHoFQsyyH1JFQLugTVAM=">AAACAnicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUVdScOOygn1AO5RMJtOGZpIhyYildOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygoQzbVz32ymsrW9sbhW3Szu7e/sH5cOjlpapIrRJJJeqE2BNORO0aZjhtJMoiuOA03Ywus389iNVmknxYMYJ9WM8ECxiBBsrtXsklEaX+uWKW3VnQKvEy0kFcjT65Z9eKEkaU2EIx1p3PTcx/gQrwwin01Iv1TTBZIQHtGupwDHV/mQWd4rOrBKiSCr7hEEz9e/GBMdaj+PATsbYDPWyl4n/ed3URNf+hIkkNVSQ+aEo5chIlP0dhUxRYvjYEkwUs1kRGWKFibENLVx5mkfNivGWa1glrYuqd1mt3dcq9Zu8oiKcwCmcgwdXUIc7aEATCIzgBV7hzXl23p0P53M+WnDynWNYgPP1CzZWl84=</latexit>· · ·

<latexit sha1_base64="gNH2O20JU2lL2J1V5YxOB7lmfTE=">AAACA3icbVDLSgMxFL1TX7W+qi7dBItQN2VGSnUlBTcuK9gHtGPJpJk2NJMZkoxYhi79Abf6B+7ErR/iD/gdZtpZ2NYDgcM593JPjhdxprRtf1u5tfWNza38dmFnd2//oHh41FJhLAltkpCHsuNhRTkTtKmZ5rQTSYoDj9O2N75J/fYjlYqF4l5PIuoGeCiYzwjWRuq0H5Kycz4t9Islu2LPgFaJk5ESZGj0iz+9QUjigApNOFaq69iRdhMsNSOcTgu9WNEIkzEe0q6hAgdUucks7xSdGWWA/FCaJzSaqX83EhwoNQk8MxlgPVLLXir+53Vj7V+5CRNRrKkg80N+zJEOUfp5NGCSEs0nhmAimcmKyAhLTLSpaOHK0zxqWoyzXMMqaV1UnFqlelct1a+zivJwAqdQBgcuoQ630IAmEODwAq/wZj1b79aH9TkfzVnZzjEswPr6BeYKl44=</latexit>

W (1)
<latexit sha1_base64="2utbNQNoSuPZO76kOj76XAuzqTk=">AAACA3icbVDLSgMxFL1TX7W+qi7dBItQN2WmFHUlBTcuK9gHtGPJpJk2NJMZkoxYhi79Abf6B+7ErR/iD/gdZtpZ2NYDgcM593JPjhdxprRtf1u5tfWNza38dmFnd2//oHh41FJhLAltkpCHsuNhRTkTtKmZ5rQTSYoDj9O2N75J/fYjlYqF4l5PIuoGeCiYzwjWRuq0H5Jy9Xxa6BdLdsWeAa0SJyMlyNDoF396g5DEARWacKxU17Ej7SZYakY4nRZ6saIRJmM8pF1DBQ6ocpNZ3ik6M8oA+aE0T2g0U/9uJDhQahJ4ZjLAeqSWvVT8z+vG2r9yEyaiWFNB5of8mCMdovTzaMAkJZpPDMFEMpMVkRGWmGhT0cKVp3nUtBhnuYZV0qpWnItK7a5Wql9nFeXhBE6hDA5cQh1uoQFNIMDhBV7hzXq23q0P63M+mrOynWNYgPX1C+ell48=</latexit>

W (2)

<latexit sha1_base64="kLznOd+LsFvM9gcQWqwbJG8xsmw=">AAACA3icbVDLSgMxFL1TX7W+qi7dBItQN2VGi7qSghuXFewD2rFk0kwbmskMSUYsQ5f+gFv9A3fi1g/xB/wOM+0sbOuBwOGce7knx4s4U9q2v63cyura+kZ+s7C1vbO7V9w/aKowloQ2SMhD2fawopwJ2tBMc9qOJMWBx2nLG92kfuuRSsVCca/HEXUDPBDMZwRrI7VbD0n5/HRS6BVLdsWeAi0TJyMlyFDvFX+6/ZDEARWacKxUx7Ej7SZYakY4nRS6saIRJiM8oB1DBQ6ocpNp3gk6MUof+aE0T2g0Vf9uJDhQahx4ZjLAeqgWvVT8z+vE2r9yEyaiWFNBZof8mCMdovTzqM8kJZqPDcFEMpMVkSGWmGhT0dyVp1nUtBhnsYZl0jyrOBeV6l21VLvOKsrDERxDGRy4hBrcQh0aQIDDC7zCm/VsvVsf1udsNGdlO4cwB+vrF+lAl5A=</latexit>

W (3)
<latexit sha1_base64="nYy5WXgLNNjRxJp4B9bZGvphE1w=">AAACA3icbVDLSgMxFL1TX7W+qi7dBItQN2VGi7qSghuXFewD2rFk0kwbmskMSUYsQ5f+gFv9A3fi1g/xB/wOM+0sbOuBwOGce7knx4s4U9q2v63cyura+kZ+s7C1vbO7V9w/aKowloQ2SMhD2fawopwJ2tBMc9qOJMWBx2nLG92kfuuRSsVCca/HEXUDPBDMZwRrI7W9h6R8fjop9Iolu2JPgZaJk5ESZKj3ij/dfkjigApNOFaq49iRdhMsNSOcTgrdWNEIkxEe0I6hAgdUuck07wSdGKWP/FCaJzSaqn83EhwoNQ48MxlgPVSLXir+53Vi7V+5CRNRrKkgs0N+zJEOUfp51GeSEs3HhmAimcmKyBBLTLSpaO7K0yxqWoyzWMMyaZ5VnItK9a5aql1nFeXhCI6hDA5cQg1uoQ4NIMDhBV7hzXq23q0P63M2mrOynUOYg/X1C/sVl5s=</latexit>

b(3)
<latexit sha1_base64="wHvvs8biHc+j8G/uw7bBAiR54qU=">AAACA3icbVDLSgMxFL1TX7W+qi7dBItQN2WmFHUlBTcuK9gHtGPJpJk2NJMZkoxYhi79Abf6B+7ErR/iD/gdZtpZ2NYDgcM593JPjhdxprRtf1u5tfWNza38dmFnd2//oHh41FJhLAltkpCHsuNhRTkTtKmZ5rQTSYoDj9O2N75J/fYjlYqF4l5PIuoGeCiYzwjWRup4D0m5ej4t9Islu2LPgFaJk5ESZGj0iz+9QUjigApNOFaq69iRdhMsNSOcTgu9WNEIkzEe0q6hAgdUucks7xSdGWWA/FCaJzSaqX83EhwoNQk8MxlgPVLLXir+53Vj7V+5CRNRrKkg80N+zJEOUfp5NGCSEs0nhmAimcmKyAhLTLSpaOHK0zxqWoyzXMMqaVUrzkWldlcr1a+zivJwAqdQBgcuoQ630IAmEODwAq/wZj1b79aH9TkfzVnZzjEswPr6Bfl6l5o=</latexit>

b(2)

<latexit sha1_base64="9wpZxhC7C4JZop6T5N5WY9mpQQA=">AAACA3icbVDLSgMxFL1TX7W+qi7dBItQN2VGSnUlBTcuK9gHtGPJpJk2NJMZkoxYhi79Abf6B+7ErR/iD/gdZtpZ2NYDgcM593JPjhdxprRtf1u5tfWNza38dmFnd2//oHh41FJhLAltkpCHsuNhRTkTtKmZ5rQTSYoDj9O2N75J/fYjlYqF4l5PIuoGeCiYzwjWRup4D0nZOZ8W+sWSXbFnQKvEyUgJMjT6xZ/eICRxQIUmHCvVdexIuwmWmhFOp4VerGiEyRgPaddQgQOq3GSWd4rOjDJAfijNExrN1L8bCQ6UmgSemQywHqllLxX/87qx9q/chIko1lSQ+SE/5kiHKP08GjBJieYTQzCRzGRFZIQlJtpUtHDlaR41LcZZrmGVtC4qTq1SvauW6tdZRXk4gVMogwOXUIdbaEATCHB4gVd4s56td+vD+pyP5qxs5xgWYH39Avffl5k=</latexit>

b(1)

problem: state space has exponentially/continuously many  
configurations
• can we estimate values of not yet encountered states?

YES, via inter- & extrapolation: parametrize the Q-function/policy

⇡(a|s) ! ⇡✓(a|s)
<latexit sha1_base64="wcrJxb4UjsqauCZQuG0N+muFtLM=">AAACBXicbVDLSgMxFM34rPU16lIXwSLUTZkRQVdScOOygn1AZxgyaaYNzWSG5I5Qajdu/BU3LhRx6z+4829Mp7PQ1gOBk3PuJTknTAXX4Djf1tLyyuraemmjvLm1vbNr7+23dJIpypo0EYnqhEQzwSVrAgfBOqliJA4Fa4fD66nfvmdK80TewShlfkz6kkecEjBSYB95Ka+SB32KPUiwuQQeDBiQXAvsilNzcuBF4hakggo0AvvL6yU0i5kEKojWXddJwR8TBZwKNil7mWYpoUPSZ11DJYmZ9sd5igk+MUoPR4kyRwLO1d8bYxJrPYpDMxkTGOh5byr+53UziC79MZdpBkzS2UNRJrAJPK0E97hiFMTIEEIVN3/FdEAUoWCKK5sS3PnIi6R1VnMNvz2v1K+KOkroEB2jKnLRBaqjG9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8fN/uXuw==</latexit><latexit sha1_base64="wcrJxb4UjsqauCZQuG0N+muFtLM=">AAACBXicbVDLSgMxFM34rPU16lIXwSLUTZkRQVdScOOygn1AZxgyaaYNzWSG5I5Qajdu/BU3LhRx6z+4829Mp7PQ1gOBk3PuJTknTAXX4Djf1tLyyuraemmjvLm1vbNr7+23dJIpypo0EYnqhEQzwSVrAgfBOqliJA4Fa4fD66nfvmdK80TewShlfkz6kkecEjBSYB95Ka+SB32KPUiwuQQeDBiQXAvsilNzcuBF4hakggo0AvvL6yU0i5kEKojWXddJwR8TBZwKNil7mWYpoUPSZ11DJYmZ9sd5igk+MUoPR4kyRwLO1d8bYxJrPYpDMxkTGOh5byr+53UziC79MZdpBkzS2UNRJrAJPK0E97hiFMTIEEIVN3/FdEAUoWCKK5sS3PnIi6R1VnMNvz2v1K+KOkroEB2jKnLRBaqjG9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8fN/uXuw==</latexit><latexit sha1_base64="wcrJxb4UjsqauCZQuG0N+muFtLM=">AAACBXicbVDLSgMxFM34rPU16lIXwSLUTZkRQVdScOOygn1AZxgyaaYNzWSG5I5Qajdu/BU3LhRx6z+4829Mp7PQ1gOBk3PuJTknTAXX4Djf1tLyyuraemmjvLm1vbNr7+23dJIpypo0EYnqhEQzwSVrAgfBOqliJA4Fa4fD66nfvmdK80TewShlfkz6kkecEjBSYB95Ka+SB32KPUiwuQQeDBiQXAvsilNzcuBF4hakggo0AvvL6yU0i5kEKojWXddJwR8TBZwKNil7mWYpoUPSZ11DJYmZ9sd5igk+MUoPR4kyRwLO1d8bYxJrPYpDMxkTGOh5byr+53UziC79MZdpBkzS2UNRJrAJPK0E97hiFMTIEEIVN3/FdEAUoWCKK5sS3PnIi6R1VnMNvz2v1K+KOkroEB2jKnLRBaqjG9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8fN/uXuw==</latexit><latexit sha1_base64="wcrJxb4UjsqauCZQuG0N+muFtLM=">AAACBXicbVDLSgMxFM34rPU16lIXwSLUTZkRQVdScOOygn1AZxgyaaYNzWSG5I5Qajdu/BU3LhRx6z+4829Mp7PQ1gOBk3PuJTknTAXX4Djf1tLyyuraemmjvLm1vbNr7+23dJIpypo0EYnqhEQzwSVrAgfBOqliJA4Fa4fD66nfvmdK80TewShlfkz6kkecEjBSYB95Ka+SB32KPUiwuQQeDBiQXAvsilNzcuBF4hakggo0AvvL6yU0i5kEKojWXddJwR8TBZwKNil7mWYpoUPSZ11DJYmZ9sd5igk+MUoPR4kyRwLO1d8bYxJrPYpDMxkTGOh5byr+53UziC79MZdpBkzS2UNRJrAJPK0E97hiFMTIEEIVN3/FdEAUoWCKK5sS3PnIi6R1VnMNvz2v1K+KOkroEB2jKnLRBaqjG9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8fN/uXuw==</latexit>

RL with Function Approximation

Marín Bukov



Bloch sphere

MPI-PKS

quantum control: two-level system

• task: prepare         using infinitesimal rotations 
<latexit sha1_base64="ZakK0xIo2mZZGjjBoF2Dcdq1tsQ=">AAACBHicbVDLSgMxFM3UV62vqks3wSK4KjNS1JUU3LisYB/SDiWT3mlDk8yQZMQydusPuNU/cCdu/Q9/wO8wbWdhWw8EDufcyz05QcyZNq777eRWVtfWN/Kbha3tnd294v5BQ0eJolCnEY9UKyAaOJNQN8xwaMUKiAg4NIPh9cRvPoDSLJJ3ZhSDL0hfspBRYqx0/+R2FJF9Dt1iyS27U+Bl4mWkhDLUusWfTi+iiQBpKCdatz03Nn5KlGGUw7jQSTTEhA5JH9qWSiJA++k08BifWKWHw0jZJw2eqn83UiK0HonATgpiBnrRm4j/ee3EhJd+ymScGJB0dihMODYRnvwe95gCavjIEkIVs1kxHRBFqLEdzV15nEUt2GK8xRqWSeOs7J2XK7eVUvUqqyiPjtAxOkUeukBVdINqqI4oEugFvaI359l5dz6cz9lozsl2DtEcnK9fGpmY4A==</latexit>

|0i
<latexit sha1_base64="TRQu40DzFyCJTK8EQp3YZBwvbMc="></latexit>

U↵ = exp

✓
�i

�t

2
�↵

◆
<latexit sha1_base64="vDorOU4SkiT4Zr9XvGI/dUoWt3Q=">AAACB3icbVDLSsNAFJ34rPVVdekmWAQXpSRS1I1ScOOygn1AE8rNdNIOnUyGmYm0hn6AP+BW/8CduPUz/AG/w2mbhW09cOFwzr3cwwkEo0o7zre1srq2vrGZ28pv7+zu7RcODhsqTiQmdRyzWLYCUIRRTuqaakZaQhKIAkaaweB24jcfiVQ05g96JIgfQY/TkGLQRvI8YKIP18PSqPTUKRSdsjOFvUzcjBRRhlqn8ON1Y5xEhGvMQKm26wjtpyA1xYyM816iiAA8gB5pG8ohIspPp5nH9qlRunYYSzNc21P170UKkVKjKDCbEei+WvQm4n9eO9HhlZ9SLhJNOJ49ChNm69ieFGB3qSRYs5EhgCU1WW3cBwlYm5rmvgxnUfOmGHexhmXSOC+7F+XKfaVYvckqyqFjdILOkIsuURXdoRqqI4wEekGv6M16tt6tD+tztrpiZTdHaA7W1y/7n5nf</latexit>↵ = x, y, z

• define RL states:

parametrization of state of system:

RL state space:

• define RL actions:

• define reward:
<latexit sha1_base64="bMm8SKiiqUhvsODwaSF93YfMj78=">AAACHnicbVDLTgIxFO34RHyhLt1UiYkrMkOIutGQuHGJiTwSBiedUqCh05m0d4xkYO1v+ANu9Q/cGbf6A36HZWAh4EmanHvOvbm3x48E12Db39bS8srq2npmI7u5tb2zm9vbr+kwVpRVaShC1fCJZoJLVgUOgjUixUjgC1b3+9djv/7AlOahvINBxFoB6Ure4ZSAkbzckfIAX+KhK4jsCobtoRtp7oGr0np4X/Ryebtgp8CLxJmSPJqi4uV+3HZI44BJoIJo3XTsCFoJUcCpYKOsG2sWEdonXdY0VJKA6VaSfmWET4zSxp1QmScBp+rfiYQEWg8C33QGBHp63huL/3nNGDoXrYTLKAYm6WRRJxYYQjzOBbe5YhTEwBBCFTe3YtojilAw6c1seZycmjXBOPMxLJJaseCcFUq3pXz5ahpRBh2iY3SKHHSOyugGVVAVUfSEXtArerOerXfrw/qctC5Z05kDNAPr6xehvaK1</latexit>

rt = |h0| ti|2

• choose RL algorithm: policy gradient

<latexit sha1_base64="cXhIQQbHxhwP9JwSdC4EE+rb52k="></latexit>

S = {(#,')|# 2 [0,⇡], ' 2 [0, 2⇡)}

<latexit sha1_base64="7VYwbmBOTnIEAAkgPCZFCWlzigI="></latexit>

| i =
✓

cos #
2

ei' sin #
2

◆

<latexit sha1_base64="rC1ILCkJmyMmz6qKSWDqULld5P0="></latexit>

A = {I, U↵|↵ = x, y, z}

<latexit sha1_base64="GUBXf6+e5rW8SjxpwGv73wJhVuc=">AAACAnicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA9oh5LJZNrQTDIkd4qldOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygkRwA6777RTW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDohhgkvWAA6CtRPNSBwI1gqGd5nfGjFtuJKPME6YH5O+5BGnBKzU6o5CBabUK1fcqjsDXiVeTiooR71X/umGiqYxk0AFMabjuQn4E6KBU8GmpW5qWELokPRZx1JJYmb8ySzuFJ9ZJcSR0vZJwDP178aExMaM48BOxgQGZtnLxP+8TgrRjT/hMkmBSTo/FKUCg8LZ33HINaMgxpYQqrnNiumAaELBNrRw5WkeNSvGW65hlTQvqt5V9fLhslK7zSsqohN0is6Rh65RDd2jOmogioboBb2iN+fZeXc+nM/5aMHJd47RApyvX1T9l+E=</latexit>...<latexit sha1_base64="GUBXf6+e5rW8SjxpwGv73wJhVuc=">AAACAnicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA9oh5LJZNrQTDIkd4qldOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygkRwA6777RTW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDohhgkvWAA6CtRPNSBwI1gqGd5nfGjFtuJKPME6YH5O+5BGnBKzU6o5CBabUK1fcqjsDXiVeTiooR71X/umGiqYxk0AFMabjuQn4E6KBU8GmpW5qWELokPRZx1JJYmb8ySzuFJ9ZJcSR0vZJwDP178aExMaM48BOxgQGZtnLxP+8TgrRjT/hMkmBSTo/FKUCg8LZ33HINaMgxpYQqrnNiumAaELBNrRw5WkeNSvGW65hlTQvqt5V9fLhslK7zSsqohN0is6Rh65RDd2jOmogioboBb2iN+fZeXc+nM/5aMHJd47RApyvX1T9l+E=</latexit>...

<latexit sha1_base64="xOLKKmfShgG2Lepd6Da89DFRSVY=">AAACBHicbVDLTgIxFO3gC/GFunTTSExckRlD1JUhceMSE3kYmJBOuQMNbWfSdohkwtYfcKt/4M649T/8Ab/DArMQ8CRNTs59nZ4g5kwb1/12cmvrG5tb+e3Czu7e/kHx8Kiho0RRqNOIR6oVEA2cSagbZji0YgVEBByawfB2Wm+OQGkWyQczjsEXpC9ZyCgxVnrsjIgyAzCkWyy5ZXcGvEq8jJRQhlq3+NPpRTQRIA3lROu258bGT+06RjlMCp1EQ0zokPShbakkArSfzgxP8JlVejiMlH3S4Jn6dyIlQuuxCGynIGagl2tT8b9aOzHhtZ8yGScGJJ0fChOOTYSnv8c9poAaPraEUMWsV0wHRBFqbEYLV57mVgs2GG85hlXSuCh7l+XKfaVUvckiyqMTdIrOkYeuUBXdoRqqI4oEekGv6M15dt6dD+dz3ppzspljtADn6xd4T5ka</latexit>

#
<latexit sha1_base64="0inZb0buINPS/76c7Gnhglw6/vM=">AAACAnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqCspuHFZwT6gHUomTdvQTGZI7hTL0J0/4Fb/wJ249Uf8Ab/DtJ2FbT0QOJxzL/fkBLEUBl3328mtrW9sbuW3Czu7e/sHxcOjuokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1geDf1GyOujYjUI45j7oe0r0RPMIpWarRHVMcD0SmW3LI7A1klXkZKkKHaKf60uxFLQq6QSWpMy3Nj9FOqUTDJJ4V2YnhM2ZD2ectSRUNu/HQWd0LOrNIlvUjbp5DM1L8bKQ2NGYeBnQwpDsyyNxX/81oJ9m78VKg4Qa7Y/FAvkQQjMv076QrNGcqxJZRpYbMSNqCaMrQNLVx5mkct2GK85RpWSf2i7F2VLx8uS5XbrKI8nMApnIMH11CBe6hCDRgM4QVe4c15dt6dD+dzPppzsp1jWIDz9QvUZ5gx</latexit>'

<latexit sha1_base64="iQRzXKpsVoqY9uknl/5bre3ctrU=">AAACEnicbVBLSgNBFHwTfzH+RsWVm8YgRJAwI0HdKAE3LiOYDyRD6On0JE16PnT3BMOQW3gBt3oDd+LWC3gBz2FPMguTWNBQVL3Xryg34kwqy/o2ciura+sb+c3C1vbO7p65f9CQYSwIrZOQh6LlYkk5C2hdMcVpKxIU+y6nTXd4l/rNERWShcGjGkfU8XE/YB4jWGmpax7Jm1JnhIUaUIXPUxYN2FnXLFplawq0TOyMFCFDrWv+dHohiX0aKMKxlG3bipST6H8Z4XRS6MSSRpgMcZ+2NQ2wT6WTTONP0KlWesgLhX6BQlP170aCfSnHvqsnfawGctFLxf+8dqy8aydhQRQrGpDZIS/mSIUo7QL1mKBE8bEmmAimsyIywAITpRubu/I0i1rQxdiLNSyTxkXZvixXHirF6m1WUR6O4QRKYMMVVOEealAHAgm8wCu8Gc/Gu/FhfM5Gc0a2cwhzML5+AW2hndY=</latexit>

s = (#,')

<latexit sha1_base64="87v0+kz4YxT1J8R9sSbAwlRgbOE=">AAACDXicbVDLSsNAFJ34rPUVdelmsAh1UxIp6koKbnRXwT6gCWEynbRDJw9mbool9hv8Abf6B+7Erd/gD/gdTtssbOuBC4dz7uUejp8IrsCyvo2V1bX1jc3CVnF7Z3dv3zw4bKo4lZQ1aCxi2faJYoJHrAEcBGsnkpHQF6zlD24mfmvIpOJx9ACjhLkh6UU84JSAljzTdBLuOdBnQMp3T+oMe2bJqlhT4GVi56SEctQ988fpxjQNWQRUEKU6tpWAmxEJnAo2LjqpYgmhA9JjHU0jEjLlZtPkY3yqlS4OYqknAjxV/15kJFRqFPp6MyTQV4veRPzP66QQXLkZj5IUWERnj4JUYIjxpAbc5ZJRECNNCJVcZ8W0TyShoMua+/I4i1rUxdiLNSyT5nnFvqhU76ul2nVeUQEdoxNURja6RDV0i+qogSgaohf0it6MZ+Pd+DA+Z6srRn5zhOZgfP0CMrabhQ==</latexit>

⇡✓(I|s)
<latexit sha1_base64="rgJlbh1Zta2eM6axPExDGsL+FH0=">AAACD3icbVDLSsNAFJ3UV62vWJduBotQNyWRoq6k4MZlBdsKTQiT6aQdOnkwcyMtsR/hD7jVP3Anbv0Ef8DvcNpmYVsPXDiccy/3cPxEcAWW9W0U1tY3NreK26Wd3b39A/Ow3FZxKilr0VjE8sEnigkesRZwEOwhkYyEvmAdf3gz9TuPTCoeR/cwTpgbkn7EA04JaMkzy07CPQcGDEi15Y2e1Bn2zIpVs2bAq8TOSQXlaHrmj9OLaRqyCKggSnVtKwE3IxI4FWxSclLFEkKHpM+6mkYkZMrNZtkn+FQrPRzEUk8EeKb+vchIqNQ49PVmSGCglr2p+J/XTSG4cjMeJSmwiM4fBanAEONpEbjHJaMgxpoQKrnOiumASEJB17XwZTSPWtLF2Ms1rJL2ec2+qNXv6pXGdV5RER2jE1RFNrpEDXSLmqiFKBqhF/SK3oxn4934MD7nqwUjvzlCCzC+fgHz6px8</latexit>

⇡✓(Ux|s)
<latexit sha1_base64="nLZob2TR4xH4fMCfqgr90jcWj0c=">AAACD3icbVDLSsNAFJ3UV62vWJduBotQNyWRoq6k4MZlBdsKbQiT6aQdOnkwcyMNsR/hD7jVP3Anbv0Ef8DvcNpmYVsPXDiccy/3cLxYcAWW9W0U1tY3NreK26Wd3b39A/Ow3FZRIilr0UhE8sEjigkeshZwEOwhlowEnmAdb3Qz9TuPTCoehfeQxswJyCDkPqcEtOSa5V7M3R4MGZBqy02f1Bl2zYpVs2bAq8TOSQXlaLrmT68f0SRgIVBBlOraVgxORiRwKtik1EsUiwkdkQHrahqSgCknm2Wf4FOt9LEfST0h4Jn69yIjgVJp4OnNgMBQLXtT8T+vm4B/5WQ8jBNgIZ0/8hOBIcLTInCfS0ZBpJoQKrnOiumQSEJB17XwZTyPWtLF2Ms1rJL2ec2+qNXv6pXGdV5RER2jE1RFNrpEDXSLmqiFKBqjF/SK3oxn4934MD7nqwUjvzlCCzC+fgH1hpx9</latexit>

⇡✓(Uy|s)
<latexit sha1_base64="dS8FGEsU3XjhDmIdOhor+Donuro=">AAACD3icbVBLSgNBFOyJvxh/Y1y6aQxC3IQZCepKAm5cRjAfyIShp9OTNOnpGbrfSGLMIbyAW72BO3HrEbyA57DzWZjEggdF1Xu8ooJEcA2O821l1tY3Nrey27md3b39A/swX9dxqiir0VjEqhkQzQSXrAYcBGsmipEoEKwR9G8mfuOBKc1jeQ/DhLUj0pU85JSAkXw77yXc96DHgBRr/uOTPsO+XXBKzhR4lbhzUkBzVH37x+vENI2YBCqI1i3XSaA9Igo4FWyc81LNEkL7pMtahkoSMd0eTbOP8alROjiMlRkJeKr+vRiRSOthFJjNiEBPL3sT8T+vlUJ41R5xmaTAJJ09ClOBIcaTInCHK0ZBDA0hVHGTFdMeUYSCqWvhy2AWNWeKcZdrWCX185J7USrflQuV63lFWXSMTlARuegSVdAtqqIaomiAXtArerOerXfrw/qcrWas+c0RWoD19Qv3Ipx+</latexit>

⇡✓(Uz|s)

RL for Quantum State Initialization

<latexit sha1_base64="T70uJ7scRxLFa07/1/Tdf+XbakQ=">AAACFnicbVDLSsNAFJ3UV42PRl26CZZC3ZREirosunFZwT6gCWEynbRDJw9mbsQS+x+CW/0Nd+LWrX/hJzhNK9TWA8MczrmXezh+wpkEy/rSCmvrG5tbxW19Z3dvv2QcHLZlnApCWyTmsej6WFLOItoCBpx2E0Fx6HPa8UfXU79zT4VkcXQH44S6IR5ELGAEg5I8o+QkzHNgSAFX8aM89YyyVbNymKvEnpMymqPpGd9OPyZpSCMgHEvZs60E3AwLYITTie6kkiaYjPCA9hSNcEilm+XBJ2ZFKX0ziIV6EZi5uriR4VDKceiryRDDUC57U/E/r5dCcOlmLEpSoBGZHQpSbkJsTlsw+0xQAnysCCaCqawmGWKBCaiu9MrimYffrPkvdV1VZC8XskraZzX7vFa/rZcbV/OyiugYnaAqstEFaqAb1EQtRFCKntELetWetDftXfuYjRa0+c4R+gPt8wf5yJ65</latexit>

⇡✓(a|s)

Marín Bukov



Bloch sphere

MPI-PKS

quantum control: two-level system

• task: prepare         using infinitesimal rotations 
<latexit sha1_base64="ZakK0xIo2mZZGjjBoF2Dcdq1tsQ=">AAACBHicbVDLSgMxFM3UV62vqks3wSK4KjNS1JUU3LisYB/SDiWT3mlDk8yQZMQydusPuNU/cCdu/Q9/wO8wbWdhWw8EDufcyz05QcyZNq777eRWVtfWN/Kbha3tnd294v5BQ0eJolCnEY9UKyAaOJNQN8xwaMUKiAg4NIPh9cRvPoDSLJJ3ZhSDL0hfspBRYqx0/+R2FJF9Dt1iyS27U+Bl4mWkhDLUusWfTi+iiQBpKCdatz03Nn5KlGGUw7jQSTTEhA5JH9qWSiJA++k08BifWKWHw0jZJw2eqn83UiK0HonATgpiBnrRm4j/ee3EhJd+ymScGJB0dihMODYRnvwe95gCavjIEkIVs1kxHRBFqLEdzV15nEUt2GK8xRqWSeOs7J2XK7eVUvUqqyiPjtAxOkUeukBVdINqqI4oEugFvaI359l5dz6cz9lozsl2DtEcnK9fGpmY4A==</latexit>

|0i
<latexit sha1_base64="TRQu40DzFyCJTK8EQp3YZBwvbMc="></latexit>

U↵ = exp

✓
�i

�t

2
�↵

◆
<latexit sha1_base64="vDorOU4SkiT4Zr9XvGI/dUoWt3Q=">AAACB3icbVDLSsNAFJ34rPVVdekmWAQXpSRS1I1ScOOygn1AE8rNdNIOnUyGmYm0hn6AP+BW/8CduPUz/AG/w2mbhW09cOFwzr3cwwkEo0o7zre1srq2vrGZ28pv7+zu7RcODhsqTiQmdRyzWLYCUIRRTuqaakZaQhKIAkaaweB24jcfiVQ05g96JIgfQY/TkGLQRvI8YKIP18PSqPTUKRSdsjOFvUzcjBRRhlqn8ON1Y5xEhGvMQKm26wjtpyA1xYyM816iiAA8gB5pG8ohIspPp5nH9qlRunYYSzNc21P170UKkVKjKDCbEei+WvQm4n9eO9HhlZ9SLhJNOJ49ChNm69ieFGB3qSRYs5EhgCU1WW3cBwlYm5rmvgxnUfOmGHexhmXSOC+7F+XKfaVYvckqyqFjdILOkIsuURXdoRqqI4wEekGv6M16tt6tD+tztrpiZTdHaA7W1y/7n5nf</latexit>↵ = x, y, z

• define RL states:

parametrization of state of system:

RL state space:

• define RL actions:

• define reward:
<latexit sha1_base64="bMm8SKiiqUhvsODwaSF93YfMj78=">AAACHnicbVDLTgIxFO34RHyhLt1UiYkrMkOIutGQuHGJiTwSBiedUqCh05m0d4xkYO1v+ANu9Q/cGbf6A36HZWAh4EmanHvOvbm3x48E12Db39bS8srq2npmI7u5tb2zm9vbr+kwVpRVaShC1fCJZoJLVgUOgjUixUjgC1b3+9djv/7AlOahvINBxFoB6Ure4ZSAkbzckfIAX+KhK4jsCobtoRtp7oGr0np4X/Ryebtgp8CLxJmSPJqi4uV+3HZI44BJoIJo3XTsCFoJUcCpYKOsG2sWEdonXdY0VJKA6VaSfmWET4zSxp1QmScBp+rfiYQEWg8C33QGBHp63huL/3nNGDoXrYTLKAYm6WRRJxYYQjzOBbe5YhTEwBBCFTe3YtojilAw6c1seZycmjXBOPMxLJJaseCcFUq3pXz5ahpRBh2iY3SKHHSOyugGVVAVUfSEXtArerOerXfrw/qctC5Z05kDNAPr6xehvaK1</latexit>

rt = |h0| ti|2

• choose RL algorithm: policy gradient

<latexit sha1_base64="cXhIQQbHxhwP9JwSdC4EE+rb52k="></latexit>

S = {(#,')|# 2 [0,⇡], ' 2 [0, 2⇡)}

<latexit sha1_base64="7VYwbmBOTnIEAAkgPCZFCWlzigI="></latexit>

| i =
✓

cos #
2

ei' sin #
2

◆

<latexit sha1_base64="rC1ILCkJmyMmz6qKSWDqULld5P0="></latexit>

A = {I, U↵|↵ = x, y, z}

simulate trial trajectories
<latexit sha1_base64="NsKuzW4VBLgMcar0WMEapFnNARQ="></latexit>

r✓J(✓) ⇡
1

NMC

NMCX

j=1

r✓ log ⇡✓(⌧j)
X

t

Rt(⌧j)

<latexit sha1_base64="xgpn04tOhcRkYN1DZa7kADgd4J4=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3IgldOcPuNU/cCdu/RF/wO8wabOwrQcGDufcyz1zvEgKg7b9bRVWVtfWN4qbpa3tnd298v5B04SxZrzBQhnqtkcNl0LxBgqUvB1pTgNP8pY3usn81iPXRoTqHscRdwM6UMIXjGIqtbpI495DqVeu2FV7CrJMnJxUIEe9V/7p9kMWB1whk9SYjmNH6CZUo2CST0rd2PCIshEd8E5KFQ24cZNp3Ak5SZU+8UOdPoVkqv7dSGhgzDjw0smA4tAsepn4n9eJ0b9yE6GiGLlis0N+LAmGJPs76QvNGcpxSijTIs1K2JBqyjBtaO7K0yxqVoyzWMMyaZ5VnYvq+d15pXadV1SEIziGU3DgEmpwC3VoAIMRvMArvFnP1rv1YX3ORgtWvnMIc7C+fgEmjpfE</latexit>⌧j
<latexit sha1_base64="GUBXf6+e5rW8SjxpwGv73wJhVuc=">AAACAnicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA9oh5LJZNrQTDIkd4qldOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygkRwA6777RTW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDohhgkvWAA6CtRPNSBwI1gqGd5nfGjFtuJKPME6YH5O+5BGnBKzU6o5CBabUK1fcqjsDXiVeTiooR71X/umGiqYxk0AFMabjuQn4E6KBU8GmpW5qWELokPRZx1JJYmb8ySzuFJ9ZJcSR0vZJwDP178aExMaM48BOxgQGZtnLxP+8TgrRjT/hMkmBSTo/FKUCg8LZ33HINaMgxpYQqrnNiumAaELBNrRw5WkeNSvGW65hlTQvqt5V9fLhslK7zSsqohN0is6Rh65RDd2jOmogioboBb2iN+fZeXc+nM/5aMHJd47RApyvX1T9l+E=</latexit>...<latexit sha1_base64="GUBXf6+e5rW8SjxpwGv73wJhVuc=">AAACAnicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA9oh5LJZNrQTDIkd4qldOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygkRwA6777RTW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDohhgkvWAA6CtRPNSBwI1gqGd5nfGjFtuJKPME6YH5O+5BGnBKzU6o5CBabUK1fcqjsDXiVeTiooR71X/umGiqYxk0AFMabjuQn4E6KBU8GmpW5qWELokPRZx1JJYmb8ySzuFJ9ZJcSR0vZJwDP178aExMaM48BOxgQGZtnLxP+8TgrRjT/hMkmBSTo/FKUCg8LZ33HINaMgxpYQqrnNiumAaELBNrRw5WkeNSvGW65hlTQvqt5V9fLhslK7zSsqohN0is6Rh65RDd2jOmogioboBb2iN+fZeXc+nM/5aMHJd47RApyvX1T9l+E=</latexit>...

<latexit sha1_base64="xOLKKmfShgG2Lepd6Da89DFRSVY=">AAACBHicbVDLTgIxFO3gC/GFunTTSExckRlD1JUhceMSE3kYmJBOuQMNbWfSdohkwtYfcKt/4M649T/8Ab/DArMQ8CRNTs59nZ4g5kwb1/12cmvrG5tb+e3Czu7e/kHx8Kiho0RRqNOIR6oVEA2cSagbZji0YgVEBByawfB2Wm+OQGkWyQczjsEXpC9ZyCgxVnrsjIgyAzCkWyy5ZXcGvEq8jJRQhlq3+NPpRTQRIA3lROu258bGT+06RjlMCp1EQ0zokPShbakkArSfzgxP8JlVejiMlH3S4Jn6dyIlQuuxCGynIGagl2tT8b9aOzHhtZ8yGScGJJ0fChOOTYSnv8c9poAaPraEUMWsV0wHRBFqbEYLV57mVgs2GG85hlXSuCh7l+XKfaVUvckiyqMTdIrOkYeuUBXdoRqqI4oEekGv6M15dt6dD+dz3ppzspljtADn6xd4T5ka</latexit>

#
<latexit sha1_base64="0inZb0buINPS/76c7Gnhglw6/vM=">AAACAnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqCspuHFZwT6gHUomTdvQTGZI7hTL0J0/4Fb/wJ249Uf8Ab/DtJ2FbT0QOJxzL/fkBLEUBl3328mtrW9sbuW3Czu7e/sHxcOjuokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1geDf1GyOujYjUI45j7oe0r0RPMIpWarRHVMcD0SmW3LI7A1klXkZKkKHaKf60uxFLQq6QSWpMy3Nj9FOqUTDJJ4V2YnhM2ZD2ectSRUNu/HQWd0LOrNIlvUjbp5DM1L8bKQ2NGYeBnQwpDsyyNxX/81oJ9m78VKg4Qa7Y/FAvkQQjMv076QrNGcqxJZRpYbMSNqCaMrQNLVx5mkct2GK85RpWSf2i7F2VLx8uS5XbrKI8nMApnIMH11CBe6hCDRgM4QVe4c15dt6dD+dzPppzsp1jWIDz9QvUZ5gx</latexit>'

<latexit sha1_base64="iQRzXKpsVoqY9uknl/5bre3ctrU=">AAACEnicbVBLSgNBFHwTfzH+RsWVm8YgRJAwI0HdKAE3LiOYDyRD6On0JE16PnT3BMOQW3gBt3oDd+LWC3gBz2FPMguTWNBQVL3Xryg34kwqy/o2ciura+sb+c3C1vbO7p65f9CQYSwIrZOQh6LlYkk5C2hdMcVpKxIU+y6nTXd4l/rNERWShcGjGkfU8XE/YB4jWGmpax7Jm1JnhIUaUIXPUxYN2FnXLFplawq0TOyMFCFDrWv+dHohiX0aKMKxlG3bipST6H8Z4XRS6MSSRpgMcZ+2NQ2wT6WTTONP0KlWesgLhX6BQlP170aCfSnHvqsnfawGctFLxf+8dqy8aydhQRQrGpDZIS/mSIUo7QL1mKBE8bEmmAimsyIywAITpRubu/I0i1rQxdiLNSyTxkXZvixXHirF6m1WUR6O4QRKYMMVVOEealAHAgm8wCu8Gc/Gu/FhfM5Gc0a2cwhzML5+AW2hndY=</latexit>

s = (#,')

<latexit sha1_base64="87v0+kz4YxT1J8R9sSbAwlRgbOE=">AAACDXicbVDLSsNAFJ34rPUVdelmsAh1UxIp6koKbnRXwT6gCWEynbRDJw9mbool9hv8Abf6B+7Erd/gD/gdTtssbOuBC4dz7uUejp8IrsCyvo2V1bX1jc3CVnF7Z3dv3zw4bKo4lZQ1aCxi2faJYoJHrAEcBGsnkpHQF6zlD24mfmvIpOJx9ACjhLkh6UU84JSAljzTdBLuOdBnQMp3T+oMe2bJqlhT4GVi56SEctQ988fpxjQNWQRUEKU6tpWAmxEJnAo2LjqpYgmhA9JjHU0jEjLlZtPkY3yqlS4OYqknAjxV/15kJFRqFPp6MyTQV4veRPzP66QQXLkZj5IUWERnj4JUYIjxpAbc5ZJRECNNCJVcZ8W0TyShoMua+/I4i1rUxdiLNSyT5nnFvqhU76ul2nVeUQEdoxNURja6RDV0i+qogSgaohf0it6MZ+Pd+DA+Z6srRn5zhOZgfP0CMrabhQ==</latexit>

⇡✓(I|s)
<latexit sha1_base64="rgJlbh1Zta2eM6axPExDGsL+FH0=">AAACD3icbVDLSsNAFJ3UV62vWJduBotQNyWRoq6k4MZlBdsKTQiT6aQdOnkwcyMtsR/hD7jVP3Anbv0Ef8DvcNpmYVsPXDiccy/3cPxEcAWW9W0U1tY3NreK26Wd3b39A/Ow3FZxKilr0VjE8sEnigkesRZwEOwhkYyEvmAdf3gz9TuPTCoeR/cwTpgbkn7EA04JaMkzy07CPQcGDEi15Y2e1Bn2zIpVs2bAq8TOSQXlaHrmj9OLaRqyCKggSnVtKwE3IxI4FWxSclLFEkKHpM+6mkYkZMrNZtkn+FQrPRzEUk8EeKb+vchIqNQ49PVmSGCglr2p+J/XTSG4cjMeJSmwiM4fBanAEONpEbjHJaMgxpoQKrnOiumASEJB17XwZTSPWtLF2Ms1rJL2ec2+qNXv6pXGdV5RER2jE1RFNrpEDXSLmqiFKBqhF/SK3oxn4934MD7nqwUjvzlCCzC+fgHz6px8</latexit>

⇡✓(Ux|s)
<latexit sha1_base64="nLZob2TR4xH4fMCfqgr90jcWj0c=">AAACD3icbVDLSsNAFJ3UV62vWJduBotQNyWRoq6k4MZlBdsKbQiT6aQdOnkwcyMNsR/hD7jVP3Anbv0Ef8DvcNpmYVsPXDiccy/3cLxYcAWW9W0U1tY3NreK26Wd3b39A/Ow3FZRIilr0UhE8sEjigkeshZwEOwhlowEnmAdb3Qz9TuPTCoehfeQxswJyCDkPqcEtOSa5V7M3R4MGZBqy02f1Bl2zYpVs2bAq8TOSQXlaLrmT68f0SRgIVBBlOraVgxORiRwKtik1EsUiwkdkQHrahqSgCknm2Wf4FOt9LEfST0h4Jn69yIjgVJp4OnNgMBQLXtT8T+vm4B/5WQ8jBNgIZ0/8hOBIcLTInCfS0ZBpJoQKrnOiumQSEJB17XwZTyPWtLF2Ms1rJL2ec2+qNXv6pXGdV5RER2jE1RFNrpEDXSLmqiFKBqjF/SK3oxn4934MD7nqwUjvzlCCzC+fgH1hpx9</latexit>

⇡✓(Uy|s)
<latexit sha1_base64="dS8FGEsU3XjhDmIdOhor+Donuro=">AAACD3icbVBLSgNBFOyJvxh/Y1y6aQxC3IQZCepKAm5cRjAfyIShp9OTNOnpGbrfSGLMIbyAW72BO3HrEbyA57DzWZjEggdF1Xu8ooJEcA2O821l1tY3Nrey27md3b39A/swX9dxqiir0VjEqhkQzQSXrAYcBGsmipEoEKwR9G8mfuOBKc1jeQ/DhLUj0pU85JSAkXw77yXc96DHgBRr/uOTPsO+XXBKzhR4lbhzUkBzVH37x+vENI2YBCqI1i3XSaA9Igo4FWyc81LNEkL7pMtahkoSMd0eTbOP8alROjiMlRkJeKr+vRiRSOthFJjNiEBPL3sT8T+vlUJ41R5xmaTAJJ09ClOBIcaTInCHK0ZBDA0hVHGTFdMeUYSCqWvhy2AWNWeKcZdrWCX185J7USrflQuV63lFWXSMTlARuegSVdAtqqIaomiAXtArerOerXfrw/qcrWas+c0RWoD19Qv3Ipx+</latexit>

⇡✓(Uz|s)

RL for Quantum State Initialization

Marín Bukov



Bloch sphere

MPI-PKS

quantum control: two-level system

• task: prepare         using infinitesimal rotations 
<latexit sha1_base64="ZakK0xIo2mZZGjjBoF2Dcdq1tsQ=">AAACBHicbVDLSgMxFM3UV62vqks3wSK4KjNS1JUU3LisYB/SDiWT3mlDk8yQZMQydusPuNU/cCdu/Q9/wO8wbWdhWw8EDufcyz05QcyZNq777eRWVtfWN/Kbha3tnd294v5BQ0eJolCnEY9UKyAaOJNQN8xwaMUKiAg4NIPh9cRvPoDSLJJ3ZhSDL0hfspBRYqx0/+R2FJF9Dt1iyS27U+Bl4mWkhDLUusWfTi+iiQBpKCdatz03Nn5KlGGUw7jQSTTEhA5JH9qWSiJA++k08BifWKWHw0jZJw2eqn83UiK0HonATgpiBnrRm4j/ee3EhJd+ymScGJB0dihMODYRnvwe95gCavjIEkIVs1kxHRBFqLEdzV15nEUt2GK8xRqWSeOs7J2XK7eVUvUqqyiPjtAxOkUeukBVdINqqI4oEugFvaI359l5dz6cz9lozsl2DtEcnK9fGpmY4A==</latexit>

|0i
<latexit sha1_base64="TRQu40DzFyCJTK8EQp3YZBwvbMc="></latexit>

U↵ = exp

✓
�i

�t

2
�↵

◆
<latexit sha1_base64="vDorOU4SkiT4Zr9XvGI/dUoWt3Q=">AAACB3icbVDLSsNAFJ34rPVVdekmWAQXpSRS1I1ScOOygn1AE8rNdNIOnUyGmYm0hn6AP+BW/8CduPUz/AG/w2mbhW09cOFwzr3cwwkEo0o7zre1srq2vrGZ28pv7+zu7RcODhsqTiQmdRyzWLYCUIRRTuqaakZaQhKIAkaaweB24jcfiVQ05g96JIgfQY/TkGLQRvI8YKIP18PSqPTUKRSdsjOFvUzcjBRRhlqn8ON1Y5xEhGvMQKm26wjtpyA1xYyM816iiAA8gB5pG8ohIspPp5nH9qlRunYYSzNc21P170UKkVKjKDCbEei+WvQm4n9eO9HhlZ9SLhJNOJ49ChNm69ieFGB3qSRYs5EhgCU1WW3cBwlYm5rmvgxnUfOmGHexhmXSOC+7F+XKfaVYvckqyqFjdILOkIsuURXdoRqqI4wEekGv6M16tt6tD+tztrpiZTdHaA7W1y/7n5nf</latexit>↵ = x, y, z

• define RL states:

parametrization of state of system:

RL state space:

• define RL actions:

• define reward:
<latexit sha1_base64="bMm8SKiiqUhvsODwaSF93YfMj78=">AAACHnicbVDLTgIxFO34RHyhLt1UiYkrMkOIutGQuHGJiTwSBiedUqCh05m0d4xkYO1v+ANu9Q/cGbf6A36HZWAh4EmanHvOvbm3x48E12Db39bS8srq2npmI7u5tb2zm9vbr+kwVpRVaShC1fCJZoJLVgUOgjUixUjgC1b3+9djv/7AlOahvINBxFoB6Ure4ZSAkbzckfIAX+KhK4jsCobtoRtp7oGr0np4X/Ryebtgp8CLxJmSPJqi4uV+3HZI44BJoIJo3XTsCFoJUcCpYKOsG2sWEdonXdY0VJKA6VaSfmWET4zSxp1QmScBp+rfiYQEWg8C33QGBHp63huL/3nNGDoXrYTLKAYm6WRRJxYYQjzOBbe5YhTEwBBCFTe3YtojilAw6c1seZycmjXBOPMxLJJaseCcFUq3pXz5ahpRBh2iY3SKHHSOyugGVVAVUfSEXtArerOerXfrw/qctC5Z05kDNAPr6xehvaK1</latexit>

rt = |h0| ti|2

• choose RL algorithm: policy gradient

<latexit sha1_base64="cXhIQQbHxhwP9JwSdC4EE+rb52k="></latexit>

S = {(#,')|# 2 [0,⇡], ' 2 [0, 2⇡)}

<latexit sha1_base64="7VYwbmBOTnIEAAkgPCZFCWlzigI="></latexit>

| i =
✓

cos #
2

ei' sin #
2

◆

<latexit sha1_base64="rC1ILCkJmyMmz6qKSWDqULld5P0="></latexit>

A = {I, U↵|↵ = x, y, z}

simulate trial trajectories
<latexit sha1_base64="NsKuzW4VBLgMcar0WMEapFnNARQ="></latexit>

r✓J(✓) ⇡
1

NMC

NMCX

j=1

r✓ log ⇡✓(⌧j)
X

t

Rt(⌧j)

<latexit sha1_base64="xgpn04tOhcRkYN1DZa7kADgd4J4=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3IgldOcPuNU/cCdu/RF/wO8wabOwrQcGDufcyz1zvEgKg7b9bRVWVtfWN4qbpa3tnd298v5B04SxZrzBQhnqtkcNl0LxBgqUvB1pTgNP8pY3usn81iPXRoTqHscRdwM6UMIXjGIqtbpI495DqVeu2FV7CrJMnJxUIEe9V/7p9kMWB1whk9SYjmNH6CZUo2CST0rd2PCIshEd8E5KFQ24cZNp3Ak5SZU+8UOdPoVkqv7dSGhgzDjw0smA4tAsepn4n9eJ0b9yE6GiGLlis0N+LAmGJPs76QvNGcpxSijTIs1K2JBqyjBtaO7K0yxqVoyzWMMyaZ5VnYvq+d15pXadV1SEIziGU3DgEmpwC3VoAIMRvMArvFnP1rv1YX3ORgtWvnMIc7C+fgEmjpfE</latexit>⌧j
<latexit sha1_base64="GUBXf6+e5rW8SjxpwGv73wJhVuc=">AAACAnicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA9oh5LJZNrQTDIkd4qldOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygkRwA6777RTW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDohhgkvWAA6CtRPNSBwI1gqGd5nfGjFtuJKPME6YH5O+5BGnBKzU6o5CBabUK1fcqjsDXiVeTiooR71X/umGiqYxk0AFMabjuQn4E6KBU8GmpW5qWELokPRZx1JJYmb8ySzuFJ9ZJcSR0vZJwDP178aExMaM48BOxgQGZtnLxP+8TgrRjT/hMkmBSTo/FKUCg8LZ33HINaMgxpYQqrnNiumAaELBNrRw5WkeNSvGW65hlTQvqt5V9fLhslK7zSsqohN0is6Rh65RDd2jOmogioboBb2iN+fZeXc+nM/5aMHJd47RApyvX1T9l+E=</latexit>...<latexit sha1_base64="GUBXf6+e5rW8SjxpwGv73wJhVuc=">AAACAnicbVDLSgMxFM3UV62vqks3wSK4KjMi6koKblxWsA9oh5LJZNrQTDIkd4qldOcPuNU/cCdu/RF/wO8w087Cth4IHM65l3tygkRwA6777RTW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDohhgkvWAA6CtRPNSBwI1gqGd5nfGjFtuJKPME6YH5O+5BGnBKzU6o5CBabUK1fcqjsDXiVeTiooR71X/umGiqYxk0AFMabjuQn4E6KBU8GmpW5qWELokPRZx1JJYmb8ySzuFJ9ZJcSR0vZJwDP178aExMaM48BOxgQGZtnLxP+8TgrRjT/hMkmBSTo/FKUCg8LZ33HINaMgxpYQqrnNiumAaELBNrRw5WkeNSvGW65hlTQvqt5V9fLhslK7zSsqohN0is6Rh65RDd2jOmogioboBb2iN+fZeXc+nM/5aMHJd47RApyvX1T9l+E=</latexit>...

<latexit sha1_base64="xOLKKmfShgG2Lepd6Da89DFRSVY=">AAACBHicbVDLTgIxFO3gC/GFunTTSExckRlD1JUhceMSE3kYmJBOuQMNbWfSdohkwtYfcKt/4M649T/8Ab/DArMQ8CRNTs59nZ4g5kwb1/12cmvrG5tb+e3Czu7e/kHx8Kiho0RRqNOIR6oVEA2cSagbZji0YgVEBByawfB2Wm+OQGkWyQczjsEXpC9ZyCgxVnrsjIgyAzCkWyy5ZXcGvEq8jJRQhlq3+NPpRTQRIA3lROu258bGT+06RjlMCp1EQ0zokPShbakkArSfzgxP8JlVejiMlH3S4Jn6dyIlQuuxCGynIGagl2tT8b9aOzHhtZ8yGScGJJ0fChOOTYSnv8c9poAaPraEUMWsV0wHRBFqbEYLV57mVgs2GG85hlXSuCh7l+XKfaVUvckiyqMTdIrOkYeuUBXdoRqqI4oEekGv6M15dt6dD+dz3ppzspljtADn6xd4T5ka</latexit>

#
<latexit sha1_base64="0inZb0buINPS/76c7Gnhglw6/vM=">AAACAnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqCspuHFZwT6gHUomTdvQTGZI7hTL0J0/4Fb/wJ249Uf8Ab/DtJ2FbT0QOJxzL/fkBLEUBl3328mtrW9sbuW3Czu7e/sHxcOjuokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1geDf1GyOujYjUI45j7oe0r0RPMIpWarRHVMcD0SmW3LI7A1klXkZKkKHaKf60uxFLQq6QSWpMy3Nj9FOqUTDJJ4V2YnhM2ZD2ectSRUNu/HQWd0LOrNIlvUjbp5DM1L8bKQ2NGYeBnQwpDsyyNxX/81oJ9m78VKg4Qa7Y/FAvkQQjMv076QrNGcqxJZRpYbMSNqCaMrQNLVx5mkct2GK85RpWSf2i7F2VLx8uS5XbrKI8nMApnIMH11CBe6hCDRgM4QVe4c15dt6dD+dzPppzsp1jWIDz9QvUZ5gx</latexit>'

<latexit sha1_base64="iQRzXKpsVoqY9uknl/5bre3ctrU=">AAACEnicbVBLSgNBFHwTfzH+RsWVm8YgRJAwI0HdKAE3LiOYDyRD6On0JE16PnT3BMOQW3gBt3oDd+LWC3gBz2FPMguTWNBQVL3Xryg34kwqy/o2ciura+sb+c3C1vbO7p65f9CQYSwIrZOQh6LlYkk5C2hdMcVpKxIU+y6nTXd4l/rNERWShcGjGkfU8XE/YB4jWGmpax7Jm1JnhIUaUIXPUxYN2FnXLFplawq0TOyMFCFDrWv+dHohiX0aKMKxlG3bipST6H8Z4XRS6MSSRpgMcZ+2NQ2wT6WTTONP0KlWesgLhX6BQlP170aCfSnHvqsnfawGctFLxf+8dqy8aydhQRQrGpDZIS/mSIUo7QL1mKBE8bEmmAimsyIywAITpRubu/I0i1rQxdiLNSyTxkXZvixXHirF6m1WUR6O4QRKYMMVVOEealAHAgm8wCu8Gc/Gu/FhfM5Gc0a2cwhzML5+AW2hndY=</latexit>

s = (#,')

<latexit sha1_base64="87v0+kz4YxT1J8R9sSbAwlRgbOE=">AAACDXicbVDLSsNAFJ34rPUVdelmsAh1UxIp6koKbnRXwT6gCWEynbRDJw9mbool9hv8Abf6B+7Erd/gD/gdTtssbOuBC4dz7uUejp8IrsCyvo2V1bX1jc3CVnF7Z3dv3zw4bKo4lZQ1aCxi2faJYoJHrAEcBGsnkpHQF6zlD24mfmvIpOJx9ACjhLkh6UU84JSAljzTdBLuOdBnQMp3T+oMe2bJqlhT4GVi56SEctQ988fpxjQNWQRUEKU6tpWAmxEJnAo2LjqpYgmhA9JjHU0jEjLlZtPkY3yqlS4OYqknAjxV/15kJFRqFPp6MyTQV4veRPzP66QQXLkZj5IUWERnj4JUYIjxpAbc5ZJRECNNCJVcZ8W0TyShoMua+/I4i1rUxdiLNSyT5nnFvqhU76ul2nVeUQEdoxNURja6RDV0i+qogSgaohf0it6MZ+Pd+DA+Z6srRn5zhOZgfP0CMrabhQ==</latexit>

⇡✓(I|s)
<latexit sha1_base64="rgJlbh1Zta2eM6axPExDGsL+FH0=">AAACD3icbVDLSsNAFJ3UV62vWJduBotQNyWRoq6k4MZlBdsKTQiT6aQdOnkwcyMtsR/hD7jVP3Anbv0Ef8DvcNpmYVsPXDiccy/3cPxEcAWW9W0U1tY3NreK26Wd3b39A/Ow3FZxKilr0VjE8sEnigkesRZwEOwhkYyEvmAdf3gz9TuPTCoeR/cwTpgbkn7EA04JaMkzy07CPQcGDEi15Y2e1Bn2zIpVs2bAq8TOSQXlaHrmj9OLaRqyCKggSnVtKwE3IxI4FWxSclLFEkKHpM+6mkYkZMrNZtkn+FQrPRzEUk8EeKb+vchIqNQ49PVmSGCglr2p+J/XTSG4cjMeJSmwiM4fBanAEONpEbjHJaMgxpoQKrnOiumASEJB17XwZTSPWtLF2Ms1rJL2ec2+qNXv6pXGdV5RER2jE1RFNrpEDXSLmqiFKBqhF/SK3oxn4934MD7nqwUjvzlCCzC+fgHz6px8</latexit>

⇡✓(Ux|s)
<latexit sha1_base64="nLZob2TR4xH4fMCfqgr90jcWj0c=">AAACD3icbVDLSsNAFJ3UV62vWJduBotQNyWRoq6k4MZlBdsKbQiT6aQdOnkwcyMNsR/hD7jVP3Anbv0Ef8DvcNpmYVsPXDiccy/3cLxYcAWW9W0U1tY3NreK26Wd3b39A/Ow3FZRIilr0UhE8sEjigkeshZwEOwhlowEnmAdb3Qz9TuPTCoehfeQxswJyCDkPqcEtOSa5V7M3R4MGZBqy02f1Bl2zYpVs2bAq8TOSQXlaLrmT68f0SRgIVBBlOraVgxORiRwKtik1EsUiwkdkQHrahqSgCknm2Wf4FOt9LEfST0h4Jn69yIjgVJp4OnNgMBQLXtT8T+vm4B/5WQ8jBNgIZ0/8hOBIcLTInCfS0ZBpJoQKrnOiumQSEJB17XwZTyPWtLF2Ms1rJL2ec2+qNXv6pXGdV5RER2jE1RFNrpEDXSLmqiFKBqjF/SK3oxn4934MD7nqwUjvzlCCzC+fgH1hpx9</latexit>

⇡✓(Uy|s)
<latexit sha1_base64="dS8FGEsU3XjhDmIdOhor+Donuro=">AAACD3icbVBLSgNBFOyJvxh/Y1y6aQxC3IQZCepKAm5cRjAfyIShp9OTNOnpGbrfSGLMIbyAW72BO3HrEbyA57DzWZjEggdF1Xu8ooJEcA2O821l1tY3Nrey27md3b39A/swX9dxqiir0VjEqhkQzQSXrAYcBGsmipEoEKwR9G8mfuOBKc1jeQ/DhLUj0pU85JSAkXw77yXc96DHgBRr/uOTPsO+XXBKzhR4lbhzUkBzVH37x+vENI2YBCqI1i3XSaA9Igo4FWyc81LNEkL7pMtahkoSMd0eTbOP8alROjiMlRkJeKr+vRiRSOthFJjNiEBPL3sT8T+vlUJ41R5xmaTAJJ09ClOBIcaTInCHK0ZBDA0hVHGTFdMeUYSCqWvhy2AWNWeKcZdrWCX185J7USrflQuV63lFWXSMTlARuegSVdAtqqIaomiAXtArerOerXfrw/qcrWas+c0RWoD19Qv3Ipx+</latexit>

⇡✓(Uz|s)

RL for Quantum State Initialization

Check out Jupyter notebook for how this works in practice!

https://github.com/mgbukov/RL_quantum

Marín Bukov

https://github.com/mgbukov/RL_quantum


Policy Optimization

Policy Gradients

Actor-Critic Methods

Policy Iteration Value Iteration

Q-Learning/SARSA
Evolutionary
Methods

Dynamic Programming

What other RL Algorithms are there?

MPI-PKS

overview of RL algorithms 

Sutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov



Policy Optimization

Policy Gradients

Actor-Critic Methods

Policy Iteration Value Iteration

Q-Learning/SARSA
Evolutionary
Methods

Dynamic Programming

What other RL Algorithms are there?

MPI-PKS

which algorithm to use? 

gradient-free,
model-free methods

(stochastic search, evolutionary)

fully online methods
(actor-critic)

policy gradient methods

deep value iteration methods
(DQN, DDPG, etc.)

shallow value iteration methods
(policy iteration, Q-Learning)

model-based RL
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overview of RL algorithms 

Sutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov



Policy Optimization

Policy Gradients

Actor-Critic Methods

Policy Iteration Value Iteration

Q-Learning/SARSA
Evolutionary
Methods

Dynamic Programming

Value Iteration methods

v⇡(s) = Ea⇠⇡(a|s)[Gt|St = s]
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• value function: expected total return under the policy             from state⇡(a|s)
<latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit><latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit><latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit><latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit>

s
<latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit><latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit><latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit><latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit>

Value function methods

MPI-PKS

problem: cannot reconstruct the policy 

Gt = Rt+1 +Gt+1
<latexit sha1_base64="NtixoFPNtHrE++3Bg+DOxwuw438=">AAAB/nicbZDNSgMxFIUz9a/Wv1Fx5SZYBKFQZkTQjVJwUZdVbC20w5BJM21oJjMkd4QyFHwVNy4UcetzuPNtTNtZaOuFkI9z7iU3J0gE1+A431ZhaXllda24XtrY3NresXf3WjpOFWVNGotYtQOimeCSNYGDYO1EMRIFgj0Ew+uJ//DIlOaxvIdRwryI9CUPOSVgJN8+qPuAL/Gdn0HFHVfqs9u3y07VmRZeBDeHMsqr4dtf3V5M04hJoIJo3XGdBLyMKOBUsHGpm2qWEDokfdYxKEnEtJdN1x/jY6P0cBgrcyTgqfp7IiOR1qMoMJ0RgYGe9ybif14nhfDCy7hMUmCSzh4KU4EhxpMscI8rRkGMDBCquNkV0wFRhIJJrGRCcOe/vAit06pr+PasXLvK4yiiQ3SETpCLzlEN3aAGaiKKMvSMXtGb9WS9WO/Wx6y1YOUz++hPWZ8/5DmUIg==</latexit><latexit sha1_base64="NtixoFPNtHrE++3Bg+DOxwuw438=">AAAB/nicbZDNSgMxFIUz9a/Wv1Fx5SZYBKFQZkTQjVJwUZdVbC20w5BJM21oJjMkd4QyFHwVNy4UcetzuPNtTNtZaOuFkI9z7iU3J0gE1+A431ZhaXllda24XtrY3NresXf3WjpOFWVNGotYtQOimeCSNYGDYO1EMRIFgj0Ew+uJ//DIlOaxvIdRwryI9CUPOSVgJN8+qPuAL/Gdn0HFHVfqs9u3y07VmRZeBDeHMsqr4dtf3V5M04hJoIJo3XGdBLyMKOBUsHGpm2qWEDokfdYxKEnEtJdN1x/jY6P0cBgrcyTgqfp7IiOR1qMoMJ0RgYGe9ybif14nhfDCy7hMUmCSzh4KU4EhxpMscI8rRkGMDBCquNkV0wFRhIJJrGRCcOe/vAit06pr+PasXLvK4yiiQ3SETpCLzlEN3aAGaiKKMvSMXtGb9WS9WO/Wx6y1YOUz++hPWZ8/5DmUIg==</latexit><latexit sha1_base64="NtixoFPNtHrE++3Bg+DOxwuw438=">AAAB/nicbZDNSgMxFIUz9a/Wv1Fx5SZYBKFQZkTQjVJwUZdVbC20w5BJM21oJjMkd4QyFHwVNy4UcetzuPNtTNtZaOuFkI9z7iU3J0gE1+A431ZhaXllda24XtrY3NresXf3WjpOFWVNGotYtQOimeCSNYGDYO1EMRIFgj0Ew+uJ//DIlOaxvIdRwryI9CUPOSVgJN8+qPuAL/Gdn0HFHVfqs9u3y07VmRZeBDeHMsqr4dtf3V5M04hJoIJo3XGdBLyMKOBUsHGpm2qWEDokfdYxKEnEtJdN1x/jY6P0cBgrcyTgqfp7IiOR1qMoMJ0RgYGe9ybif14nhfDCy7hMUmCSzh4KU4EhxpMscI8rRkGMDBCquNkV0wFRhIJJrGRCcOe/vAit06pr+PasXLvK4yiiQ3SETpCLzlEN3aAGaiKKMvSMXtGb9WS9WO/Wx6y1YOUz++hPWZ8/5DmUIg==</latexit><latexit sha1_base64="NtixoFPNtHrE++3Bg+DOxwuw438=">AAAB/nicbZDNSgMxFIUz9a/Wv1Fx5SZYBKFQZkTQjVJwUZdVbC20w5BJM21oJjMkd4QyFHwVNy4UcetzuPNtTNtZaOuFkI9z7iU3J0gE1+A431ZhaXllda24XtrY3NresXf3WjpOFWVNGotYtQOimeCSNYGDYO1EMRIFgj0Ew+uJ//DIlOaxvIdRwryI9CUPOSVgJN8+qPuAL/Gdn0HFHVfqs9u3y07VmRZeBDeHMsqr4dtf3V5M04hJoIJo3XGdBLyMKOBUsHGpm2qWEDokfdYxKEnEtJdN1x/jY6P0cBgrcyTgqfp7IiOR1qMoMJ0RgYGe9ybif14nhfDCy7hMUmCSzh4KU4EhxpMscI8rRkGMDBCquNkV0wFRhIJJrGRCcOe/vAit06pr+PasXLvK4yiiQ3SETpCLzlEN3aAGaiKKMvSMXtGb9WS9WO/Wx6y1YOUz++hPWZ8/5DmUIg==</latexit>

Sutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov
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Value Iteration methods

v⇡(s) = Ea⇠⇡(a|s)[Gt|St = s]
<latexit sha1_base64="TWeW+8ZlEGsEUQYXx5UxXXHZj2o=">AAACGXicbZDLSgMxFIYz9VbrrerSTbAI7abMiKCbSkFElxXtBTrDkEnTNjRzITlTKNO+hhtfxY0LRVzqyrcx03ahrQcCH/9/Djnn9yLBFZjmt5FZWV1b38hu5ra2d3b38vsHDRXGkrI6DUUoWx5RTPCA1YGDYK1IMuJ7gjW9wVXqN4dMKh4GDzCKmOOTXsC7nBLQkps3h64d8aIq4Qq2fQJ9z0uuJ25CbMX91CFjVZq0b1wY37tQUY6bL5hlc1p4Gaw5FNC8am7+0+6ENPZZAFQQpdqWGYGTEAmcCjbJ2bFiEaED0mNtjQHxmXKS6WUTfKKVDu6GUr8A8FT9PZEQX6mR7+nOdHm16KXif147hu6Fk/AgioEFdPZRNxYYQpzGhDtcMgpipIFQyfWumPaJJBR0mDkdgrV48jI0TsuW5ruzQvVyHkcWHaFjVEQWOkdVdItqqI4oekTP6BW9GU/Gi/FufMxaM8Z85hD9KePrB9QSoDA=</latexit><latexit sha1_base64="TWeW+8ZlEGsEUQYXx5UxXXHZj2o=">AAACGXicbZDLSgMxFIYz9VbrrerSTbAI7abMiKCbSkFElxXtBTrDkEnTNjRzITlTKNO+hhtfxY0LRVzqyrcx03ahrQcCH/9/Djnn9yLBFZjmt5FZWV1b38hu5ra2d3b38vsHDRXGkrI6DUUoWx5RTPCA1YGDYK1IMuJ7gjW9wVXqN4dMKh4GDzCKmOOTXsC7nBLQkps3h64d8aIq4Qq2fQJ9z0uuJ25CbMX91CFjVZq0b1wY37tQUY6bL5hlc1p4Gaw5FNC8am7+0+6ENPZZAFQQpdqWGYGTEAmcCjbJ2bFiEaED0mNtjQHxmXKS6WUTfKKVDu6GUr8A8FT9PZEQX6mR7+nOdHm16KXif147hu6Fk/AgioEFdPZRNxYYQpzGhDtcMgpipIFQyfWumPaJJBR0mDkdgrV48jI0TsuW5ruzQvVyHkcWHaFjVEQWOkdVdItqqI4oekTP6BW9GU/Gi/FufMxaM8Z85hD9KePrB9QSoDA=</latexit><latexit sha1_base64="TWeW+8ZlEGsEUQYXx5UxXXHZj2o=">AAACGXicbZDLSgMxFIYz9VbrrerSTbAI7abMiKCbSkFElxXtBTrDkEnTNjRzITlTKNO+hhtfxY0LRVzqyrcx03ahrQcCH/9/Djnn9yLBFZjmt5FZWV1b38hu5ra2d3b38vsHDRXGkrI6DUUoWx5RTPCA1YGDYK1IMuJ7gjW9wVXqN4dMKh4GDzCKmOOTXsC7nBLQkps3h64d8aIq4Qq2fQJ9z0uuJ25CbMX91CFjVZq0b1wY37tQUY6bL5hlc1p4Gaw5FNC8am7+0+6ENPZZAFQQpdqWGYGTEAmcCjbJ2bFiEaED0mNtjQHxmXKS6WUTfKKVDu6GUr8A8FT9PZEQX6mR7+nOdHm16KXif147hu6Fk/AgioEFdPZRNxYYQpzGhDtcMgpipIFQyfWumPaJJBR0mDkdgrV48jI0TsuW5ruzQvVyHkcWHaFjVEQWOkdVdItqqI4oekTP6BW9GU/Gi/FufMxaM8Z85hD9KePrB9QSoDA=</latexit><latexit sha1_base64="TWeW+8ZlEGsEUQYXx5UxXXHZj2o=">AAACGXicbZDLSgMxFIYz9VbrrerSTbAI7abMiKCbSkFElxXtBTrDkEnTNjRzITlTKNO+hhtfxY0LRVzqyrcx03ahrQcCH/9/Djnn9yLBFZjmt5FZWV1b38hu5ra2d3b38vsHDRXGkrI6DUUoWx5RTPCA1YGDYK1IMuJ7gjW9wVXqN4dMKh4GDzCKmOOTXsC7nBLQkps3h64d8aIq4Qq2fQJ9z0uuJ25CbMX91CFjVZq0b1wY37tQUY6bL5hlc1p4Gaw5FNC8am7+0+6ENPZZAFQQpdqWGYGTEAmcCjbJ2bFiEaED0mNtjQHxmXKS6WUTfKKVDu6GUr8A8FT9PZEQX6mR7+nOdHm16KXif147hu6Fk/AgioEFdPZRNxYYQpzGhDtcMgpipIFQyfWumPaJJBR0mDkdgrV48jI0TsuW5ruzQvVyHkcWHaFjVEQWOkdVdItqqI4oekTP6BW9GU/Gi/FufMxaM8Z85hD9KePrB9QSoDA=</latexit>

• value function: expected total return under the policy             from state⇡(a|s)
<latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit><latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit><latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit><latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit>

s
<latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit><latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit><latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit><latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit>

• action-value (or Q-) function: expected total return under the policy 
    starting from state    and taking action   : 

⇡(a|s)
<latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit><latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit><latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit><latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit>

a
<latexit sha1_base64="pnH3fb39GuwVtb7fIwVD94R3tZs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrSQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwBwiuM4Q==</latexit><latexit sha1_base64="pnH3fb39GuwVtb7fIwVD94R3tZs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrSQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwBwiuM4Q==</latexit><latexit sha1_base64="pnH3fb39GuwVtb7fIwVD94R3tZs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrSQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwBwiuM4Q==</latexit><latexit sha1_base64="pnH3fb39GuwVtb7fIwVD94R3tZs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrSQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwBwiuM4Q==</latexit>

s
<latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit><latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit><latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit><latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit>

Q⇡(s, a) = Ea⇠⇡(a|s)[Gt|St = s,At = a]
<latexit sha1_base64="Wphj7ia40w3vqpRBvdkqKb3QgAs="></latexit>

Gt = Rt+1 +Gt+1
<latexit sha1_base64="NtixoFPNtHrE++3Bg+DOxwuw438=">AAAB/nicbZDNSgMxFIUz9a/Wv1Fx5SZYBKFQZkTQjVJwUZdVbC20w5BJM21oJjMkd4QyFHwVNy4UcetzuPNtTNtZaOuFkI9z7iU3J0gE1+A431ZhaXllda24XtrY3NresXf3WjpOFWVNGotYtQOimeCSNYGDYO1EMRIFgj0Ew+uJ//DIlOaxvIdRwryI9CUPOSVgJN8+qPuAL/Gdn0HFHVfqs9u3y07VmRZeBDeHMsqr4dtf3V5M04hJoIJo3XGdBLyMKOBUsHGpm2qWEDokfdYxKEnEtJdN1x/jY6P0cBgrcyTgqfp7IiOR1qMoMJ0RgYGe9ybif14nhfDCy7hMUmCSzh4KU4EhxpMscI8rRkGMDBCquNkV0wFRhIJJrGRCcOe/vAit06pr+PasXLvK4yiiQ3SETpCLzlEN3aAGaiKKMvSMXtGb9WS9WO/Wx6y1YOUz++hPWZ8/5DmUIg==</latexit><latexit sha1_base64="NtixoFPNtHrE++3Bg+DOxwuw438=">AAAB/nicbZDNSgMxFIUz9a/Wv1Fx5SZYBKFQZkTQjVJwUZdVbC20w5BJM21oJjMkd4QyFHwVNy4UcetzuPNtTNtZaOuFkI9z7iU3J0gE1+A431ZhaXllda24XtrY3NresXf3WjpOFWVNGotYtQOimeCSNYGDYO1EMRIFgj0Ew+uJ//DIlOaxvIdRwryI9CUPOSVgJN8+qPuAL/Gdn0HFHVfqs9u3y07VmRZeBDeHMsqr4dtf3V5M04hJoIJo3XGdBLyMKOBUsHGpm2qWEDokfdYxKEnEtJdN1x/jY6P0cBgrcyTgqfp7IiOR1qMoMJ0RgYGe9ybif14nhfDCy7hMUmCSzh4KU4EhxpMscI8rRkGMDBCquNkV0wFRhIJJrGRCcOe/vAit06pr+PasXLvK4yiiQ3SETpCLzlEN3aAGaiKKMvSMXtGb9WS9WO/Wx6y1YOUz++hPWZ8/5DmUIg==</latexit><latexit sha1_base64="NtixoFPNtHrE++3Bg+DOxwuw438=">AAAB/nicbZDNSgMxFIUz9a/Wv1Fx5SZYBKFQZkTQjVJwUZdVbC20w5BJM21oJjMkd4QyFHwVNy4UcetzuPNtTNtZaOuFkI9z7iU3J0gE1+A431ZhaXllda24XtrY3NresXf3WjpOFWVNGotYtQOimeCSNYGDYO1EMRIFgj0Ew+uJ//DIlOaxvIdRwryI9CUPOSVgJN8+qPuAL/Gdn0HFHVfqs9u3y07VmRZeBDeHMsqr4dtf3V5M04hJoIJo3XGdBLyMKOBUsHGpm2qWEDokfdYxKEnEtJdN1x/jY6P0cBgrcyTgqfp7IiOR1qMoMJ0RgYGe9ybif14nhfDCy7hMUmCSzh4KU4EhxpMscI8rRkGMDBCquNkV0wFRhIJJrGRCcOe/vAit06pr+PasXLvK4yiiQ3SETpCLzlEN3aAGaiKKMvSMXtGb9WS9WO/Wx6y1YOUz++hPWZ8/5DmUIg==</latexit><latexit sha1_base64="NtixoFPNtHrE++3Bg+DOxwuw438=">AAAB/nicbZDNSgMxFIUz9a/Wv1Fx5SZYBKFQZkTQjVJwUZdVbC20w5BJM21oJjMkd4QyFHwVNy4UcetzuPNtTNtZaOuFkI9z7iU3J0gE1+A431ZhaXllda24XtrY3NresXf3WjpOFWVNGotYtQOimeCSNYGDYO1EMRIFgj0Ew+uJ//DIlOaxvIdRwryI9CUPOSVgJN8+qPuAL/Gdn0HFHVfqs9u3y07VmRZeBDeHMsqr4dtf3V5M04hJoIJo3XGdBLyMKOBUsHGpm2qWEDokfdYxKEnEtJdN1x/jY6P0cBgrcyTgqfp7IiOR1qMoMJ0RgYGe9ybif14nhfDCy7hMUmCSzh4KU4EhxpMscI8rRkGMDBCquNkV0wFRhIJJrGRCcOe/vAit06pr+PasXLvK4yiiQ3SETpCLzlEN3aAGaiKKMvSMXtGb9WS9WO/Wx6y1YOUz++hPWZ8/5DmUIg==</latexit>

MPI-PKSSutton and Barto, Reinforcement Learning: an Introduction, MIT press
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Value Iteration methods

v⇡(s) = Ea⇠⇡(a|s)[Gt|St = s]
<latexit sha1_base64="TWeW+8ZlEGsEUQYXx5UxXXHZj2o=">AAACGXicbZDLSgMxFIYz9VbrrerSTbAI7abMiKCbSkFElxXtBTrDkEnTNjRzITlTKNO+hhtfxY0LRVzqyrcx03ahrQcCH/9/Djnn9yLBFZjmt5FZWV1b38hu5ra2d3b38vsHDRXGkrI6DUUoWx5RTPCA1YGDYK1IMuJ7gjW9wVXqN4dMKh4GDzCKmOOTXsC7nBLQkps3h64d8aIq4Qq2fQJ9z0uuJ25CbMX91CFjVZq0b1wY37tQUY6bL5hlc1p4Gaw5FNC8am7+0+6ENPZZAFQQpdqWGYGTEAmcCjbJ2bFiEaED0mNtjQHxmXKS6WUTfKKVDu6GUr8A8FT9PZEQX6mR7+nOdHm16KXif147hu6Fk/AgioEFdPZRNxYYQpzGhDtcMgpipIFQyfWumPaJJBR0mDkdgrV48jI0TsuW5ruzQvVyHkcWHaFjVEQWOkdVdItqqI4oekTP6BW9GU/Gi/FufMxaM8Z85hD9KePrB9QSoDA=</latexit><latexit sha1_base64="TWeW+8ZlEGsEUQYXx5UxXXHZj2o=">AAACGXicbZDLSgMxFIYz9VbrrerSTbAI7abMiKCbSkFElxXtBTrDkEnTNjRzITlTKNO+hhtfxY0LRVzqyrcx03ahrQcCH/9/Djnn9yLBFZjmt5FZWV1b38hu5ra2d3b38vsHDRXGkrI6DUUoWx5RTPCA1YGDYK1IMuJ7gjW9wVXqN4dMKh4GDzCKmOOTXsC7nBLQkps3h64d8aIq4Qq2fQJ9z0uuJ25CbMX91CFjVZq0b1wY37tQUY6bL5hlc1p4Gaw5FNC8am7+0+6ENPZZAFQQpdqWGYGTEAmcCjbJ2bFiEaED0mNtjQHxmXKS6WUTfKKVDu6GUr8A8FT9PZEQX6mR7+nOdHm16KXif147hu6Fk/AgioEFdPZRNxYYQpzGhDtcMgpipIFQyfWumPaJJBR0mDkdgrV48jI0TsuW5ruzQvVyHkcWHaFjVEQWOkdVdItqqI4oekTP6BW9GU/Gi/FufMxaM8Z85hD9KePrB9QSoDA=</latexit><latexit sha1_base64="TWeW+8ZlEGsEUQYXx5UxXXHZj2o=">AAACGXicbZDLSgMxFIYz9VbrrerSTbAI7abMiKCbSkFElxXtBTrDkEnTNjRzITlTKNO+hhtfxY0LRVzqyrcx03ahrQcCH/9/Djnn9yLBFZjmt5FZWV1b38hu5ra2d3b38vsHDRXGkrI6DUUoWx5RTPCA1YGDYK1IMuJ7gjW9wVXqN4dMKh4GDzCKmOOTXsC7nBLQkps3h64d8aIq4Qq2fQJ9z0uuJ25CbMX91CFjVZq0b1wY37tQUY6bL5hlc1p4Gaw5FNC8am7+0+6ENPZZAFQQpdqWGYGTEAmcCjbJ2bFiEaED0mNtjQHxmXKS6WUTfKKVDu6GUr8A8FT9PZEQX6mR7+nOdHm16KXif147hu6Fk/AgioEFdPZRNxYYQpzGhDtcMgpipIFQyfWumPaJJBR0mDkdgrV48jI0TsuW5ruzQvVyHkcWHaFjVEQWOkdVdItqqI4oekTP6BW9GU/Gi/FufMxaM8Z85hD9KePrB9QSoDA=</latexit><latexit sha1_base64="TWeW+8ZlEGsEUQYXx5UxXXHZj2o=">AAACGXicbZDLSgMxFIYz9VbrrerSTbAI7abMiKCbSkFElxXtBTrDkEnTNjRzITlTKNO+hhtfxY0LRVzqyrcx03ahrQcCH/9/Djnn9yLBFZjmt5FZWV1b38hu5ra2d3b38vsHDRXGkrI6DUUoWx5RTPCA1YGDYK1IMuJ7gjW9wVXqN4dMKh4GDzCKmOOTXsC7nBLQkps3h64d8aIq4Qq2fQJ9z0uuJ25CbMX91CFjVZq0b1wY37tQUY6bL5hlc1p4Gaw5FNC8am7+0+6ENPZZAFQQpdqWGYGTEAmcCjbJ2bFiEaED0mNtjQHxmXKS6WUTfKKVDu6GUr8A8FT9PZEQX6mR7+nOdHm16KXif147hu6Fk/AgioEFdPZRNxYYQpzGhDtcMgpipIFQyfWumPaJJBR0mDkdgrV48jI0TsuW5ruzQvVyHkcWHaFjVEQWOkdVdItqqI4oekTP6BW9GU/Gi/FufMxaM8Z85hD9KePrB9QSoDA=</latexit>

• value function: expected total return under the policy             from state⇡(a|s)
<latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit><latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit><latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit><latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit>

s
<latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit><latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit><latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit><latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit>

• action-value (or Q-) function: expected total return under the policy 
    starting from state    and taking action   : 

⇡(a|s)
<latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit><latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit><latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit><latexit sha1_base64="Y9OO2uo8CkCXZcJ6ZF4j4fZ5xsE=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEI9VISEfQkBS8eK9gPaEPZbCft0s0m7m6EEvsnvHhQxKt/x5v/xm2bg7a+sPDwzgw78waJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M661HVJrH8t6ME/QjOpA85Iwaa7W7Ca/QJ33WK5XdqjsTWQYvhzLkqvdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWJQ0Qu1ns30n5NQ6fRLGyj5pyMz9PZHRSOtxFNjOiJqhXqxNzf9qndSEV37GZZIalGz+UZgKYmIyPZ70uUJmxNgCZYrbXQkbUkWZsREVbQje4snL0DyvepbvLsq16zyOAhzDCVTAg0uowS3UoQEMBDzDK7w5D86L8+58zFtXnHzmCP7I+fwBiI+PnA==</latexit>

a
<latexit sha1_base64="pnH3fb39GuwVtb7fIwVD94R3tZs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrSQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwBwiuM4Q==</latexit><latexit sha1_base64="pnH3fb39GuwVtb7fIwVD94R3tZs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrSQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwBwiuM4Q==</latexit><latexit sha1_base64="pnH3fb39GuwVtb7fIwVD94R3tZs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrSQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwBwiuM4Q==</latexit><latexit sha1_base64="pnH3fb39GuwVtb7fIwVD94R3tZs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrSQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwBwiuM4Q==</latexit>

s
<latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit><latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit><latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit><latexit sha1_base64="UaBPgCG29FHz51kIJX7jqfNAZ8o=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEepJCl48tmA/oA1ls520azebsLsRSugv8OJBEa/+JG/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5YOZJuhHdCR5yBk11mrqQbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh/ZV1bPcvK7Ub/M4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7I+fwB3XOM8w==</latexit>

Q⇡(s, a) = Ea⇠⇡(a|s)[Gt|St = s,At = a]
<latexit sha1_base64="Wphj7ia40w3vqpRBvdkqKb3QgAs="></latexit>

optimal action-value function: Q⇤(s, a) = max
⇡

Q⇡(s, a)
<latexit sha1_base64="o6h8i4Xe6rHBa1Ko71Cpm/pBcCo=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0WoICVRQTdKwY3LFuwDmhBuppN26OTBzEQspWs3/oobF4q49Qvc+TdO0i60euBeDufcy8w9fsKZVJb1ZRQWFpeWV4qrpbX1jc0tc3unJeNUENokMY9FxwdJOYtoUzHFaScRFEKf07Y/vM789h0VksXRrRol1A2hH7GAEVBa8sz9hueAVBV5DEf4Ejsh3HtOwnAj67nqmWWrauXAf4k9I2U0Q90zP51eTNKQRopwkLJrW4lyxyAUI5xOSk4qaQJkCH3a1TSCkEp3nJ8ywYda6eEgFroihXP158YYQilHoa8nQ1ADOe9l4n9eN1XBhTtmUZIqGpHpQ0HKsYpxlgvuMUGJ4iNNgAim/4rJAAQQpdMr6RDs+ZP/ktZJ1T6tWo2zcu1qFkcR7aEDVEE2Okc1dIPqqIkIekBP6AW9Go/Gs/FmvE9HC8ZsZxf9gvHxDSgYmKE=</latexit>

⇡⇤(a|s) = argmaxaQ⇤(s, a)
<latexit sha1_base64="GsAeUiPnvD49Gfs+DJQFeMyGYIk=">AAACFHicbVDLSgMxFM3UV62vqks3wSK0KGVGBd0oBTcuW7AP6AzDnTRtQ5OZIcmIZexHuPFX3LhQxK0Ld/6N6WOh1QOBwzn33tx7gpgzpW37y8osLC4tr2RXc2vrG5tb+e2dhooSSWidRDySrQAU5Sykdc00p61YUhABp81gcDX2m7dUKhaFN3oYU09AL2RdRkAbyc8fujHzXVC6CPeqdOEK0H0pUpA9AXcjH3Bt6qojKPn5gl22J8B/iTMjBTRD1c9/up2IJIKGmnBQqu3YsfbMcM0Ip6OcmygaAxlAj7YNDUFQ5aWTo0b4wCgd3I2keaHGE/VnRwpCqaEITOV4aTXvjcX/vHaiu+deysI40TQk04+6Ccc6wuOEcIdJSjQfGgJEMrMrJn2QQLTJMWdCcOZP/ksax2XnpGzXTguVy1kcWbSH9lEROegMVdA1qqI6IugBPaEX9Go9Ws/Wm/U+Lc1Ys55d9AvWxzdOb55P</latexit>

Bellman’s equation: Q⇤(s, a) =
X

s0

p(s0|s, a)
h
r(s, s0, a) + max

a0
Q⇤(s

0, a0)
i

<latexit sha1_base64="/Rz94RTwGeYqCJC4M0zPbrp8HBM="></latexit>

MPI-PKS

Gt = Rt+1 +Gt+1
<latexit sha1_base64="NtixoFPNtHrE++3Bg+DOxwuw438=">AAAB/nicbZDNSgMxFIUz9a/Wv1Fx5SZYBKFQZkTQjVJwUZdVbC20w5BJM21oJjMkd4QyFHwVNy4UcetzuPNtTNtZaOuFkI9z7iU3J0gE1+A431ZhaXllda24XtrY3NresXf3WjpOFWVNGotYtQOimeCSNYGDYO1EMRIFgj0Ew+uJ//DIlOaxvIdRwryI9CUPOSVgJN8+qPuAL/Gdn0HFHVfqs9u3y07VmRZeBDeHMsqr4dtf3V5M04hJoIJo3XGdBLyMKOBUsHGpm2qWEDokfdYxKEnEtJdN1x/jY6P0cBgrcyTgqfp7IiOR1qMoMJ0RgYGe9ybif14nhfDCy7hMUmCSzh4KU4EhxpMscI8rRkGMDBCquNkV0wFRhIJJrGRCcOe/vAit06pr+PasXLvK4yiiQ3SETpCLzlEN3aAGaiKKMvSMXtGb9WS9WO/Wx6y1YOUz++hPWZ8/5DmUIg==</latexit><latexit sha1_base64="NtixoFPNtHrE++3Bg+DOxwuw438=">AAAB/nicbZDNSgMxFIUz9a/Wv1Fx5SZYBKFQZkTQjVJwUZdVbC20w5BJM21oJjMkd4QyFHwVNy4UcetzuPNtTNtZaOuFkI9z7iU3J0gE1+A431ZhaXllda24XtrY3NresXf3WjpOFWVNGotYtQOimeCSNYGDYO1EMRIFgj0Ew+uJ//DIlOaxvIdRwryI9CUPOSVgJN8+qPuAL/Gdn0HFHVfqs9u3y07VmRZeBDeHMsqr4dtf3V5M04hJoIJo3XGdBLyMKOBUsHGpm2qWEDokfdYxKEnEtJdN1x/jY6P0cBgrcyTgqfp7IiOR1qMoMJ0RgYGe9ybif14nhfDCy7hMUmCSzh4KU4EhxpMscI8rRkGMDBCquNkV0wFRhIJJrGRCcOe/vAit06pr+PasXLvK4yiiQ3SETpCLzlEN3aAGaiKKMvSMXtGb9WS9WO/Wx6y1YOUz++hPWZ8/5DmUIg==</latexit><latexit sha1_base64="NtixoFPNtHrE++3Bg+DOxwuw438=">AAAB/nicbZDNSgMxFIUz9a/Wv1Fx5SZYBKFQZkTQjVJwUZdVbC20w5BJM21oJjMkd4QyFHwVNy4UcetzuPNtTNtZaOuFkI9z7iU3J0gE1+A431ZhaXllda24XtrY3NresXf3WjpOFWVNGotYtQOimeCSNYGDYO1EMRIFgj0Ew+uJ//DIlOaxvIdRwryI9CUPOSVgJN8+qPuAL/Gdn0HFHVfqs9u3y07VmRZeBDeHMsqr4dtf3V5M04hJoIJo3XGdBLyMKOBUsHGpm2qWEDokfdYxKEnEtJdN1x/jY6P0cBgrcyTgqfp7IiOR1qMoMJ0RgYGe9ybif14nhfDCy7hMUmCSzh4KU4EhxpMscI8rRkGMDBCquNkV0wFRhIJJrGRCcOe/vAit06pr+PasXLvK4yiiQ3SETpCLzlEN3aAGaiKKMvSMXtGb9WS9WO/Wx6y1YOUz++hPWZ8/5DmUIg==</latexit><latexit sha1_base64="NtixoFPNtHrE++3Bg+DOxwuw438=">AAAB/nicbZDNSgMxFIUz9a/Wv1Fx5SZYBKFQZkTQjVJwUZdVbC20w5BJM21oJjMkd4QyFHwVNy4UcetzuPNtTNtZaOuFkI9z7iU3J0gE1+A431ZhaXllda24XtrY3NresXf3WjpOFWVNGotYtQOimeCSNYGDYO1EMRIFgj0Ew+uJ//DIlOaxvIdRwryI9CUPOSVgJN8+qPuAL/Gdn0HFHVfqs9u3y07VmRZeBDeHMsqr4dtf3V5M04hJoIJo3XGdBLyMKOBUsHGpm2qWEDokfdYxKEnEtJdN1x/jY6P0cBgrcyTgqfp7IiOR1qMoMJ0RgYGe9ybif14nhfDCy7hMUmCSzh4KU4EhxpMscI8rRkGMDBCquNkV0wFRhIJJrGRCcOe/vAit06pr+PasXLvK4yiiQ3SETpCLzlEN3aAGaiKKMvSMXtGb9WS9WO/Wx6y1YOUz++hPWZ8/5DmUIg==</latexit>

Sutton and Barto, Reinforcement Learning: an Introduction, MIT press

Value function methods

Marín Bukov



Meaning of Q-function

assign a value to each state

<latexit sha1_base64="YxX1gAZVGA35bWuxJa3el/ank1k="></latexit>

Q(s, a) = Ea⇠⇡[Rt+1 + · · ·+Rtf |S0 = s,A0 = a]

• first step deterministic, then follow policy

MPI-PKSSutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov



assign a value to each state

<latexit sha1_base64="YxX1gAZVGA35bWuxJa3el/ank1k="></latexit>

Q(s, a) = Ea⇠⇡[Rt+1 + · · ·+Rtf |S0 = s,A0 = a]

Stf
<latexit sha1_base64="soELFQ6viKPgSNMJS17gSQdVPgs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0JMUvHisaG2hDWGz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzXiLJTLRnZAaLoXiLRQoeSfVnMah5O1wdDP1209cG5GoBxyn3I/pQIlIMIpWat8HOQbRJKjW3Lo7A1kmXkFqUKAZVL96/YRlMVfIJDWm67kp+jnVKJjkk0ovMzylbEQHvGupojE3fj47d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vG6G0ZWfC5VmyBWbL4oySTAh099JX2jOUI4toUwLeythQ6opQ5tQxYbgLb68TB7P6t553b27qDWuizjKcATHcAoeXEIDbqEJLWAwgmd4hTcndV6cd+dj3lpyiplD+APn8wd11Y+h</latexit>

<latexit sha1_base64="2XM1LAQUC4aGveV6RTlCGQInsCk=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4seyWop6k4MVjFfsh7bJk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dldW19Y7OwVdze2d3bLx0ctnScKkKbJOax6oRYU84kbRpmOO0kimIRctoORzdTv/1ElWaxfDDjhPoCDySLGMHGSo/3QWaC6Lw6CUplt+LOgJaJl5My5GgEpa9ePyapoNIQjrXuem5i/Awrwwink2Iv1TTBZIQHtGupxIJqP5sdPEGnVumjKFa2pEEz9fdEhoXWYxHaToHNUC96U/E/r5ua6MrPmExSQyWZL4pSjkyMpt+jPlOUGD62BBPF7K2IDLHCxNiMijYEb/HlZdKqVryLSu2uVq5f53EU4BhO4Aw8uIQ63EIDmkBAwDO8wpujnBfn3fmYt644+cwR/IHz+QNV0pAa</latexit>

Rtf�2
<latexit sha1_base64="Gk63w7fYxYscSIJLx8ScPN7MQZg=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BIvgxbIrRT1JwYvHKvZD2mXJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL0wEN+C6305hZXVtfaO4Wdra3tndK+8ftEycasqaNBax7oTEMMEVawIHwTqJZkSGgrXD0c3Ubz8xbXisHmCcMF+SgeIRpwSs9HgfZBBEZ94kKFfcqjsDXiZeTiooRyMof/X6MU0lU0AFMabruQn4GdHAqWCTUi81LCF0RAasa6kikhk/mx08wSdW6eMo1rYU4Jn6eyIj0pixDG2nJDA0i95U/M/rphBd+RlXSQpM0fmiKBUYYjz9Hve5ZhTE2BJCNbe3YjokmlCwGZVsCN7iy8ukdV71Lqq1u1qlfp3HUURH6BidIg9dojq6RQ3URBRJ9Ixe0ZujnRfn3fmYtxacfOYQ/YHz+QNUTZAZ</latexit>

Rtf�1
<latexit sha1_base64="dZ4tamnLCK+fpJTqO9LbTyzU1RQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFYxX5AG8pmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWaj/0M+yH03654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzc6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJlWwI3vLLq6R1UfUuq7X7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx84nz92j4+n</latexit>

Rtf

<latexit sha1_base64="zIBvR5atcFCfwsAsexF7/RoK+yY=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BIvgxbIrRT1JwYvHivZD2mXJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL0wEN+C6305hZXVtfaO4Wdra3tndK+8ftEycasqaNBax7oTEMMEVawIHwTqJZkSGgrXD0c3Ubz8xbXisHmCcMF+SgeIRpwSs9HgfZBBEZ94kKFfcqjsDXiZeTiooRyMof/X6MU0lU0AFMabruQn4GdHAqWCTUi81LCF0RAasa6kikhk/mx08wSdW6eMo1rYU4Jn6eyIj0pixDG2nJDA0i95U/M/rphBd+RlXSQpM0fmiKBUYYjz9Hve5ZhTE2BJCNbe3YjokmlCwGZVsCN7iy8ukdV71Lqq1u1qlfp3HUURH6BidIg9dojq6RQ3URBRJ9Ixe0ZujnRfn3fmYtxacfOYQ/YHz+QNV2ZAa</latexit>

Stf�1
<latexit sha1_base64="HVoBk7JqDmnLOGWsq3yD3Ubwoig=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4seyWop6k4MVjRfsh7bJk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dldW19Y7OwVdze2d3bLx0ctnScKkKbJOax6oRYU84kbRpmOO0kimIRctoORzdTv/1ElWaxfDDjhPoCDySLGMHGSo/3QWaC6Lw6CUplt+LOgJaJl5My5GgEpa9ePyapoNIQjrXuem5i/Awrwwink2Iv1TTBZIQHtGupxIJqP5sdPEGnVumjKFa2pEEz9fdEhoXWYxHaToHNUC96U/E/r5ua6MrPmExSQyWZL4pSjkyMpt+jPlOUGD62BBPF7K2IDLHCxNiMijYEb/HlZdKqVryLSu2uVq5f53EU4BhO4Aw8uIQ63EIDmkBAwDO8wpujnBfn3fmYt644+cwR/IHz+QNXXpAb</latexit>

Stf�2

<latexit sha1_base64="0OCvT/D8Zv9YI2LMg6KqCh5lETo=">AAAB8HicbVBNSwMxEM36WetX1aOXYBG8WHa1qCcpePFY0X5IuyzZNNuGJtklmRXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhYngBlz321laXlldWy9sFDe3tnd2S3v7TROnmrIGjUWs2yExTHDFGsBBsHaiGZGhYK1weDPxW09MGx6rBxglzJekr3jEKQErPd4HGQTR6fk4KJXdijsFXiReTsooRz0ofXV7MU0lU0AFMabjuQn4GdHAqWDjYjc1LCF0SPqsY6kikhk/mx48xsdW6eEo1rYU4Kn6eyIj0piRDG2nJDAw895E/M/rpBBd+RlXSQpM0dmiKBUYYjz5Hve4ZhTEyBJCNbe3YjogmlCwGRVtCN78y4ukeVbxLirVu2q5dp3HUUCH6AidIA9dohq6RXXUQBRJ9Ixe0ZujnRfn3fmYtS45+cwB+gPn8wdY45Ac</latexit>

Stf�3

<latexit sha1_base64="Bdp7FLeixIOlPBWowIqrB2qCR2Q=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4sexqUU9S8eKxgv2QdlmyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhQln2rjut7O0vLK6tl7YKG5ube/slvb2mzpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2Fw9uJ33qiSrNYPphRQn2B+5JFjGBjpcebIDNBdHo+Dkplt+JOgRaJl5My5KgHpa9uLyapoNIQjrXueG5i/Awrwwin42I31TTBZIj7tGOpxIJqP5sePEbHVumhKFa2pEFT9fdEhoXWIxHaToHNQM97E/E/r5Oa6MrPmExSQyWZLYpSjkyMJt+jHlOUGD6yBBPF7K2IDLDCxNiMijYEb/7lRdI8q3gXlep9tVy7zuMowCEcwQl4cAk1uIM6NICAgGd4hTdHOS/Ou/Mxa11y8pkD+APn8wc9C5AK</latexit>

Atf�3
<latexit sha1_base64="a7yH1WXxtomzPxDdojFVNU7wFzQ=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4seyWop6k4sVjBfsh7bJk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dldW19Y7OwVdze2d3bLx0ctnScKkKbJOax6oRYU84kbRpmOO0kimIRctoOR7dTv/1ElWaxfDDjhPoCDySLGMHGSo83QWaC6Lw6CUplt+LOgJaJl5My5GgEpa9ePyapoNIQjrXuem5i/Awrwwink2Iv1TTBZIQHtGupxIJqP5sdPEGnVumjKFa2pEEz9fdEhoXWYxHaToHNUC96U/E/r5ua6MrPmExSQyWZL4pSjkyMpt+jPlOUGD62BBPF7K2IDLHCxNiMijYEb/HlZdKqVryLSu2+Vq5f53EU4BhO4Aw8uIQ63EEDmkBAwDO8wpujnBfn3fmYt644+cwR/IHz+QM7hpAJ</latexit>

Atf�2
<latexit sha1_base64="pFWeDQeuyAJKCMQWR2hXC2t8RvQ=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BIvgxbIrRT1JxYvHCvZD2mXJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL0wEN+C6305hZXVtfaO4Wdra3tndK+8ftEycasqaNBax7oTEMMEVawIHwTqJZkSGgrXD0e3Ubz8xbXisHmCcMF+SgeIRpwSs9HgTZBBEZ94kKFfcqjsDXiZeTiooRyMof/X6MU0lU0AFMabruQn4GdHAqWCTUi81LCF0RAasa6kikhk/mx08wSdW6eMo1rYU4Jn6eyIj0pixDG2nJDA0i95U/M/rphBd+RlXSQpM0fmiKBUYYjz9Hve5ZhTE2BJCNbe3YjokmlCwGZVsCN7iy8ukdV71Lqq1+1qlfp3HUURH6BidIg9dojq6Qw3URBRJ9Ixe0ZujnRfn3fmYtxacfOYQ/YHz+QM6AZAI</latexit>

Atf�1

• first step deterministic, then follow policy

MPI-PKS

Meaning of Q-function

Sutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov



assign a value to each state

<latexit sha1_base64="YxX1gAZVGA35bWuxJa3el/ank1k="></latexit>

Q(s, a) = Ea⇠⇡[Rt+1 + · · ·+Rtf |S0 = s,A0 = a]

Stf
<latexit sha1_base64="soELFQ6viKPgSNMJS17gSQdVPgs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0JMUvHisaG2hDWGz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzXiLJTLRnZAaLoXiLRQoeSfVnMah5O1wdDP1209cG5GoBxyn3I/pQIlIMIpWat8HOQbRJKjW3Lo7A1kmXkFqUKAZVL96/YRlMVfIJDWm67kp+jnVKJjkk0ovMzylbEQHvGupojE3fj47d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vG6G0ZWfC5VmyBWbL4oySTAh099JX2jOUI4toUwLeythQ6opQ5tQxYbgLb68TB7P6t553b27qDWuizjKcATHcAoeXEIDbqEJLWAwgmd4hTcndV6cd+dj3lpyiplD+APn8wd11Y+h</latexit>

<latexit sha1_base64="dZ4tamnLCK+fpJTqO9LbTyzU1RQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFYxX5AG8pmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWaj/0M+yH03654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzc6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJlWwI3vLLq6R1UfUuq7X7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx84nz92j4+n</latexit>

Rtf

<latexit sha1_base64="zIBvR5atcFCfwsAsexF7/RoK+yY=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BIvgxbIrRT1JwYvHivZD2mXJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL0wEN+C6305hZXVtfaO4Wdra3tndK+8ftEycasqaNBax7oTEMMEVawIHwTqJZkSGgrXD0c3Ubz8xbXisHmCcMF+SgeIRpwSs9HgfZBBEZ94kKFfcqjsDXiZeTiooRyMof/X6MU0lU0AFMabruQn4GdHAqWCTUi81LCF0RAasa6kikhk/mx08wSdW6eMo1rYU4Jn6eyIj0pixDG2nJDA0i95U/M/rphBd+RlXSQpM0fmiKBUYYjz9Hve5ZhTE2BJCNbe3YjokmlCwGZVsCN7iy8ukdV71Lqq1u1qlfp3HUURH6BidIg9dojq6RQ3URBRJ9Ixe0ZujnRfn3fmYtxacfOYQ/YHz+QNV2ZAa</latexit>

Stf�1

<latexit sha1_base64="pFWeDQeuyAJKCMQWR2hXC2t8RvQ=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BIvgxbIrRT1JxYvHCvZD2mXJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL0wEN+C6305hZXVtfaO4Wdra3tndK+8ftEycasqaNBax7oTEMMEVawIHwTqJZkSGgrXD0e3Ubz8xbXisHmCcMF+SgeIRpwSs9HgTZBBEZ94kKFfcqjsDXiZeTiooRyMof/X6MU0lU0AFMabruQn4GdHAqWCTUi81LCF0RAasa6kikhk/mx08wSdW6eMo1rYU4Jn6eyIj0pixDG2nJDA0i95U/M/rphBd+RlXSQpM0fmiKBUYYjz9Hve5ZhTE2BJCNbe3YjokmlCwGZVsCN7iy8ukdV71Lqq1+1qlfp3HUURH6BidIg9dojq6Qw3URBRJ9Ixe0ZujnRfn3fmYtxacfOYQ/YHz+QM6AZAI</latexit>

Atf�1

<latexit sha1_base64="ywDLdSryrEamfyyTUNMNC+EyQFM=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQJuhoZagXZeLF46buBbZR0izdwtK0JKkwSq9e/CpePCji1W/gzW9j1lXQ6R8Cv/yf5yF5/m7IqFSW9Wnk5uYXFpfyy4WV1bX1DXNzqymDSGDSwAELRNtFkjDKSUNRxUg7FAT5LiMtd3Q5qbfuiJA04LdqHJKejwacehQjpS3HhPXSjRMrxzu0k4OLb9qHZ/A6vSSOWbTKVir4F+wMiiBTzTE/uv0ARz7hCjMkZce2QtWLkVAUM5IUupEkIcIjNCAdjRz5RPbidJME7mmnD71A6MMVTN2fEzHypRz7ru70kRrK2drE/K/WiZR32ospDyNFOJ4+5EUMqgBOYoF9KghWbKwBYUH1XyEeIoGw0uEVdAj27Mp/oXlUto/LlXqlWD3P4siDHbALSsAGJ6AKrkANNAAG9+ARPIMX48F4Ml6Nt2lrzshmtsEvGe9f39KYjQ==</latexit>

Q(Stf�1, Atf�1) = Rtf

• first step deterministic, then follow policy

MPI-PKS

Meaning of Q-function

Sutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov



assign a value to each state

<latexit sha1_base64="YxX1gAZVGA35bWuxJa3el/ank1k="></latexit>

Q(s, a) = Ea⇠⇡[Rt+1 + · · ·+Rtf |S0 = s,A0 = a]

Stf
<latexit sha1_base64="soELFQ6viKPgSNMJS17gSQdVPgs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0JMUvHisaG2hDWGz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzXiLJTLRnZAaLoXiLRQoeSfVnMah5O1wdDP1209cG5GoBxyn3I/pQIlIMIpWat8HOQbRJKjW3Lo7A1kmXkFqUKAZVL96/YRlMVfIJDWm67kp+jnVKJjkk0ovMzylbEQHvGupojE3fj47d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vG6G0ZWfC5VmyBWbL4oySTAh099JX2jOUI4toUwLeythQ6opQ5tQxYbgLb68TB7P6t553b27qDWuizjKcATHcAoeXEIDbqEJLWAwgmd4hTcndV6cd+dj3lpyiplD+APn8wd11Y+h</latexit>

<latexit sha1_base64="Gk63w7fYxYscSIJLx8ScPN7MQZg=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BIvgxbIrRT1JwYvHKvZD2mXJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL0wEN+C6305hZXVtfaO4Wdra3tndK+8ftEycasqaNBax7oTEMMEVawIHwTqJZkSGgrXD0c3Ubz8xbXisHmCcMF+SgeIRpwSs9HgfZBBEZ94kKFfcqjsDXiZeTiooRyMof/X6MU0lU0AFMabruQn4GdHAqWCTUi81LCF0RAasa6kikhk/mx08wSdW6eMo1rYU4Jn6eyIj0pixDG2nJDA0i95U/M/rphBd+RlXSQpM0fmiKBUYYjz9Hve5ZhTE2BJCNbe3YjokmlCwGZVsCN7iy8ukdV71Lqq1u1qlfp3HUURH6BidIg9dojq6RQ3URBRJ9Ixe0ZujnRfn3fmYtxacfOYQ/YHz+QNUTZAZ</latexit>

Rtf�1
<latexit sha1_base64="dZ4tamnLCK+fpJTqO9LbTyzU1RQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFYxX5AG8pmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWaj/0M+yH03654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzc6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJlWwI3vLLq6R1UfUuq7X7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx84nz92j4+n</latexit>

Rtf

<latexit sha1_base64="zIBvR5atcFCfwsAsexF7/RoK+yY=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BIvgxbIrRT1JwYvHivZD2mXJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL0wEN+C6305hZXVtfaO4Wdra3tndK+8ftEycasqaNBax7oTEMMEVawIHwTqJZkSGgrXD0c3Ubz8xbXisHmCcMF+SgeIRpwSs9HgfZBBEZ94kKFfcqjsDXiZeTiooRyMof/X6MU0lU0AFMabruQn4GdHAqWCTUi81LCF0RAasa6kikhk/mx08wSdW6eMo1rYU4Jn6eyIj0pixDG2nJDA0i95U/M/rphBd+RlXSQpM0fmiKBUYYjz9Hve5ZhTE2BJCNbe3YjokmlCwGZVsCN7iy8ukdV71Lqq1u1qlfp3HUURH6BidIg9dojq6RQ3URBRJ9Ixe0ZujnRfn3fmYtxacfOYQ/YHz+QNV2ZAa</latexit>

Stf�1
<latexit sha1_base64="HVoBk7JqDmnLOGWsq3yD3Ubwoig=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4seyWop6k4MVjRfsh7bJk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dldW19Y7OwVdze2d3bLx0ctnScKkKbJOax6oRYU84kbRpmOO0kimIRctoORzdTv/1ElWaxfDDjhPoCDySLGMHGSo/3QWaC6Lw6CUplt+LOgJaJl5My5GgEpa9ePyapoNIQjrXuem5i/Awrwwink2Iv1TTBZIQHtGupxIJqP5sdPEGnVumjKFa2pEEz9fdEhoXWYxHaToHNUC96U/E/r5ua6MrPmExSQyWZL4pSjkyMpt+jPlOUGD62BBPF7K2IDLHCxNiMijYEb/HlZdKqVryLSu2uVq5f53EU4BhO4Aw8uIQ63EIDmkBAwDO8wpujnBfn3fmYt644+cwR/IHz+QNXXpAb</latexit>

Stf�2

<latexit sha1_base64="a7yH1WXxtomzPxDdojFVNU7wFzQ=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4seyWop6k4sVjBfsh7bJk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dldW19Y7OwVdze2d3bLx0ctnScKkKbJOax6oRYU84kbRpmOO0kimIRctoOR7dTv/1ElWaxfDDjhPoCDySLGMHGSo83QWaC6Lw6CUplt+LOgJaJl5My5GgEpa9ePyapoNIQjrXuem5i/Awrwwink2Iv1TTBZIQHtGupxIJqP5sdPEGnVumjKFa2pEEz9fdEhoXWYxHaToHNUC96U/E/r5ua6MrPmExSQyWZL4pSjkyMpt+jPlOUGD62BBPF7K2IDLHCxNiMijYEb/HlZdKqVryLSu2+Vq5f53EU4BhO4Aw8uIQ63EEDmkBAwDO8wpujnBfn3fmYt644+cwR/IHz+QM7hpAJ</latexit>

Atf�2
<latexit sha1_base64="pFWeDQeuyAJKCMQWR2hXC2t8RvQ=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BIvgxbIrRT1JxYvHCvZD2mXJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL0wEN+C6305hZXVtfaO4Wdra3tndK+8ftEycasqaNBax7oTEMMEVawIHwTqJZkSGgrXD0e3Ubz8xbXisHmCcMF+SgeIRpwSs9HgTZBBEZ94kKFfcqjsDXiZeTiooRyMof/X6MU0lU0AFMabruQn4GdHAqWCTUi81LCF0RAasa6kikhk/mx08wSdW6eMo1rYU4Jn6eyIj0pixDG2nJDA0i95U/M/rphBd+RlXSQpM0fmiKBUYYjz9Hve5ZhTE2BJCNbe3YjokmlCwGZVsCN7iy8ukdV71Lqq1+1qlfp3HUURH6BidIg9dojq6Qw3URBRJ9Ixe0ZujnRfn3fmYtxacfOYQ/YHz+QM6AZAI</latexit>

Atf�1

<latexit sha1_base64="ywDLdSryrEamfyyTUNMNC+EyQFM=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQJuhoZagXZeLF46buBbZR0izdwtK0JKkwSq9e/CpePCji1W/gzW9j1lXQ6R8Cv/yf5yF5/m7IqFSW9Wnk5uYXFpfyy4WV1bX1DXNzqymDSGDSwAELRNtFkjDKSUNRxUg7FAT5LiMtd3Q5qbfuiJA04LdqHJKejwacehQjpS3HhPXSjRMrxzu0k4OLb9qHZ/A6vSSOWbTKVir4F+wMiiBTzTE/uv0ARz7hCjMkZce2QtWLkVAUM5IUupEkIcIjNCAdjRz5RPbidJME7mmnD71A6MMVTN2fEzHypRz7ru70kRrK2drE/K/WiZR32ospDyNFOJ4+5EUMqgBOYoF9KghWbKwBYUH1XyEeIoGw0uEVdAj27Mp/oXlUto/LlXqlWD3P4siDHbALSsAGJ6AKrkANNAAG9+ARPIMX48F4Ml6Nt2lrzshmtsEvGe9f39KYjQ==</latexit>

Q(Stf�1, Atf�1) = Rtf

<latexit sha1_base64="/ro2WkOEuo9l3RASIJENSVku+qE=">AAACFXicbZDLSgMxFIYz9VbrbdSlm2ARKtYyU4q6USpuXLZqL9AOQybNtKGZC0lGKMO8hBtfxY0LRdwK7nwb03YEbf0h8OU/55Cc3wkZFdIwvrTMwuLS8kp2Nbe2vrG5pW/vNEUQcUwaOGABbztIEEZ90pBUMtIOOUGew0jLGV6N6617wgUN/Ds5Conlob5PXYqRVJatF+uFWzuWtntcToqXP3QIz+HN9GIm8CjlxNbzRsmYCM6DmUIepKrZ+me3F+DII77EDAnRMY1QWjHikmJGklw3EiREeIj6pKPQRx4RVjzZKoEHyulBN+Dq+BJO3N8TMfKEGHmO6vSQHIjZ2tj8r9aJpHtmxdQPI0l8PH3IjRiUARxHBHuUEyzZSAHCnKq/QjxAHGGpgsypEMzZleehWS6ZJ6VKvZKvXqRxZMEe2AcFYIJTUAXXoAYaAIMH8ARewKv2qD1rb9r7tDWjpTO74I+0j2/AbJyy</latexit>

Q(Stf�2, Atf�2) = Rtf�1 +Rtf

• first step deterministic, then follow policy

MPI-PKS

Meaning of Q-function

Sutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov



assign a value to each state

<latexit sha1_base64="YxX1gAZVGA35bWuxJa3el/ank1k="></latexit>

Q(s, a) = Ea⇠⇡[Rt+1 + · · ·+Rtf |S0 = s,A0 = a]

Stf
<latexit sha1_base64="soELFQ6viKPgSNMJS17gSQdVPgs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0JMUvHisaG2hDWGz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzXiLJTLRnZAaLoXiLRQoeSfVnMah5O1wdDP1209cG5GoBxyn3I/pQIlIMIpWat8HOQbRJKjW3Lo7A1kmXkFqUKAZVL96/YRlMVfIJDWm67kp+jnVKJjkk0ovMzylbEQHvGupojE3fj47d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vG6G0ZWfC5VmyBWbL4oySTAh099JX2jOUI4toUwLeythQ6opQ5tQxYbgLb68TB7P6t553b27qDWuizjKcATHcAoeXEIDbqEJLWAwgmd4hTcndV6cd+dj3lpyiplD+APn8wd11Y+h</latexit>

<latexit sha1_base64="2XM1LAQUC4aGveV6RTlCGQInsCk=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4seyWop6k4MVjFfsh7bJk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dldW19Y7OwVdze2d3bLx0ctnScKkKbJOax6oRYU84kbRpmOO0kimIRctoORzdTv/1ElWaxfDDjhPoCDySLGMHGSo/3QWaC6Lw6CUplt+LOgJaJl5My5GgEpa9ePyapoNIQjrXuem5i/Awrwwink2Iv1TTBZIQHtGupxIJqP5sdPEGnVumjKFa2pEEz9fdEhoXWYxHaToHNUC96U/E/r5ua6MrPmExSQyWZL4pSjkyMpt+jPlOUGD62BBPF7K2IDLHCxNiMijYEb/HlZdKqVryLSu2uVq5f53EU4BhO4Aw8uIQ63EIDmkBAwDO8wpujnBfn3fmYt644+cwR/IHz+QNV0pAa</latexit>

Rtf�2
<latexit sha1_base64="Gk63w7fYxYscSIJLx8ScPN7MQZg=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BIvgxbIrRT1JwYvHKvZD2mXJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL0wEN+C6305hZXVtfaO4Wdra3tndK+8ftEycasqaNBax7oTEMMEVawIHwTqJZkSGgrXD0c3Ubz8xbXisHmCcMF+SgeIRpwSs9HgfZBBEZ94kKFfcqjsDXiZeTiooRyMof/X6MU0lU0AFMabruQn4GdHAqWCTUi81LCF0RAasa6kikhk/mx08wSdW6eMo1rYU4Jn6eyIj0pixDG2nJDA0i95U/M/rphBd+RlXSQpM0fmiKBUYYjz9Hve5ZhTE2BJCNbe3YjokmlCwGZVsCN7iy8ukdV71Lqq1u1qlfp3HUURH6BidIg9dojq6RQ3URBRJ9Ixe0ZujnRfn3fmYtxacfOYQ/YHz+QNUTZAZ</latexit>

Rtf�1
<latexit sha1_base64="dZ4tamnLCK+fpJTqO9LbTyzU1RQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFYxX5AG8pmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWaj/0M+yH03654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzc6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJlWwI3vLLq6R1UfUuq7X7WqV+k8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx84nz92j4+n</latexit>

Rtf

<latexit sha1_base64="zIBvR5atcFCfwsAsexF7/RoK+yY=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BIvgxbIrRT1JwYvHivZD2mXJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL0wEN+C6305hZXVtfaO4Wdra3tndK+8ftEycasqaNBax7oTEMMEVawIHwTqJZkSGgrXD0c3Ubz8xbXisHmCcMF+SgeIRpwSs9HgfZBBEZ94kKFfcqjsDXiZeTiooRyMof/X6MU0lU0AFMabruQn4GdHAqWCTUi81LCF0RAasa6kikhk/mx08wSdW6eMo1rYU4Jn6eyIj0pixDG2nJDA0i95U/M/rphBd+RlXSQpM0fmiKBUYYjz9Hve5ZhTE2BJCNbe3YjokmlCwGZVsCN7iy8ukdV71Lqq1u1qlfp3HUURH6BidIg9dojq6RQ3URBRJ9Ixe0ZujnRfn3fmYtxacfOYQ/YHz+QNV2ZAa</latexit>

Stf�1
<latexit sha1_base64="HVoBk7JqDmnLOGWsq3yD3Ubwoig=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4seyWop6k4MVjRfsh7bJk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dldW19Y7OwVdze2d3bLx0ctnScKkKbJOax6oRYU84kbRpmOO0kimIRctoORzdTv/1ElWaxfDDjhPoCDySLGMHGSo/3QWaC6Lw6CUplt+LOgJaJl5My5GgEpa9ePyapoNIQjrXuem5i/Awrwwink2Iv1TTBZIQHtGupxIJqP5sdPEGnVumjKFa2pEEz9fdEhoXWYxHaToHNUC96U/E/r5ua6MrPmExSQyWZL4pSjkyMpt+jPlOUGD62BBPF7K2IDLHCxNiMijYEb/HlZdKqVryLSu2uVq5f53EU4BhO4Aw8uIQ63EIDmkBAwDO8wpujnBfn3fmYt644+cwR/IHz+QNXXpAb</latexit>

Stf�2

<latexit sha1_base64="0OCvT/D8Zv9YI2LMg6KqCh5lETo=">AAAB8HicbVBNSwMxEM36WetX1aOXYBG8WHa1qCcpePFY0X5IuyzZNNuGJtklmRXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhYngBlz321laXlldWy9sFDe3tnd2S3v7TROnmrIGjUWs2yExTHDFGsBBsHaiGZGhYK1weDPxW09MGx6rBxglzJekr3jEKQErPd4HGQTR6fk4KJXdijsFXiReTsooRz0ofXV7MU0lU0AFMabjuQn4GdHAqWDjYjc1LCF0SPqsY6kikhk/mx48xsdW6eEo1rYU4Kn6eyIj0piRDG2nJDAw895E/M/rpBBd+RlXSQpM0dmiKBUYYjz5Hve4ZhTEyBJCNbe3YjogmlCwGRVtCN78y4ukeVbxLirVu2q5dp3HUUCH6AidIA9dohq6RXXUQBRJ9Ixe0ZujnRfn3fmYtS45+cwB+gPn8wdY45Ac</latexit>

Stf�3

<latexit sha1_base64="Bdp7FLeixIOlPBWowIqrB2qCR2Q=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4sexqUU9S8eKxgv2QdlmyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhQln2rjut7O0vLK6tl7YKG5ube/slvb2mzpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2Fw9uJ33qiSrNYPphRQn2B+5JFjGBjpcebIDNBdHo+Dkplt+JOgRaJl5My5KgHpa9uLyapoNIQjrXueG5i/Awrwwin42I31TTBZIj7tGOpxIJqP5sePEbHVumhKFa2pEFT9fdEhoXWIxHaToHNQM97E/E/r5Oa6MrPmExSQyWZLYpSjkyMJt+jHlOUGD6yBBPF7K2IDLDCxNiMijYEb/7lRdI8q3gXlep9tVy7zuMowCEcwQl4cAk1uIM6NICAgGd4hTdHOS/Ou/Mxa11y8pkD+APn8wc9C5AK</latexit>

Atf�3
<latexit sha1_base64="a7yH1WXxtomzPxDdojFVNU7wFzQ=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4seyWop6k4sVjBfsh7bJk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dldW19Y7OwVdze2d3bLx0ctnScKkKbJOax6oRYU84kbRpmOO0kimIRctoOR7dTv/1ElWaxfDDjhPoCDySLGMHGSo83QWaC6Lw6CUplt+LOgJaJl5My5GgEpa9ePyapoNIQjrXuem5i/Awrwwink2Iv1TTBZIQHtGupxIJqP5sdPEGnVumjKFa2pEEz9fdEhoXWYxHaToHNUC96U/E/r5ua6MrPmExSQyWZL4pSjkyMpt+jPlOUGD62BBPF7K2IDLHCxNiMijYEb/HlZdKqVryLSu2+Vq5f53EU4BhO4Aw8uIQ63EEDmkBAwDO8wpujnBfn3fmYt644+cwR/IHz+QM7hpAJ</latexit>

Atf�2
<latexit sha1_base64="pFWeDQeuyAJKCMQWR2hXC2t8RvQ=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BIvgxbIrRT1JxYvHCvZD2mXJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL0wEN+C6305hZXVtfaO4Wdra3tndK+8ftEycasqaNBax7oTEMMEVawIHwTqJZkSGgrXD0e3Ubz8xbXisHmCcMF+SgeIRpwSs9HgTZBBEZ94kKFfcqjsDXiZeTiooRyMof/X6MU0lU0AFMabruQn4GdHAqWCTUi81LCF0RAasa6kikhk/mx08wSdW6eMo1rYU4Jn6eyIj0pixDG2nJDA0i95U/M/rphBd+RlXSQpM0fmiKBUYYjz9Hve5ZhTE2BJCNbe3YjokmlCwGZVsCN7iy8ukdV71Lqq1+1qlfp3HUURH6BidIg9dojq6Qw3URBRJ9Ixe0ZujnRfn3fmYtxacfOYQ/YHz+QM6AZAI</latexit>

Atf�1

<latexit sha1_base64="ywDLdSryrEamfyyTUNMNC+EyQFM=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQJuhoZagXZeLF46buBbZR0izdwtK0JKkwSq9e/CpePCji1W/gzW9j1lXQ6R8Cv/yf5yF5/m7IqFSW9Wnk5uYXFpfyy4WV1bX1DXNzqymDSGDSwAELRNtFkjDKSUNRxUg7FAT5LiMtd3Q5qbfuiJA04LdqHJKejwacehQjpS3HhPXSjRMrxzu0k4OLb9qHZ/A6vSSOWbTKVir4F+wMiiBTzTE/uv0ARz7hCjMkZce2QtWLkVAUM5IUupEkIcIjNCAdjRz5RPbidJME7mmnD71A6MMVTN2fEzHypRz7ru70kRrK2drE/K/WiZR32ospDyNFOJ4+5EUMqgBOYoF9KghWbKwBYUH1XyEeIoGw0uEVdAj27Mp/oXlUto/LlXqlWD3P4siDHbALSsAGJ6AKrkANNAAG9+ARPIMX48F4Ml6Nt2lrzshmtsEvGe9f39KYjQ==</latexit>

Q(Stf�1, Atf�1) = Rtf

<latexit sha1_base64="/ro2WkOEuo9l3RASIJENSVku+qE=">AAACFXicbZDLSgMxFIYz9VbrbdSlm2ARKtYyU4q6USpuXLZqL9AOQybNtKGZC0lGKMO8hBtfxY0LRdwK7nwb03YEbf0h8OU/55Cc3wkZFdIwvrTMwuLS8kp2Nbe2vrG5pW/vNEUQcUwaOGABbztIEEZ90pBUMtIOOUGew0jLGV6N6617wgUN/Ds5Conlob5PXYqRVJatF+uFWzuWtntcToqXP3QIz+HN9GIm8CjlxNbzRsmYCM6DmUIepKrZ+me3F+DII77EDAnRMY1QWjHikmJGklw3EiREeIj6pKPQRx4RVjzZKoEHyulBN+Dq+BJO3N8TMfKEGHmO6vSQHIjZ2tj8r9aJpHtmxdQPI0l8PH3IjRiUARxHBHuUEyzZSAHCnKq/QjxAHGGpgsypEMzZleehWS6ZJ6VKvZKvXqRxZMEe2AcFYIJTUAXXoAYaAIMH8ARewKv2qD1rb9r7tDWjpTO74I+0j2/AbJyy</latexit>

Q(Stf�2, Atf�2) = Rtf�1 +Rtf

<latexit sha1_base64="StENlvr7aHWv7fP41kgMyTcXptE=">AAACIXicbZDLSgMxFIYzXmu9jbp0EyxCRS0ztWg3SsWNy1btBdoyZNJMG5q5kGSEMsyruPFV3LhQpDvxZUzbKWrrD4Ev/zmH5Px2wKiQhvGpLSwuLa+sptbS6xubW9v6zm5N+CHHpIp95vOGjQRh1CNVSSUjjYAT5NqM1O3+zahefyRcUN97kIOAtF3U9ahDMZLKsvRiJXtvRdJyTs/ik+spHcFLeDe55GN4PGXzh2NLzxg5Yyw4D2YCGZCobOnDVsfHoUs8iRkSomkagWxHiEuKGYnTrVCQAOE+6pKmQg+5RLSj8YYxPFROBzo+V8eTcOz+noiQK8TAtVWni2RPzNZG5n+1ZiidYjuiXhBK4uHJQ07IoPThKC7YoZxgyQYKEOZU/RXiHuIISxVqWoVgzq48D7V8zjzPFSqFTOkqiSMF9sEByAITXIASuAVlUAUYPIEX8AbetWftVfvQhpPWBS2Z2QN/pH19A8/1oNg=</latexit>

Q(Stf�3, Atf�3) = Rtf�2 +Rtf�1 +Rtf

• first step deterministic, then follow policy

MPI-PKS

Meaning of Q-function

Sutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov



Q-Learning

assign a value to each state
<latexit sha1_base64="YxX1gAZVGA35bWuxJa3el/ank1k="></latexit>

Q(s, a) = Ea⇠⇡[Rt+1 + · · ·+Rtf |S0 = s,A0 = a]

• first step deterministic, then follow policy

<latexit sha1_base64="9yUSZ5EwfjArM1nWWgTJdNHbY2U=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAiSNiVoJ4k4MVjAuYByRJmJ51kyOzsMjMrhCUf4cWDIl79Hm/+jZNkD5pY0FBUddPdFcSCa+O6387a+sbm1nZuJ7+7t39wWDg6buooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfD/zW0+oNI/ko5nE6Id0KPmAM2qs1KqX9CW9IL1C0S27c5BV4mWkCBlqvcJXtx+xJERpmKBadzw3Nn5KleFM4DTfTTTGlI3pEDuWShqi9tP5uVNybpU+GUTKljRkrv6eSGmo9SQMbGdIzUgvezPxP6+TmMGtn3IZJwYlWywaJIKYiMx+J32ukBkxsYQyxe2thI2ooszYhPI2BG/55VXSvCp71+VKvVKs3mVx5OAUzqAEHtxAFR6gBg1gMIZneIU3J3ZenHfnY9G65mQzJ/AHzucPv6eOhw==</latexit>

Q(s, a)
<latexit sha1_base64="cA4Vj5UNfZoES7i28M+pwipYcrM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JNUvHisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mnGCfkQHkoecUWOlh5ue1ytX3Ko7A1kmXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLy6R5VvUuquf355XadR5HEY7gGE7Bg0uowR3UoQEMBvAMr/DmCOfFeXc+5q0FJ585hD9wPn8AuZGNbg==</latexit>

A1

<latexit sha1_base64="gNp/+a2iPKm/fGYYOVBiBiqmqOQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoJ4k4sVjRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5aMYJ+hEdSB5yRo2VHm56lV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeGVP+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3L1vlqqXWdx5OEETuEcPLiEGtxBHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MHuxWNbw==</latexit>

A2
<latexit sha1_base64="HhOfRurHruQjIgavb25BuhySbpY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqUE8S8eIxonlAsoTZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqd+8wmV5pF8NOMY/ZAOJO9zRo2VHm66591iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSOCt7F+XKfaVUvc7iyMMRHMMpeHAJVbiDGtSBwQCe4RXeHOG8OO/Ox7w152Qzh/AHzucPvJmNcA==</latexit>

A3

<latexit sha1_base64="Ac72qfkkeIsg1wy+kJvZbaGRvi4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHis1H5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDfz209cGxGrR5wk3I/oUIlQMIpWajT6Xr9ccavuHGSVeDmpQI56v/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVdK6qHpX1cuHy0rtNo+jCCdwCufgwTXU4B7q0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz/U/Y2A</latexit>

S1

<latexit sha1_base64="E8O2nPJOWmlIp5zibS2NiEWe29Q=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoJ4k4MVjJOYByRJmJ7PJkNnZZaZXCCGf4MWDIl79Im/+jZNkD5pY0FBUddPdFSRSGHTdbye3sbm1vZPfLeztHxweFY9PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8d3cbz9xbUSsHnGScD+iQyVCwShaqdHoV/rFklt2FyDrxMtICTLU+8Wv3iBmacQVMkmN6Xpugv6UahRM8lmhlxqeUDamQ961VNGIG3+6OHVGLqwyIGGsbSkkC/X3xJRGxkyiwHZGFEdm1ZuL/3ndFMMbfypUkiJXbLkoTCXBmMz/JgOhOUM5sYQyLeythI2opgxtOgUbgrf68jppVcreVbn6UC3VbrM48nAG53AJHlxDDe6hDk1gMIRneIU3RzovzrvzsWzNOdnMKfyB8/kD1oGNgQ==</latexit>

S2

<latexit sha1_base64="QoLzbFv1hBxugnC1ShDOxGheaA4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqUE8S8OIxEvOAZAmzk9lkyOzsMtMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6G7mt564NiJWjzhOuB/RgRKhYBStVK/3LnvFklt25yCrxMtICTLUesWvbj9macQVMkmN6Xhugv6EahRM8mmhmxqeUDaiA96xVNGIG38yP3VKzqzSJ2GsbSkkc/X3xIRGxoyjwHZGFIdm2ZuJ/3mdFMMbfyJUkiJXbLEoTCXBmMz+Jn2hOUM5toQyLeythA2ppgxtOgUbgrf88ippXpS9q3LloVKq3mZx5OEETuEcPLiGKtxDDRrAYADP8ApvjnRenHfnY9Gac7KZY/gD5/MH2AWNgg==</latexit>

S3

<latexit sha1_base64="d1HVuuxz7DhD5BNGQeXYoIOWUEQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkVXycJePEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7wlRwbTzv2ymsrK6tbxQ3S1vbO7t75f2Dhk4yxbDOEpGoVkg1Ci6xbrgR2EoV0jgU2AyHt1O/+YRK80Q+mlGKQUz7kkecUWOlB9+96JYrnuvNQJaJn5MK5Kh1y1+dXsKyGKVhgmrd9r3UBGOqDGcCJ6VOpjGlbEj72LZU0hh1MJ6dOiEnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/89qZia6DMZdpZlCy+aIoE8QkZPo36XGFzIiRJZQpbm8lbEAVZcamU7Ih+IsvL5PGmetfuuf355XqTR5HEY7gGE7Bhyuowh3UoA4M+vAMr/DmCOfFeXc+5q0FJ585hD9wPn8AXMyNMQ==</latexit>

1.5
<latexit sha1_base64="6kOmYsyQq3v7H62/rKfC8nBuPhI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWerioev1yxa26c5BV4uWkAjka/fJXbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JmVUGJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbz2M6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWXV0nLxnVZrd3XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gBYQo0u</latexit>

2.1
<latexit sha1_base64="qubwTb1rU86xdkYIGNhGqCvaoQ4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkVXycJePEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7wlRwbTzv2ymsrK6tbxQ3S1vbO7t75f2Dhk4yxbDOEpGoVkg1Ci6xbrgR2EoV0jgU2AyHt1O/+YRK80Q+mlGKQUz7kkecUWOlB8+96JYrnuvNQJaJn5MK5Kh1y1+dXsKyGKVhgmrd9r3UBGOqDGcCJ6VOpjGlbEj72LZU0hh1MJ6dOiEnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/89qZia6DMZdpZlCy+aIoE8QkZPo36XGFzIiRJZQpbm8lbEAVZcamU7Ih+IsvL5PGmetfuuf355XqTR5HEY7gGE7Bhyuowh3UoA4M+vAMr/DmCOfFeXc+5q0FJ585hD9wPn8AW0aNMA==</latexit>

0.5

<latexit sha1_base64="SQWbyJdLPPtP3gEJrA7qZhUzhxY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hKUU9S8OKxoq2FNpTNdtIu3WzC7kYopT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMC1PBtfG8b6ewtr6xuVXcLu3s7u0flA+PWjrJFMMmS0Si2iHVKLjEpuFGYDtVSONQ4GM4upn5j0+oNE/kgxmnGMR0IHnEGTVWuvfcaq9c8VxvDrJK/JxUIEejV/7q9hOWxSgNE1Trju+lJphQZTgTOC11M40pZSM6wI6lksaog8n81Ck5s0qfRImyJQ2Zq78nJjTWehyHtjOmZqiXvZn4n9fJTHQVTLhMM4OSLRZFmSAmIbO/SZ8rZEaMLaFMcXsrYUOqKDM2nZINwV9+eZW0qq5/4dbuapX6dR5HEU7gFM7Bh0uowy00oAkMBvAMr/DmCOfFeXc+Fq0FJ585hj9wPn8AVrqNLQ==</latexit>

0.2
<latexit sha1_base64="Cga/mXSYbvyp8F5iwF8MUoj4ID8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0i0qCcpePFY0X5AG8pmu2mXbjZhdyKU0p/gxYMiXv1F3vw3btsctPpg4PHeDDPzwlQKg5735RRWVtfWN4qbpa3tnd298v5B0ySZZrzBEpnodkgNl0LxBgqUvJ1qTuNQ8lY4upn5rUeujUjUA45THsR0oEQkGEUr3fvuea9c8VxvDvKX+DmpQI56r/zZ7Scsi7lCJqkxHd9LMZhQjYJJPi11M8NTykZ0wDuWKhpzE0zmp07JiVX6JEq0LYVkrv6cmNDYmHEc2s6Y4tAsezPxP6+TYXQVTIRKM+SKLRZFmSSYkNnfpC80ZyjHllCmhb2VsCHVlKFNp2RD8Jdf/kuaZ65/4VbvqpXadR5HEY7gGE7Bh0uowS3UoQEMBvAEL/DqSOfZeXPeF60FJ585hF9wPr4BWcSNLw==</latexit>

1.3
<latexit sha1_base64="xhmermioW1+jxlGXekiqX3T0WQ0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0gkqCcpePFY0X5AG8pmu2mX7m7C7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMi1LOtPG8b6e0tr6xuVXeruzs7u0fVA+PWjrJFKFNkvBEdSKsKWeSNg0znHZSRbGIOG1H49uZ336iSrNEPppJSkOBh5LFjGBjpYfADfrVmud6c6BV4hekBgUa/epXb5CQTFBpCMdad30vNWGOlWGE02mll2maYjLGQ9q1VGJBdZjPT52iM6sMUJwoW9Kgufp7IsdC64mIbKfAZqSXvZn4n9fNTHwd5kymmaGSLBbFGUcmQbO/0YApSgyfWIKJYvZWREZYYWJsOhUbgr/88ippXbj+pRvcB7X6TRFHGU7gFM7Bhyuowx00oAkEhvAMr/DmcOfFeXc+Fq0lp5g5hj9wPn8AX9qNMw==</latexit>

4.4

<latexit sha1_base64="lBJbR9JGEu4X296RTxr+kwMcjUU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkV8XGRgBePEc0DkiXMTnqTIbOzy8ysEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0wF18bzvp3Cyura+kZxs7S1vbO7V94/aOgkUwzrLBGJaoVUo+AS64Ybga1UIY1Dgc1weDv1m0+oNE/koxmlGMS0L3nEGTVWevDc62654rneDGSZ+DmpQI5at/zV6SUsi1EaJqjWbd9LTTCmynAmcFLqZBpTyoa0j21LJY1RB+PZqRNyYpUeiRJlSxoyU39PjGms9SgObWdMzUAvelPxP6+dmegqGHOZZgYlmy+KMkFMQqZ/kx5XyIwYWUKZ4vZWwgZUUWZsOiUbgr/48jJpnLn+hXt+f16p3uRxFOEIjuEUfLiEKtxBDerAoA/P8ApvjnBenHfnY95acPKZQ/gD5/MHYVaNNA==</latexit>

0.9
<latexit sha1_base64="l490JlbgII7nEeBWCBF2DxhMULk=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgadm1RT1JwYvHivYD2qVk02wbms0uSVYoS3+CFw+KePUXefPfmLZ70NYHA4/3ZpiZFySCa+O636iwtr6xuVXcLu3s7u0flA+PWjpOFWVNGotYdQKimeCSNQ03gnUSxUgUCNYOxrczv/3ElOaxfDSThPkRGUoeckqMlR6qTrVfrriOOwdeJV5OKpCj0S9/9QYxTSMmDRVE667nJsbPiDKcCjYt9VLNEkLHZMi6lkoSMe1n81On+MwqAxzGypY0eK7+nshIpPUkCmxnRMxIL3sz8T+vm5rw2s+4TFLDJF0sClOBTYxnf+MBV4waMbGEUMXtrZiOiCLU2HRKNgRv+eVV0rpwvEundl+r1G/yOIpwAqdwDh5cQR3uoAFNoDCEZ3iFNyTQC3pHH4vWAspnjuEP0OcPXNCNMQ==</latexit>

3.3
<latexit sha1_base64="lBJbR9JGEu4X296RTxr+kwMcjUU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkV8XGRgBePEc0DkiXMTnqTIbOzy8ysEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0wF18bzvp3Cyura+kZxs7S1vbO7V94/aOgkUwzrLBGJaoVUo+AS64Ybga1UIY1Dgc1weDv1m0+oNE/koxmlGMS0L3nEGTVWevDc62654rneDGSZ+DmpQI5at/zV6SUsi1EaJqjWbd9LTTCmynAmcFLqZBpTyoa0j21LJY1RB+PZqRNyYpUeiRJlSxoyU39PjGms9SgObWdMzUAvelPxP6+dmegqGHOZZgYlmy+KMkFMQqZ/kx5XyIwYWUKZ4vZWwgZUUWZsOiUbgr/48jJpnLn+hXt+f16p3uRxFOEIjuEUfLiEKtxBDerAoA/P8ApvjnBenHfnY95acPKZQ/gD5/MHYVaNNA==</latexit>

0.9
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Q-Learning

assign a value to each state
<latexit sha1_base64="YxX1gAZVGA35bWuxJa3el/ank1k="></latexit>

Q(s, a) = Ea⇠⇡[Rt+1 + · · ·+Rtf |S0 = s,A0 = a]

• first step deterministic, then follow policy

<latexit sha1_base64="9yUSZ5EwfjArM1nWWgTJdNHbY2U=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAiSNiVoJ4k4MVjAuYByRJmJ51kyOzsMjMrhCUf4cWDIl79Hm/+jZNkD5pY0FBUddPdFcSCa+O6387a+sbm1nZuJ7+7t39wWDg6buooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfD/zW0+oNI/ko5nE6Id0KPmAM2qs1KqX9CW9IL1C0S27c5BV4mWkCBlqvcJXtx+xJERpmKBadzw3Nn5KleFM4DTfTTTGlI3pEDuWShqi9tP5uVNybpU+GUTKljRkrv6eSGmo9SQMbGdIzUgvezPxP6+TmMGtn3IZJwYlWywaJIKYiMx+J32ukBkxsYQyxe2thI2ooszYhPI2BG/55VXSvCp71+VKvVKs3mVx5OAUzqAEHtxAFR6gBg1gMIZneIU3J3ZenHfnY9G65mQzJ/AHzucPv6eOhw==</latexit>

Q(s, a)
<latexit sha1_base64="cA4Vj5UNfZoES7i28M+pwipYcrM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JNUvHisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mnGCfkQHkoecUWOlh5ue1ytX3Ko7A1kmXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLy6R5VvUuquf355XadR5HEY7gGE7Bg0uowR3UoQEMBvAMr/DmCOfFeXc+5q0FJ585hD9wPn8AuZGNbg==</latexit>

A1

<latexit sha1_base64="gNp/+a2iPKm/fGYYOVBiBiqmqOQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoJ4k4sVjRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5aMYJ+hEdSB5yRo2VHm56lV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeGVP+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3L1vlqqXWdx5OEETuEcPLiEGtxBHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MHuxWNbw==</latexit>

A2
<latexit sha1_base64="HhOfRurHruQjIgavb25BuhySbpY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqUE8S8eIxonlAsoTZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqd+8wmV5pF8NOMY/ZAOJO9zRo2VHm66591iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSOCt7F+XKfaVUvc7iyMMRHMMpeHAJVbiDGtSBwQCe4RXeHOG8OO/Ox7w152Qzh/AHzucPvJmNcA==</latexit>

A3

<latexit sha1_base64="Ac72qfkkeIsg1wy+kJvZbaGRvi4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHis1H5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDfz209cGxGrR5wk3I/oUIlQMIpWajT6Xr9ccavuHGSVeDmpQI56v/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVdK6qHpX1cuHy0rtNo+jCCdwCufgwTXU4B7q0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz/U/Y2A</latexit>

S1

<latexit sha1_base64="E8O2nPJOWmlIp5zibS2NiEWe29Q=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoJ4k4MVjJOYByRJmJ7PJkNnZZaZXCCGf4MWDIl79Im/+jZNkD5pY0FBUddPdFSRSGHTdbye3sbm1vZPfLeztHxweFY9PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8d3cbz9xbUSsHnGScD+iQyVCwShaqdHoV/rFklt2FyDrxMtICTLU+8Wv3iBmacQVMkmN6Xpugv6UahRM8lmhlxqeUDamQ961VNGIG3+6OHVGLqwyIGGsbSkkC/X3xJRGxkyiwHZGFEdm1ZuL/3ndFMMbfypUkiJXbLkoTCXBmMz/JgOhOUM5sYQyLeythI2opgxtOgUbgrf68jppVcreVbn6UC3VbrM48nAG53AJHlxDDe6hDk1gMIRneIU3RzovzrvzsWzNOdnMKfyB8/kD1oGNgQ==</latexit>

S2

<latexit sha1_base64="QoLzbFv1hBxugnC1ShDOxGheaA4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqUE8S8OIxEvOAZAmzk9lkyOzsMtMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6G7mt564NiJWjzhOuB/RgRKhYBStVK/3LnvFklt25yCrxMtICTLUesWvbj9macQVMkmN6Xhugv6EahRM8mmhmxqeUDaiA96xVNGIG38yP3VKzqzSJ2GsbSkkc/X3xIRGxoyjwHZGFIdm2ZuJ/3mdFMMbfyJUkiJXbLEoTCXBmMz+Jn2hOUM5toQyLeythA2ppgxtOgUbgrf88ippXpS9q3LloVKq3mZx5OEETuEcPLiGKtxDDRrAYADP8ApvjnRenHfnY9Gac7KZY/gD5/MH2AWNgg==</latexit>

S3

<latexit sha1_base64="d1HVuuxz7DhD5BNGQeXYoIOWUEQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkVXycJePEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7wlRwbTzv2ymsrK6tbxQ3S1vbO7t75f2Dhk4yxbDOEpGoVkg1Ci6xbrgR2EoV0jgU2AyHt1O/+YRK80Q+mlGKQUz7kkecUWOlB9+96JYrnuvNQJaJn5MK5Kh1y1+dXsKyGKVhgmrd9r3UBGOqDGcCJ6VOpjGlbEj72LZU0hh1MJ6dOiEnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/89qZia6DMZdpZlCy+aIoE8QkZPo36XGFzIiRJZQpbm8lbEAVZcamU7Ih+IsvL5PGmetfuuf355XqTR5HEY7gGE7Bhyuowh3UoA4M+vAMr/DmCOfFeXc+5q0FJ585hD9wPn8AXMyNMQ==</latexit>

1.5
<latexit sha1_base64="6kOmYsyQq3v7H62/rKfC8nBuPhI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWerioev1yxa26c5BV4uWkAjka/fJXbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JmVUGJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbz2M6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWXV0nLxnVZrd3XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gBYQo0u</latexit>

2.1
<latexit sha1_base64="qubwTb1rU86xdkYIGNhGqCvaoQ4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkVXycJePEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7wlRwbTzv2ymsrK6tbxQ3S1vbO7t75f2Dhk4yxbDOEpGoVkg1Ci6xbrgR2EoV0jgU2AyHt1O/+YRK80Q+mlGKQUz7kkecUWOlB8+96JYrnuvNQJaJn5MK5Kh1y1+dXsKyGKVhgmrd9r3UBGOqDGcCJ6VOpjGlbEj72LZU0hh1MJ6dOiEnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/89qZia6DMZdpZlCy+aIoE8QkZPo36XGFzIiRJZQpbm8lbEAVZcamU7Ih+IsvL5PGmetfuuf355XqTR5HEY7gGE7Bhyuowh3UoA4M+vAMr/DmCOfFeXc+5q0FJ585hD9wPn8AW0aNMA==</latexit>

0.5

<latexit sha1_base64="SQWbyJdLPPtP3gEJrA7qZhUzhxY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hKUU9S8OKxoq2FNpTNdtIu3WzC7kYopT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMC1PBtfG8b6ewtr6xuVXcLu3s7u0flA+PWjrJFMMmS0Si2iHVKLjEpuFGYDtVSONQ4GM4upn5j0+oNE/kgxmnGMR0IHnEGTVWuvfcaq9c8VxvDrJK/JxUIEejV/7q9hOWxSgNE1Trju+lJphQZTgTOC11M40pZSM6wI6lksaog8n81Ck5s0qfRImyJQ2Zq78nJjTWehyHtjOmZqiXvZn4n9fJTHQVTLhMM4OSLRZFmSAmIbO/SZ8rZEaMLaFMcXsrYUOqKDM2nZINwV9+eZW0qq5/4dbuapX6dR5HEU7gFM7Bh0uowy00oAkMBvAMr/DmCOfFeXc+Fq0FJ585hj9wPn8AVrqNLQ==</latexit>

0.2
<latexit sha1_base64="Cga/mXSYbvyp8F5iwF8MUoj4ID8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0i0qCcpePFY0X5AG8pmu2mXbjZhdyKU0p/gxYMiXv1F3vw3btsctPpg4PHeDDPzwlQKg5735RRWVtfWN4qbpa3tnd298v5B0ySZZrzBEpnodkgNl0LxBgqUvJ1qTuNQ8lY4upn5rUeujUjUA45THsR0oEQkGEUr3fvuea9c8VxvDvKX+DmpQI56r/zZ7Scsi7lCJqkxHd9LMZhQjYJJPi11M8NTykZ0wDuWKhpzE0zmp07JiVX6JEq0LYVkrv6cmNDYmHEc2s6Y4tAsezPxP6+TYXQVTIRKM+SKLRZFmSSYkNnfpC80ZyjHllCmhb2VsCHVlKFNp2RD8Jdf/kuaZ65/4VbvqpXadR5HEY7gGE7Bh0uowS3UoQEMBvAEL/DqSOfZeXPeF60FJ585hF9wPr4BWcSNLw==</latexit>

1.3
<latexit sha1_base64="xhmermioW1+jxlGXekiqX3T0WQ0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0gkqCcpePFY0X5AG8pmu2mX7m7C7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMi1LOtPG8b6e0tr6xuVXeruzs7u0fVA+PWjrJFKFNkvBEdSKsKWeSNg0znHZSRbGIOG1H49uZ336iSrNEPppJSkOBh5LFjGBjpYfADfrVmud6c6BV4hekBgUa/epXb5CQTFBpCMdad30vNWGOlWGE02mll2maYjLGQ9q1VGJBdZjPT52iM6sMUJwoW9Kgufp7IsdC64mIbKfAZqSXvZn4n9fNTHwd5kymmaGSLBbFGUcmQbO/0YApSgyfWIKJYvZWREZYYWJsOhUbgr/88ippXbj+pRvcB7X6TRFHGU7gFM7Bhyuowx00oAkEhvAMr/DmcOfFeXc+Fq0lp5g5hj9wPn8AX9qNMw==</latexit>

4.4

<latexit sha1_base64="lBJbR9JGEu4X296RTxr+kwMcjUU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkV8XGRgBePEc0DkiXMTnqTIbOzy8ysEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0wF18bzvp3Cyura+kZxs7S1vbO7V94/aOgkUwzrLBGJaoVUo+AS64Ybga1UIY1Dgc1weDv1m0+oNE/koxmlGMS0L3nEGTVWevDc62654rneDGSZ+DmpQI5at/zV6SUsi1EaJqjWbd9LTTCmynAmcFLqZBpTyoa0j21LJY1RB+PZqRNyYpUeiRJlSxoyU39PjGms9SgObWdMzUAvelPxP6+dmegqGHOZZgYlmy+KMkFMQqZ/kx5XyIwYWUKZ4vZWwgZUUWZsOiUbgr/48jJpnLn+hXt+f16p3uRxFOEIjuEUfLiEKtxBDerAoA/P8ApvjnBenHfnY95acPKZQ/gD5/MHYVaNNA==</latexit>

0.9
<latexit sha1_base64="l490JlbgII7nEeBWCBF2DxhMULk=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgadm1RT1JwYvHivYD2qVk02wbms0uSVYoS3+CFw+KePUXefPfmLZ70NYHA4/3ZpiZFySCa+O636iwtr6xuVXcLu3s7u0flA+PWjpOFWVNGotYdQKimeCSNQ03gnUSxUgUCNYOxrczv/3ElOaxfDSThPkRGUoeckqMlR6qTrVfrriOOwdeJV5OKpCj0S9/9QYxTSMmDRVE667nJsbPiDKcCjYt9VLNEkLHZMi6lkoSMe1n81On+MwqAxzGypY0eK7+nshIpPUkCmxnRMxIL3sz8T+vm5rw2s+4TFLDJF0sClOBTYxnf+MBV4waMbGEUMXtrZiOiCLU2HRKNgRv+eVV0rpwvEundl+r1G/yOIpwAqdwDh5cQR3uoAFNoDCEZ3iFNyTQC3pHH4vWAspnjuEP0OcPXNCNMQ==</latexit>

3.3
<latexit sha1_base64="lBJbR9JGEu4X296RTxr+kwMcjUU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkV8XGRgBePEc0DkiXMTnqTIbOzy8ysEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0wF18bzvp3Cyura+kZxs7S1vbO7V94/aOgkUwzrLBGJaoVUo+AS64Ybga1UIY1Dgc1weDv1m0+oNE/koxmlGMS0L3nEGTVWevDc62654rneDGSZ+DmpQI5at/zV6SUsi1EaJqjWbd9LTTCmynAmcFLqZBpTyoa0j21LJY1RB+PZqRNyYpUeiRJlSxoyU39PjGms9SgObWdMzUAvelPxP6+dmegqGHOZZgYlmy+KMkFMQqZ/kx5XyIwYWUKZ4vZWwgZUUWZsOiUbgr/48jJpnLn+hXt+f16p3uRxFOEIjuEUfLiEKtxBDerAoA/P8ApvjnBenHfnY95acPKZQ/gD5/MHYVaNNA==</latexit>

0.9

<latexit sha1_base64="XXr+qeqIV/dguT3/7CKQzqIV774=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkqiRb0oFS8eK9oPaEPYbLft0s0m7G4KJfSfePGgiFf/iTf/jds2B219MPB4b4aZeUHMmdKO823lVlbX1jfym4Wt7Z3dPXv/oKGiRBJaJxGPZCvAinImaF0zzWkrlhSHAafNYHg39ZsjKhWLxJMex9QLcV+wHiNYG8m37U7MSo++e4qu0a1/jpBvF52yMwNaJm5GipCh5ttfnW5EkpAKTThWqu06sfZSLDUjnE4KnUTRGJMh7tO2oQKHVHnp7PIJOjFKF/UiaUpoNFN/T6Q4VGocBqYzxHqgFr2p+J/XTnTvykuZiBNNBZkv6iUc6QhNY0BdJinRfGwIJpKZWxEZYImJNmEVTAju4svLpHFWdi/KlYdKsXqTxZGHIziGErhwCVW4hxrUgcAInuEV3qzUerHerY95a87KZg7hD6zPH/yHkUk=</latexit>

⇡(S1) = A3

<latexit sha1_base64="F/1Zpaq20EQmkP25btDvo4ORnkM=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkpSinpRKl48VrQf0Iaw2W7bpZtN2N0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz84KYM6Ud59vKra1vbG7ltws7u3v7B/bhUVNFiSS0QSIeyXaAFeVM0IZmmtN2LCkOA05bwehu5rfGVCoWiSc9iakX4oFgfUawNpJv292YlR79yjm6Rrd+BSHfLjplZw60StyMFCFD3be/ur2IJCEVmnCsVMd1Yu2lWGpGOJ0WuomiMSYjPKAdQwUOqfLS+eVTdGaUHupH0pTQaK7+nkhxqNQkDExniPVQLXsz8T+vk+j+lZcyESeaCrJY1E840hGaxYB6TFKi+cQQTCQztyIyxBITbcIqmBDc5ZdXSbNSdi/K1YdqsXaTxZGHEziFErhwCTW4hzo0gMAYnuEV3qzUerHerY9Fa87KZo7hD6zPH/yOkUk=</latexit>

⇡(S2) = A2

<latexit sha1_base64="L7DAr88Lp5GUZ5TBs/rgZcWFt14=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSLUS0lsUS9KxYvHivYD2hA22227dLMJu5tCCf0nXjwo4tV/4s1/47bNQVsfDDzem2FmXhBzprTjfFsrq2vrG5u5rfz2zu7evn1w2FBRIgmtk4hHshVgRTkTtK6Z5rQVS4rDgNNmMLyb+s0RlYpF4kmPY+qFuC9YjxGsjeTbdidmxUe/fIau0a1fRsi3C07JmQEtEzcjBchQ8+2vTjciSUiFJhwr1XadWHsplpoRTif5TqJojMkQ92nbUIFDqrx0dvkEnRqli3qRNCU0mqm/J1IcKjUOA9MZYj1Qi95U/M9rJ7p35aVMxImmgswX9RKOdISmMaAuk5RoPjYEE8nMrYgMsMREm7DyJgR38eVl0jgvuRelykOlUL3J4sjBMZxAEVy4hCrcQw3qQGAEz/AKb1ZqvVjv1se8dcXKZo7gD6zPH/+hkUs=</latexit>

⇡(S3) = A3

<latexit sha1_base64="sr8PeK7OMDOX1FtmbdOTDr/l0b4=">AAACBXicbVDLSgMxFM3UV62vqktdBItQQcqMFHWjVNy4bNE+oB2GO2nahiYzQ5IRS+nGjb/ixoUibv0Hd/6NmbYLbT0QOJxz7829x484U9q2v63UwuLS8kp6NbO2vrG5ld3eqakwloRWSchD2fBBUc4CWtVMc9qIJAXhc1r3+9eJX7+nUrEwuNODiLoCugHrMALaSF52/wpf4JYA3ZNiCLIr4GHkAa7kb4/hyMvm7II9Bp4nzpTk0BRlL/vVaockFjTQhINSTceOtGvmakY4HWVasaIRkD50adPQAARV7nB8xQgfGqWNO6E0L9B4rP7uGIJQaiB8U5nsq2a9RPzPa8a6c+4OWRDFmgZk8lEn5liHOIkEt5mkRPOBIUAkM7ti0gMJRJvgMiYEZ/bkeVI7KTinhWKlmCtdTuNIoz10gPLIQWeohG5QGVURQY/oGb2iN+vJerHerY9Jacqa9uyiP7A+fwB23pdF</latexit>

A = argmaxaQ(S, a)

• take action which maximizes the Q-value at each step

MPI-PKSSutton and Barto, Reinforcement Learning: an Introduction, MIT pressMarín Bukov



Q-Learning

assign a value to each state
<latexit sha1_base64="YxX1gAZVGA35bWuxJa3el/ank1k="></latexit>

Q(s, a) = Ea⇠⇡[Rt+1 + · · ·+Rtf |S0 = s,A0 = a]

• first step deterministic, then follow policy

<latexit sha1_base64="9yUSZ5EwfjArM1nWWgTJdNHbY2U=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAiSNiVoJ4k4MVjAuYByRJmJ51kyOzsMjMrhCUf4cWDIl79Hm/+jZNkD5pY0FBUddPdFcSCa+O6387a+sbm1nZuJ7+7t39wWDg6buooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfD/zW0+oNI/ko5nE6Id0KPmAM2qs1KqX9CW9IL1C0S27c5BV4mWkCBlqvcJXtx+xJERpmKBadzw3Nn5KleFM4DTfTTTGlI3pEDuWShqi9tP5uVNybpU+GUTKljRkrv6eSGmo9SQMbGdIzUgvezPxP6+TmMGtn3IZJwYlWywaJIKYiMx+J32ukBkxsYQyxe2thI2ooszYhPI2BG/55VXSvCp71+VKvVKs3mVx5OAUzqAEHtxAFR6gBg1gMIZneIU3J3ZenHfnY9G65mQzJ/AHzucPv6eOhw==</latexit>

Q(s, a)
<latexit sha1_base64="cA4Vj5UNfZoES7i28M+pwipYcrM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JNUvHisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mnGCfkQHkoecUWOlh5ue1ytX3Ko7A1kmXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLy6R5VvUuquf355XadR5HEY7gGE7Bg0uowR3UoQEMBvAMr/DmCOfFeXc+5q0FJ585hD9wPn8AuZGNbg==</latexit>

A1

<latexit sha1_base64="gNp/+a2iPKm/fGYYOVBiBiqmqOQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoJ4k4sVjRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5aMYJ+hEdSB5yRo2VHm56lV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeGVP+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3L1vlqqXWdx5OEETuEcPLiEGtxBHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MHuxWNbw==</latexit>

A2
<latexit sha1_base64="HhOfRurHruQjIgavb25BuhySbpY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqUE8S8eIxonlAsoTZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqd+8wmV5pF8NOMY/ZAOJO9zRo2VHm66591iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSOCt7F+XKfaVUvc7iyMMRHMMpeHAJVbiDGtSBwQCe4RXeHOG8OO/Ox7w152Qzh/AHzucPvJmNcA==</latexit>

A3

<latexit sha1_base64="Ac72qfkkeIsg1wy+kJvZbaGRvi4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHis1H5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDfz209cGxGrR5wk3I/oUIlQMIpWajT6Xr9ccavuHGSVeDmpQI56v/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVdK6qHpX1cuHy0rtNo+jCCdwCufgwTXU4B7q0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz/U/Y2A</latexit>

S1

<latexit sha1_base64="E8O2nPJOWmlIp5zibS2NiEWe29Q=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoJ4k4MVjJOYByRJmJ7PJkNnZZaZXCCGf4MWDIl79Im/+jZNkD5pY0FBUddPdFSRSGHTdbye3sbm1vZPfLeztHxweFY9PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8d3cbz9xbUSsHnGScD+iQyVCwShaqdHoV/rFklt2FyDrxMtICTLU+8Wv3iBmacQVMkmN6Xpugv6UahRM8lmhlxqeUDamQ961VNGIG3+6OHVGLqwyIGGsbSkkC/X3xJRGxkyiwHZGFEdm1ZuL/3ndFMMbfypUkiJXbLkoTCXBmMz/JgOhOUM5sYQyLeythI2opgxtOgUbgrf68jppVcreVbn6UC3VbrM48nAG53AJHlxDDe6hDk1gMIRneIU3RzovzrvzsWzNOdnMKfyB8/kD1oGNgQ==</latexit>

S2

<latexit sha1_base64="QoLzbFv1hBxugnC1ShDOxGheaA4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqUE8S8OIxEvOAZAmzk9lkyOzsMtMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6G7mt564NiJWjzhOuB/RgRKhYBStVK/3LnvFklt25yCrxMtICTLUesWvbj9macQVMkmN6Xhugv6EahRM8mmhmxqeUDaiA96xVNGIG38yP3VKzqzSJ2GsbSkkc/X3xIRGxoyjwHZGFIdm2ZuJ/3mdFMMbfyJUkiJXbLEoTCXBmMz+Jn2hOUM5toQyLeythA2ppgxtOgUbgrf88ippXpS9q3LloVKq3mZx5OEETuEcPLiGKtxDDRrAYADP8ApvjnRenHfnY9Gac7KZY/gD5/MH2AWNgg==</latexit>

S3

<latexit sha1_base64="d1HVuuxz7DhD5BNGQeXYoIOWUEQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkVXycJePEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7wlRwbTzv2ymsrK6tbxQ3S1vbO7t75f2Dhk4yxbDOEpGoVkg1Ci6xbrgR2EoV0jgU2AyHt1O/+YRK80Q+mlGKQUz7kkecUWOlB9+96JYrnuvNQJaJn5MK5Kh1y1+dXsKyGKVhgmrd9r3UBGOqDGcCJ6VOpjGlbEj72LZU0hh1MJ6dOiEnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/89qZia6DMZdpZlCy+aIoE8QkZPo36XGFzIiRJZQpbm8lbEAVZcamU7Ih+IsvL5PGmetfuuf355XqTR5HEY7gGE7Bhyuowh3UoA4M+vAMr/DmCOfFeXc+5q0FJ585hD9wPn8AXMyNMQ==</latexit>

1.5
<latexit sha1_base64="6kOmYsyQq3v7H62/rKfC8nBuPhI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWerioev1yxa26c5BV4uWkAjka/fJXbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JmVUGJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbz2M6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWXV0nLxnVZrd3XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gBYQo0u</latexit>

2.1
<latexit sha1_base64="qubwTb1rU86xdkYIGNhGqCvaoQ4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkVXycJePEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7wlRwbTzv2ymsrK6tbxQ3S1vbO7t75f2Dhk4yxbDOEpGoVkg1Ci6xbrgR2EoV0jgU2AyHt1O/+YRK80Q+mlGKQUz7kkecUWOlB8+96JYrnuvNQJaJn5MK5Kh1y1+dXsKyGKVhgmrd9r3UBGOqDGcCJ6VOpjGlbEj72LZU0hh1MJ6dOiEnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/89qZia6DMZdpZlCy+aIoE8QkZPo36XGFzIiRJZQpbm8lbEAVZcamU7Ih+IsvL5PGmetfuuf355XqTR5HEY7gGE7Bhyuowh3UoA4M+vAMr/DmCOfFeXc+5q0FJ585hD9wPn8AW0aNMA==</latexit>

0.5

<latexit sha1_base64="SQWbyJdLPPtP3gEJrA7qZhUzhxY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hKUU9S8OKxoq2FNpTNdtIu3WzC7kYopT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMC1PBtfG8b6ewtr6xuVXcLu3s7u0flA+PWjrJFMMmS0Si2iHVKLjEpuFGYDtVSONQ4GM4upn5j0+oNE/kgxmnGMR0IHnEGTVWuvfcaq9c8VxvDrJK/JxUIEejV/7q9hOWxSgNE1Trju+lJphQZTgTOC11M40pZSM6wI6lksaog8n81Ck5s0qfRImyJQ2Zq78nJjTWehyHtjOmZqiXvZn4n9fJTHQVTLhMM4OSLRZFmSAmIbO/SZ8rZEaMLaFMcXsrYUOqKDM2nZINwV9+eZW0qq5/4dbuapX6dR5HEU7gFM7Bh0uowy00oAkMBvAMr/DmCOfFeXc+Fq0FJ585hj9wPn8AVrqNLQ==</latexit>

0.2
<latexit sha1_base64="Cga/mXSYbvyp8F5iwF8MUoj4ID8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0i0qCcpePFY0X5AG8pmu2mXbjZhdyKU0p/gxYMiXv1F3vw3btsctPpg4PHeDDPzwlQKg5735RRWVtfWN4qbpa3tnd298v5B0ySZZrzBEpnodkgNl0LxBgqUvJ1qTuNQ8lY4upn5rUeujUjUA45THsR0oEQkGEUr3fvuea9c8VxvDvKX+DmpQI56r/zZ7Scsi7lCJqkxHd9LMZhQjYJJPi11M8NTykZ0wDuWKhpzE0zmp07JiVX6JEq0LYVkrv6cmNDYmHEc2s6Y4tAsezPxP6+TYXQVTIRKM+SKLRZFmSSYkNnfpC80ZyjHllCmhb2VsCHVlKFNp2RD8Jdf/kuaZ65/4VbvqpXadR5HEY7gGE7Bh0uowS3UoQEMBvAEL/DqSOfZeXPeF60FJ585hF9wPr4BWcSNLw==</latexit>

1.3
<latexit sha1_base64="xhmermioW1+jxlGXekiqX3T0WQ0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0gkqCcpePFY0X5AG8pmu2mX7m7C7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMi1LOtPG8b6e0tr6xuVXeruzs7u0fVA+PWjrJFKFNkvBEdSKsKWeSNg0znHZSRbGIOG1H49uZ336iSrNEPppJSkOBh5LFjGBjpYfADfrVmud6c6BV4hekBgUa/epXb5CQTFBpCMdad30vNWGOlWGE02mll2maYjLGQ9q1VGJBdZjPT52iM6sMUJwoW9Kgufp7IsdC64mIbKfAZqSXvZn4n9fNTHwd5kymmaGSLBbFGUcmQbO/0YApSgyfWIKJYvZWREZYYWJsOhUbgr/88ippXbj+pRvcB7X6TRFHGU7gFM7Bhyuowx00oAkEhvAMr/DmcOfFeXc+Fq0lp5g5hj9wPn8AX9qNMw==</latexit>

4.4

<latexit sha1_base64="lBJbR9JGEu4X296RTxr+kwMcjUU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkV8XGRgBePEc0DkiXMTnqTIbOzy8ysEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0wF18bzvp3Cyura+kZxs7S1vbO7V94/aOgkUwzrLBGJaoVUo+AS64Ybga1UIY1Dgc1weDv1m0+oNE/koxmlGMS0L3nEGTVWevDc62654rneDGSZ+DmpQI5at/zV6SUsi1EaJqjWbd9LTTCmynAmcFLqZBpTyoa0j21LJY1RB+PZqRNyYpUeiRJlSxoyU39PjGms9SgObWdMzUAvelPxP6+dmegqGHOZZgYlmy+KMkFMQqZ/kx5XyIwYWUKZ4vZWwgZUUWZsOiUbgr/48jJpnLn+hXt+f16p3uRxFOEIjuEUfLiEKtxBDerAoA/P8ApvjnBenHfnY95acPKZQ/gD5/MHYVaNNA==</latexit>

0.9
<latexit sha1_base64="l490JlbgII7nEeBWCBF2DxhMULk=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgadm1RT1JwYvHivYD2qVk02wbms0uSVYoS3+CFw+KePUXefPfmLZ70NYHA4/3ZpiZFySCa+O636iwtr6xuVXcLu3s7u0flA+PWjpOFWVNGotYdQKimeCSNQ03gnUSxUgUCNYOxrczv/3ElOaxfDSThPkRGUoeckqMlR6qTrVfrriOOwdeJV5OKpCj0S9/9QYxTSMmDRVE667nJsbPiDKcCjYt9VLNEkLHZMi6lkoSMe1n81On+MwqAxzGypY0eK7+nshIpPUkCmxnRMxIL3sz8T+vm5rw2s+4TFLDJF0sClOBTYxnf+MBV4waMbGEUMXtrZiOiCLU2HRKNgRv+eVV0rpwvEundl+r1G/yOIpwAqdwDh5cQR3uoAFNoDCEZ3iFNyTQC3pHH4vWAspnjuEP0OcPXNCNMQ==</latexit>

3.3
<latexit sha1_base64="lBJbR9JGEu4X296RTxr+kwMcjUU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkV8XGRgBePEc0DkiXMTnqTIbOzy8ysEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0wF18bzvp3Cyura+kZxs7S1vbO7V94/aOgkUwzrLBGJaoVUo+AS64Ybga1UIY1Dgc1weDv1m0+oNE/koxmlGMS0L3nEGTVWevDc62654rneDGSZ+DmpQI5at/zV6SUsi1EaJqjWbd9LTTCmynAmcFLqZBpTyoa0j21LJY1RB+PZqRNyYpUeiRJlSxoyU39PjGms9SgObWdMzUAvelPxP6+dmegqGHOZZgYlmy+KMkFMQqZ/kx5XyIwYWUKZ4vZWwgZUUWZsOiUbgr/48jJpnLn+hXt+f16p3uRxFOEIjuEUfLiEKtxBDerAoA/P8ApvjnBenHfnY95acPKZQ/gD5/MHYVaNNA==</latexit>

0.9

<latexit sha1_base64="XXr+qeqIV/dguT3/7CKQzqIV774=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkqiRb0oFS8eK9oPaEPYbLft0s0m7G4KJfSfePGgiFf/iTf/jds2B219MPB4b4aZeUHMmdKO823lVlbX1jfym4Wt7Z3dPXv/oKGiRBJaJxGPZCvAinImaF0zzWkrlhSHAafNYHg39ZsjKhWLxJMex9QLcV+wHiNYG8m37U7MSo++e4qu0a1/jpBvF52yMwNaJm5GipCh5ttfnW5EkpAKTThWqu06sfZSLDUjnE4KnUTRGJMh7tO2oQKHVHnp7PIJOjFKF/UiaUpoNFN/T6Q4VGocBqYzxHqgFr2p+J/XTnTvykuZiBNNBZkv6iUc6QhNY0BdJinRfGwIJpKZWxEZYImJNmEVTAju4svLpHFWdi/KlYdKsXqTxZGHIziGErhwCVW4hxrUgcAInuEV3qzUerHerY95a87KZg7hD6zPH/yHkUk=</latexit>

⇡(S1) = A3

<latexit sha1_base64="F/1Zpaq20EQmkP25btDvo4ORnkM=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkpSinpRKl48VrQf0Iaw2W7bpZtN2N0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz84KYM6Ud59vKra1vbG7ltws7u3v7B/bhUVNFiSS0QSIeyXaAFeVM0IZmmtN2LCkOA05bwehu5rfGVCoWiSc9iakX4oFgfUawNpJv292YlR79yjm6Rrd+BSHfLjplZw60StyMFCFD3be/ur2IJCEVmnCsVMd1Yu2lWGpGOJ0WuomiMSYjPKAdQwUOqfLS+eVTdGaUHupH0pTQaK7+nkhxqNQkDExniPVQLXsz8T+vk+j+lZcyESeaCrJY1E840hGaxYB6TFKi+cQQTCQztyIyxBITbcIqmBDc5ZdXSbNSdi/K1YdqsXaTxZGHEziFErhwCTW4hzo0gMAYnuEV3qzUerHerY9Fa87KZo7hD6zPH/yOkUk=</latexit>

⇡(S2) = A2

<latexit sha1_base64="L7DAr88Lp5GUZ5TBs/rgZcWFt14=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSLUS0lsUS9KxYvHivYD2hA22227dLMJu5tCCf0nXjwo4tV/4s1/47bNQVsfDDzem2FmXhBzprTjfFsrq2vrG5u5rfz2zu7evn1w2FBRIgmtk4hHshVgRTkTtK6Z5rQVS4rDgNNmMLyb+s0RlYpF4kmPY+qFuC9YjxGsjeTbdidmxUe/fIau0a1fRsi3C07JmQEtEzcjBchQ8+2vTjciSUiFJhwr1XadWHsplpoRTif5TqJojMkQ92nbUIFDqrx0dvkEnRqli3qRNCU0mqm/J1IcKjUOA9MZYj1Qi95U/M9rJ7p35aVMxImmgswX9RKOdISmMaAuk5RoPjYEE8nMrYgMsMREm7DyJgR38eVl0jgvuRelykOlUL3J4sjBMZxAEVy4hCrcQw3qQGAEz/AKb1ZqvVjv1se8dcXKZo7gD6zPH/+hkUs=</latexit>

⇡(S3) = A3

iterate following two steps until convergence

<latexit sha1_base64="sr8PeK7OMDOX1FtmbdOTDr/l0b4=">AAACBXicbVDLSgMxFM3UV62vqktdBItQQcqMFHWjVNy4bNE+oB2GO2nahiYzQ5IRS+nGjb/ixoUibv0Hd/6NmbYLbT0QOJxz7829x484U9q2v63UwuLS8kp6NbO2vrG5ld3eqakwloRWSchD2fBBUc4CWtVMc9qIJAXhc1r3+9eJX7+nUrEwuNODiLoCugHrMALaSF52/wpf4JYA3ZNiCLIr4GHkAa7kb4/hyMvm7II9Bp4nzpTk0BRlL/vVaockFjTQhINSTceOtGvmakY4HWVasaIRkD50adPQAARV7nB8xQgfGqWNO6E0L9B4rP7uGIJQaiB8U5nsq2a9RPzPa8a6c+4OWRDFmgZk8lEn5liHOIkEt5mkRPOBIUAkM7ti0gMJRJvgMiYEZ/bkeVI7KTinhWKlmCtdTuNIoz10gPLIQWeohG5QGVURQY/oGb2iN+vJerHerY9Jacqa9uyiP7A+fwB23pdF</latexit>

A = argmaxaQ(S, a)

• take action which maximizes the Q-value at each step
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�t = Q(St, At) +Rt+1 �max
a

Q(St+1, a)• error according to definition

• update current function
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What is reinforcement learning used for?

Atari games
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FIG. 3. Optimization of multiqubit ZX (−π/2) entangling gates on IBM device Casablanca, benchmarked against a black-box
closed-loop optimization routine. (a) Infidelity measurement for circuits consisting of different numbers of gate repetition for the
IBM default and DRL optimized gate. For each number of repetitions we perform five experiments on each of two different initial
states |00⟩ and |10⟩. Approximate gate error is extracted from the slope of infidelity with gate repetition. (Upper inset) Schematic of
the optimization cycle. (b),(c) The programmed control waveforms for the (b) IBM default and (c) DRL optimized ZX (−π/2) gates.
Note that channel d1, used as a cancellation tone in the IBM default is not used in the optimized gate. (d)–(f) Similar plots to (a)–(c) as
achieved via simulated annealing on the same IBM hardware. The derived benefit using simulated annealing is similar to DRL, show-
ing 200% improvement over the IBM default gate. These initial performance calibration measurements are performed approximately
48 h after initial gate design due to hardware-access constraints and comparison is made to the most recently updated default gate.

error per gate, achieving a gate fidelity > 99.5%. These
results show that both agents are able to identify superior
ZX (−π/2) gates without the need for use of a cancellation
tone on channel d1, shown in Figs. 3(c) and 3(f), and that
we are able to avoid the potential pitfalls of the learning
procedure using DRL relative to a direct fidelity optimiza-
tion. Optimizations and comparisons to the default were
performed on different days (due to access limits), result-
ing in variation between calibrated default gate definition
and absolute performance.

In a manner similar to the single-qubit robustness stud-
ies, we have also seen that DRL optimized ZX (−π/2)
gates outperform the default even up to 25 days since
optimization with ! 2× lower error, again with no recal-
ibration or tuning; see Fig. 4(a). As another measure,
we construct a CNOT gate from the optimized ZX (−π/2)
gate and compare it to the default CNOT using interleaved
randomized benchmarking (IRB) [64]. The absolute IRB
gate infidelities achieved and the relative improvements of

approximately 1.25 − 1.7x vary with machine in use and
time (as T1 can fluctuate substantially), but optimized gates
consistently outperform the default across multiple metrics
and over long delays since calibration. For the example of
testing 25+ days post calibration shown in Fig. 4(b), we
achieve a DRL optimized CNOT gate fidelity > 99%.

Finally, we demonstrate that DRL can be used to directly
optimize the SWAP gate in situ. The SWAP gate involves
sequential application of three CNOT gates, built in turn
from ZX (−π/2) entangling operations and single-qubit
unitaries. We maintain this overall decomposition but cre-
ate a new reward function for the DRL algorithm as
follows. We apply the full SWAP schedule with varying
repetition values ri on initial states | + 0⟩ and | + 1⟩,
and average the different state fidelities which we extract
from a full state tomography. Again we are able to see
improvements in the SWAP gate fidelity through both
direct repetition and interleaved randomized benchmark-
ing. Using DRL optimization on ibmq_bogota, we achieve
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gate,

Ux
j (θ) = e−iθσx

j , Uz
j (θ) = e−iθσz

j , Uxx(θ) = e
−iθ

∑

j<k

σx
j σx

k
|k−j|α

(1)

where σx
j ,σ

y
j , and σ

z
j are the Pauli matrices at site j. The

exponent α can be theoretically tuned within the range
0 ≤ α < 3, but the optimal performance is typically
reached either for α = 0 or α ≈ 1. For the following we
will focus for concreteness on either α = 3 or α = 1 while
emphasizing that our approach can be straighforwardly
applied also to other α or other quantum computing ar-
chitectures such as superconducting qubits with different
sets of universal quantum gates.
The central goal of our work is to find circuits with a

small number of quantum gates for the task of reproduc-
ing the dynamics of a given Hamiltonian. We translate
this task into a variational optimization problem as fol-
lows. Let |ψ0⟩ denote the initial state and let us fix the
resources in terms of quantum gates as in Eq. (1). Then
we construct a sequence of gates:

|ψDQS⟩ = Un · · ·U2U1|ψ0⟩ , (2)

Ut = Uxx(θxxt )
∏

j

[Uz
j (θ

z,j
t )Ux

j (θ
x,j
t )] , (3)

as depicted schematically in Fig. 1 (a). The main goal
now is to choose the underlying variational parameters
θ = (θxxt , θz,1t , θx,1t , . . . , θz,Nt , θx,Nt ) such that the state
|ψDQS⟩ is as close as possible to the desired time
evolution of the target Hamiltonian H at a specified
time τ : |ψtarget⟩ = e−iHτ |ψ0⟩ . From now on the number
of entangling gates will be fixed to n = 3. As we will
show, remarkably, these small quantum circuits will be
sufficient to reproduce the dynamics of local observables
such as for the lattice Schwinger model, see Fig. 1(b),
even for large systems and large times.

Method. We use reinforcement learning (RL) in order
to solve this difficult optimization problem. RL is a sub-
field of machine learning in which a software agent learns
by interacting with an environment and adapting its be-
havior accordingly. The agent generates sequences of ac-
tions in the environment and learns to perform a given
task by maximizing a cumulative reward function. RL
has seen a recent surge of applications in the field of quan-
tum control for few-body problems [17, 18, 20, 22–26] as
it suits well optimiziation problems consisting of succes-
sive actions on a state with high dimensionality. Here,
we are interested in the dynamics of quantum many-body
problems which is a far more challenging problem.
In this work, we use a modified version of a deep Q-

network algorithm [27], a variant of the original Watkins
off-policy Q-learning algorithm using artificial neural net-
works as function approximators [28, 29]. While we now
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FIG. 1. (a) Generic quantum circuit used for the DQSs of the
long-range Ising and Schwinger models, here for a three-site
system. The boxes represent different quantum gates, each
with a different variational parameter depicted by the box
width. (b) Particle number density ν in the 10-site lattice
Schwinger model starting from the bare vacuum for the pa-
rameters used in a recent DQS experiment [8]: J = w = 2m
in Eq. (7). We show the DQS results using the fidelity (green)
and the local reward (4) (red), and the exact time evolution
(blue).

summarize the central aspects of the algorithm, further
details can be found in Refs. [29, 30].
The optimization problem is defined as an episodic RL

problem: each episode is divided into a finite number of
steps t = 0, . . . , n, corresponding to the steps of the DQS.
At t = 0, the quantum wave function is in a given initial
state |ψ0⟩. Then, at each step t the agent chooses an ac-
tion at = (θxxt , θz,1t , θx,1t , . . . , θz,Nt , θx,Nt ) defining the uni-
tary Ut in Eq. (3). After each action at, the agent receives
a scalar reward rt. At the end of the episode, t = n, the
reward characterizes how close the final state |ψDQS⟩ is to
the target state |ψtarget⟩ = e−iHτ |ψ0⟩. For intermediate
steps, the reward is set to 0 as we do not constraint the
specific evolution of the quantum wave function between
the initial and target state. A representative learning
process as a function of episodes is shown in Fig. 2(a) for
the Ising model in Eq. (6).
In Q-learning, the goal is to numerically compute the

so-called action-value function, Q(s, a) (represented by
a neural network in our algorithm), which is defined
as the expected total return

∑n
t=1 rt, given that the

environment is in the state s and that the agent takes
the action a and acts optimally afterwards. At each step,
the agent chooses an action using current knowledge
of the Q functions and uses the obtained feedback to
update Q following the Bellman optimality equation
[29]. Importantly, the actions a take continuous values
in our case, which is not standard for Q-learning. We
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๏ quantum control

๏ quantum error correction

๏ quantum gate design

๏ quantum circuit design and synthesis

These modules could be used as stand-alone quantum
memory or be part of the modular approach to quantum
computation, which has been suggested for several leading
hardware platforms [19,20].
Given a collection of qubits and a set of available

quantum gates, the agent is asked to preserve an arbitrary
quantum state αj0iþ βj1i initially stored in one of the
qubits. It finds complex sequences including projective
measurements and entangling gates, thereby protecting the
quantum information stored in such a few-qubit system
against decoherence. This challenge is very complex,
where both brute-force searches and even the most straight-
forward RL approaches fail. The success of our approach is
due to a combination of two key ideas: (i) two-stage
learning with a RL-trained network receiving maximum
input acting as a teacher for a second network and (ii) a
measure of the recoverable quantum information hidden
inside a collection of qubits being used as a reward.

Recent progress in multiqubit quantum devices [21–30]
has highlighted hardware features deviating from often-
assumed idealized scenarios. These features include qubit
connectivity, correlated noise, restrictions on measure-
ments, or inhomogeneous error rates. Our approach can
help in finding “hardware-adapted” solutions, since it
builds on the main advantage of RL, namely, its flexibility:
It can discover strategies for such a wide range of situations
with minimal domain-specific input. We illustrate this
flexibility in examples from two different domains: In
one set of examples (uncorrelated bit-flip noise), the net-
work is able to go beyond rediscovering the textbook
stabilizer repetition code. It finds an adaptive response to
unexpectedmeasurement results that allows it to increase the
coherence time, performing better than any straightforward
nonadaptive implementation. Simultaneously, it automati-
cally discovers suitable gate sequences for various types of
hardware settings. In another very different example, the
agent learns to counter spatially correlated noise by finding
nontrivial adaptive phase-estimation strategies that quickly
become intractable by conventional numerical approaches
such as brute-force search. Crucially, all these examples can
be treated by exactly the same approach with no fine-tuning.
The only input consists in the problem specification (hard-
ware and noise model).
In a nutshell, our goal is to have a neural network which

can be employed in an experiment, receiving measurement
results and selecting suitable subsequent gate operations
conditioned on these results. However, in our two-stage
learning approach, we do not directly train this neural
network from scratch. Rather, we first employ reinforcement
learning to train an auxiliary network that has full knowledge
of the simulated quantum evolution. Later on, the exper-
imentally applicable network is trained in a supervised way
to mimic the behavior of this auxiliary network.
We emphasize that feedback requires reaction towards

the observations, going beyond optimal-control type chal-
lenges (like pulse-shape optimization or dynamical decou-
pling), and RL has been designed for exactly this purpose.
Specifically, in this work, we consider discrete-time digital
feedback of the type that is now starting to be implemented
experimentally [31–35], e.g., for error correction in super-
conducting quantum computers. Other widespread optimi-
zation techniques for quantum control, like gradient-ascent
pulse engineering (GRAPE), often vary evolution operators
with respect to continuous parameters [36,37] but do not
easily include feedback and are most suited for optimizing
the pulse shapes of individual gates (rather than complex
gate sequences acting on many qubits). Another recent
approach [38] to quantum-error correction uses the opti-
mization of control parameters in a preconfigured gate
sequence. By contrast, RL directly explores the space of
discrete gate sequences. Moreover, it is a “model-free”
approach [2]; i.e., it does not rely on access to the
underlying dynamics. What is optimized is the network
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FIG. 1. (a) The general setting of this work: A few-qubit
quantum device with a neural-network-based controller whose
task is to protect the quantum memory residing in this device
against noise. Reinforcement learning lets the controller (“RL
agent”) discover on its own how to best choose gate sequences,
perform measurements, and react to measurement results by
interacting with the quantum device (“RL environment”).
(b) visualizes the flexibility of our approach (schematic).
Depending on the type of noise and hardware setting, different
approaches are optimal (DD, dynamical decoupling; DFS,
decoherence-free subspace). By contrast, the RL approach is
designed to automatically discover the best strategy adapted to
the situation. In (c), we show the conventional procedure to select
some QEC algorithm and then produce hardware-adapted device
instructions (possibly reiterating until an optimal choice is
found). We compare this to our approach (d) that takes care of
all these steps at once and provides QEC strategies fully adapted
to the concrete specifications of the quantum device.

FÖSEL, TIGHINEANU, WEISS, and MARQUARDT PHYS. REV. X 8, 031084 (2018)

031084-2

x

y

|"i

|#i

+ many more



What advantages does RL offer?

• model-free: requires no pre-knowledge of the controlled physical system

MPI-PKS

• adaptive: transfers acquired knowledge that might allow us to identify 
connections between unrelated phenomena

• interactive: designed for feedback control

• autonomous: provides novel insights into automating complex manipulation protocols 

‣ unknown sources of noise (e.g., quantum computing)

‣ not fully known Hamiltonian (solid state materials, superconducting qubits, etc.)

‣ quantum feedback control 

‣ experiments

Marín Bukov



MPI-PKS

Outline

• RL for qubit state preparation

‣ environment, states, actions, rewards

• experimentally friendly RL framework
‣ partially observable environments 

Part 2

‣ effect of noise (measurement shot noise, coherent, incoherent noise)

Marín Bukov
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• RL for qubit state preparation

‣ environment, states, actions, rewards

• experimentally friendly RL framework
‣ partially observable environments 

Part 2

‣ effect of noise (measurement shot noise, coherent, incoherent noise)

Marín Bukov



RL frameworks for quantum systems

• rewards obtained from (projective) measurements

MPI-PKS

‣ can be given only once, or else need to restart episode

Marín Bukov

• quantum states cannot be observed

‣ extracting data from quantum system changes its state

• quantum data is binary (qubits)

• quantum data is probabilistic

‣ Heisenberg uncertainty

‣ minimal amount of information, difficult to learn 



RL for qubit control

MPI-PKS

goal: prepare state of a singe qubit
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• initial state: |ψi⟩ = |1⟩

• target state: |ψ*⟩ = cos
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how do we compute  ?F = |⟨ψ* |Uctrl |ψi⟩ |2

• need to measure state in target direction |ψ*⟩

issues:
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how do we compute  ?F = |⟨ψ* |Uctrl |ψi⟩ |2

• need to measure state in target direction |ψ*⟩

issues:

find operator whose eigenstate is :|ψ*⟩ σ* = ̂n* ⋅ ⃗σ ̂n* = ̂n*(θ*, φ*)

eigenvectors:      σ* |ψ*⟩ = + |ψ*⟩, σ* |ψ⊥
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MPI-PKS

goal: prepare state of a singe qubit

|ψi⟩ = |1⟩

|ψ*⟩ = cos
π
8

|0⟩ + sin
π
8

ei π
3 |1⟩

how do we compute  ?F = |⟨ψ* |Uctrl |ψi⟩ |2

issues:

how do we measure  on a quantum device?σ* = ̂n* ⋅ ⃗σ

RL for noisy qubit control

‣ measurement shot noise
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|ψ*⟩ = cos
π
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|0⟩ + sin
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8
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3 |1⟩

MPI-PKS

goal: prepare state of a singe qubit

how do we compute  ?F = |⟨ψ* |Uctrl |ψi⟩ |2

issues:

how do we measure  on a quantum device?σ* = ̂n* ⋅ ⃗σ

• need ancilla

|ψ⟩q

|0⟩a H

σ*

H

Hadamard gate: H =
1

2 (1 1
1 −1)

|ψ⟩ = |ψ⟩q |0⟩a

RL for noisy qubit control

‣ measurement shot noise

controlled-  gate: σ* Cσ* = {σ*q if ancilla is in  |1⟩a

1 if ancilla is in  |0⟩a

measure  
in -basisz
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goal: prepare state of a singe qubit

how do we compute  ?F = |⟨ψ* |Uctrl |ψi⟩ |2

issues:

how do we measure  on a quantum device?σ* = ̂n* ⋅ ⃗σ

• need ancilla

|ψ⟩q

|0⟩a H

σ*

H

Hadamard gate: H =
1

2 (1 1
1 −1) controlled-  gate: σ* Cσ* = {σ*q if ancilla is in  |1⟩a

1 if ancilla is in  |0⟩a

measure  
in -basisz

|ψ*⟩

+1

|ψ⊥
* ⟩

−1

|ψ⟩ = |ψ⟩q |0⟩a

RL for noisy qubit control

‣ measurement shot noise
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MPI-PKS

H =
1

2 (1 1
1 −1)

Cσ* = {σ*q if ancilla is in  |1⟩a

1 if ancilla is in  |0⟩a

|ψ⟩q

|0⟩a H

σ*

H
measure in 

-basisz

Measuring arbitrary operator

|ψ*⟩

+1

|ψ⊥
* ⟩

−1
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|ψ⟩q

|ψ⟩q = a |ψ*⟩q + b |ψ⊥
* ⟩q σ* |ψ*⟩ = + |ψ*⟩, σ* |ψ⊥

* ⟩ = − |ψ⊥
* ⟩

Measuring arbitrary operator

σz |0⟩ = + |0⟩, σz |1⟩ = − |1⟩

σ*
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|ψ⟩q

|0⟩a

|ψ⟩q = a |ψ*⟩q + b |ψ⊥
* ⟩q σ* |ψ*⟩ = + |ψ*⟩, σ* |ψ⊥

* ⟩ = − |ψ⊥
* ⟩

Measuring arbitrary operator

|ψ⟩q |0⟩a = a |ψ*⟩q |0⟩a + b |ψ⊥
* ⟩q |0⟩a

σz |0⟩ = + |0⟩, σz |1⟩ = − |1⟩
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|ψ⟩q

|0⟩a H

|ψ⟩q = a |ψ*⟩q + b |ψ⊥
* ⟩q σ* |ψ*⟩ = + |ψ*⟩, σ* |ψ⊥

* ⟩ = − |ψ⊥
* ⟩

|ψ⟩q |0⟩a = a |ψ*⟩q |0⟩a + b |ψ⊥
* ⟩q |0⟩a

Ha |ψ⟩q |0⟩a =
a

2
|ψ*⟩q( |0⟩a + |1⟩a) +

b

2
|ψ⊥

* ⟩q( |0⟩a + |1⟩a)

=
1

2
(a |ψ*⟩q + b |ψ⊥

* ⟩q) |0⟩a +
1

2
(a |ψ*⟩q + b |ψ⊥

* ⟩q) |1⟩a

Measuring arbitrary operator

H =
1

2 (1 1
1 −1)

|1⟩|0⟩

|1⟩
|0⟩

σz |0⟩ = + |0⟩, σz |1⟩ = − |1⟩
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* ⟩q σ* |ψ*⟩ = + |ψ*⟩, σ* |ψ⊥

* ⟩ = − |ψ⊥
* ⟩

|ψ⟩q |0⟩a = a |ψ*⟩q |0⟩a + b |ψ⊥
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2
(a |ψ*⟩q + b |ψ⊥

* ⟩q) |0⟩a +
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(a |ψ*⟩q − b |ψ⊥
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Measuring arbitrary operator
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Cσ* = {σ*q if ancilla is in  |1⟩a
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|ψ⟩q = a |ψ*⟩q + b |ψ⊥
* ⟩q σ* |ψ*⟩ = + |ψ*⟩, σ* |ψ⊥

* ⟩ = − |ψ⊥
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Measuring arbitrary operator
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RL for noisy qubit control

MPI-PKS

goal: prepare state of a singe qubit

|ψi⟩ = |0⟩

|ψ*⟩ = sin
π
8

ei π
3 |0⟩ + cos

π
8

|1⟩

1. how do we compute  ?F = |⟨ψ* |Uctrl |ψi⟩ |2

issues:

2. qubit + ancilla apparatus can be noisy

• coherent noise
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MPI-PKS
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MPI-PKS
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• incoherent noise: spontaneous decay of qubit state
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RL for noisy qubit control
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RL for noisy qubit control

MPI-PKS

goal: prepare state of a singe qubit
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3. accessible data: is all binary!!

• ancilla measurement • qubit measurement• single photon detection
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MPI-PKS

Outline

• RL for qubit state preparation

‣ environment, states, actions, rewards

• experimentally friendly RL framework
‣ partially observable environments 

Part 2

‣ effect of noise (measurement shot noise, coherent, incoherent noise)
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RL framework

MPI-PKS
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RL framework
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RL framework

MPI-PKS

rewards

actions

states  observations⟶

• qubit measurement output:  (binary)±1

• angles of control unitary  :  continuous (!)U(α, β, γ)

 

EE EEEEE
episodestep 0 I 2 3 4 measure

b le his detailed actions12,118 reward19
episode step dynamics qubit measurement

I
HII.IE IIta iEa a
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RL framework
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quantum  states cannot be measured/observed!!!

states  observations⟶

Marín Bukov



RL framework

MPI-PKS
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RL framework
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Training curves

MPI-PKS

     ⃗μ

agent
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MPI-PKS

Hands-on policy gradient

Check out Jupyter notebook for how this works in practice!

https://github.com/mgbukov/RL_quantum

Marín Bukov

https://github.com/mgbukov/RL_quantum


Thanks for your attention!

RL in Quantum Physics: an Overview

RL for quantum controlRL for quantum gates 
(pulse design)

RL for entanglement  
manipulation

RL for quantum  
circuit compilation

RL for quantum  
error correction RL for feedback qubit control  

Marín Bukov web: www.pks.mpg.de/nqd

Check out Jupyter notebook for how this works in practice!

https://github.com/mgbukov/RL_quantum

https://github.com/mgbukov/RL_quantum


Useful Literature

MPI-PKS

Sutton and Barto, Reinforcement Learning: an Introduction, MIT press

M. Nielsen, Neural Networks and Deep Learning (online book)

S. Levine, You Tube, UC Berkeley (videos of lecture course)

M. Bukov, lecture course, Sofia University

http://quantum-dynamics.phys.uni-sofia.bg/teaching/WiSe_2020_RL_class/http://quantum-dynamics.phys.uni-sofia.bg/teaching/WiSe_2020_RL_class/

Check out Jupyter notebook for how this works in practice!

https://github.com/mgbukov/RL_quantum
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