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Abstract: In reinforcement learning (RL) algorithms, exploratory control inputs are used
during learning to acquire knowledge for decision making and control, while the true dynamics
of a controlled object is unknown. However, this exploring property sometimes causes undesired
situations by violating constraints regarding the state of the controlled object. In this paper, we
propose an automatic exploration process adjustment method for safe RL in continuous state
and action spaces utilizing a linear nominal model of the controlled object. Specifically, our
proposed method automatically selects whether the exploratory input is used or not at each
time depending on the state and its predicted value as well as adjusts the variance-covariance
matrix used in the Gaussian policy for exploration. We also show that our exploration process
adjustment method theoretically guarantees the satisfaction of the constraints with the pre-
specified probability, that is, the satisfaction of a joint chance constraint at every time. Finally,

we illustrate the validity and the effectiveness of our method through numerical simulation.
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1. INTRODUCTION

Reinforcement learning (RL) methods are used to acquire
knowledge for decision making and control, i.e., “policy”
or “control law” in online data-driven manners. In order to
learn appropriate policies with RL methods, it is necessary
to use exploratory control inputs, and they sometimes
result in undesired situations. This is not a serious issue in
the problems in which situations can be reset or recovered
easily such as the video games (Mnih et al., 2015) or
strategy board games (Silver et al., 2018); however, we
cannot ignore this in many kinds of engineering problems.
For addressing this issue, RL methods guaranteeing the
“safety” during learning are demanded.

RL methods guaranteeing the “safety” have been dis-
cussed in literatures with different definitions of safety
and some of them are called “safe reinforcement learning
(safe RL) methods”. According to the survey paper by
Garcia and Ferndndez (2015), approaches for safe RL are
classified into two fundamental categories; “transforming
the optimization criterion” and “modifying the exploration
process”. This paper adopts the latter one. In particular,
we deal with the safety based on the constraints which are
explicitly defined in control problems. More specifically,
we define the probability of satisfaction of the constraints
regarding the state of the controlled object as the quantita-
tive index to evaluate the safety. In this paper, we propose
an automatic exploration process adjustment method for

1 This work is done while he worked at Fujitsu Laboratories Ltd.

Copyright lies with the authors

a Gaussian policy guaranteeing that the probability noted
above is equal to or greater than its pre-specified lower
bound, which is a kind of chance constraint (Shapiro
et al., 2014). Our method automatically selects whether
the exploratory input is used or not at each time depending
on the state and its predicted value as well as adjusts
the variance-covariance matrix of a normal distribution
utilizing a linear nominal model of the controlled object
and upper bounds of its approximation error. We show
that an RL algorithm combined with our exploration
process adjustment method theoretically guarantees the
satisfaction of the joint chance constraint with the pre-
specified probability.

The rest of this paper is organized as follows. In Sec-
tion 2, we describe a problem formulation of this paper.
Subsequently, in Section 3, we introduce our automatic
exploration process adjustment method for the Gaussian
policy and show a theoretical guarantee of probabilistic
satisfaction of the constraints. In this section, we also
show one concrete example of safe RL algorithms with
our exploration process adjustment method. In addition,
we compare our study with some related work for safe
RL. In Section 4, we verify the validity and effectiveness
of our method through numerical simulations, and finally,
we conclude this paper in Section 5.

2. PROBLEM FORMULATION

Consider a discrete-time affine nonlinear system given by
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T = flar) + g(zr)ug, (1)

where 2, € R™ and u; € R™ are the state and the control
input at time k, respectively, and f : R®™ — R"™ and
g : R* — R™ "™ are unknown nonlinear functions. We
assume that the state zp can be observed directly, and
also, an instantaneous cost ¢, € R given by

Cr1 = L(zg, ug) (2)
as well. Here ¢ : R” x R™ — [0,00) is an unknown
instantaneous cost function. As described in the left hand
side of (2), we denote the instantaneous cost by cgi1
following the convention adopted in Sutton and Barto
(2018), while it is produced with the state x, and the
input uy at time k.

The objective of control is to minimize the cumulative
discounted cost J given by

J = Z’ykck-ﬁ-la (3)
k=0

where 7 € (0,1] is a discount rate.

In addition, we consider the situation where desirable
conditions about the state is given by the following linear
inequalities:

Hx < v, (4)

where v = [v1,...,v,.]T € R™ and H = [hy,...,hn,]" €
R™*" and the symbol < represents that every inequality
< on R is satisfied regarding each component in the vector.
We suppose that the inequalities (4) is known, and we
define the safety in this paper based on them.

Let the set X C R™ be
X :={zxeR"|Hz < v}, (5)

and X be the interior point set of X. We suppose the
existence of the state z* € X' which satisfies f(z*) = z*
and ¢(z*,0) = 0, while we do not suppose that «* is known.
This means that some kind of consistency is held between
the cost and safety in the control problem, and the state
satisfying both of them is maintainable. For simplicity, we
also suppose that the initial state x( satisfies g € X.

Next, we describe the goal of this paper. The common goal
of RL methods is to acquire a policy, which corresponds
to a control law in control engineering, to minimize (or
maximize) evaluation functions related to the instanta-
neous cost (or the instantaneous reward) obtained at each
time. If we know both complete dynamics of the controlled
object and the evaluation function, the problem leads to
the usual optimal control problem. However, in many cases
the above-mentioned information is not completely known
beforehand, and the usual optimal control methods cannot
attain desired performance. A fundamental appeal of RL
methods is that we can obtain the optimal policy or at
least an improved one even in such a situation by updating
the current policy with the information obtained online.

In order to acquire an appropriate policy while the prop-
erties of the controlled object are unknown, we have to
select exploratory inputs during learning which are not
optimal according to the current policy. This means that,
the possibility of violating desirable conditions given by
(4) increases because of the exploration.

In general, stochastic policies are used in RL methods to
carry out the above exploration, and thus, the state xj
of the controlled object also transits stochastically. To
evaluate the satisfaction of the conditions given by (4)
quantitatively, we consider the (joint) chance constraint

Pr{Hxp X v} >n. (6)

(& Pr{h;»rxk 20, V=12 ,n.} >n)
In the above inequality, Pr{-} denotes the probability of
the satisfaction of the inequalities in {-}. We call this
“probability of constraint satisfaction” in the rest of this

paper, and use it as the metric of safety. For simplicity, we
assume 7 € (0.5, 1).

The goal of this paper is to propose an automatic explo-
ration process adjustment method for safe RL which guar-
antees the satisfaction of the joint chance constraint (6) at
every time k > 1 with 7 determined before learning. 2

Throughout this paper, we assume that the following two
most basic conditions are satisfied.

Assumption 1. The following linear approximate (nomi-
nal) model of the nonlinear system in (1) is known:

Tht1 Az + Buy,, (7)
where A € R"*™ and B € R™"*™,

Let e(-,; f, g, A, B) : R* xR™ — R" be the following func-
tion which denotes the approximation error between the
nonlinear system given in (1) and its linear approximate
model given in (7):

e(z,u; f,9,A,B) = f(z) + g(x)u — (Az + Bu)  (8)

=:le1(z,u; f,9, 4, B), ... en(w,u; f,9, A, B)]". (9)
We make the next assumption regarding this function.
Assumption 2. Regarding the functions e;(-,; f, g, A, B),

i = 1,2,...,n defined in (9), scalar values &; € [0,00),
1 =1,2,...,n satisfying the following relation are known:
éiz sup |€i(.’13,u;f,g,A,B)|. (10)

rER™ yeR™

An example satisfying this assumption is given in Sec-
tion 4.1.

Under Assumption 2, let £ C R™ be the set of the vectors
€=[e1,..., €]t € R® whose elements are

€; = €; or — €;. (11)
Note that the size of the set £ is 2™ by definition.

Assumptions 1 and 2 mean that we do not know the exact
system dynamics but have certain level of prior knowledge
about it somehow (e.g. by physical considerations). We
introduce three other assumptions right before we use
them in the next section.

We describe our proposed method in detail and show a
theorem which theoretically guarantees the joint chance
constraint satisfaction in the following section.

Remark 1. In order to simplify the notations in the rest
of this paper, we generalize the joint chance constraint (6)
and denote Pr{H¢ < v} > A for an arbitrary £ € R™ and
A € (0.5,1) by CC(&, A). That is,

CC(E,N) <L Pr{HE < v} > A (12)

2 In this paper, we describe the chance constraint (6) as a joint
chance constraint, while it is not a “joint” one if n, = 1.
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For example, with this notation, the joint chance con-
straint (6) can be denoted by CC(xg,n).

In addition, it is sometimes difficult to deal with the
joint chance constraint (6) directly since it is a condition
with respect to the probability of the simultaneous sat-
isfaction of all n. constraints. Therefore, we show some
supplemental theoretical results with respect to individual
constraints before showing our main result in Theorem 1.
For this purpose, similar to the notation CC(-,), we de-
note {Pr {h;rf < vj} >\Vi=1,.. .,nc} for an arbitrary
€€ R™and X € (0.5,1) by CC'(&, ). That is,

CC'(e,N) &5 (Pr{rfe < v} >AVi=1,...,n.}. (13)
Regarding the relationship between the above two kinds
of chance constraints (12) and (13), we can easily prove
based on Bonferroni’s inequality that CC’(¢, 1=A

— Tc) is a
sufficient condition for CC(&, \).
3. MAIN RESULT

As described in Section 1, approaches for safe RL are
classified into two fundamental categories; “transforming
the optimization criterion” and “modifying the exploration
process”. We adopt the latter one. In the rest of this
section, Subsection 3.1 shows the case in which the ex-
ploration is completely removed in the RL algorithm as
preliminaries. Next, based on the results shown in Subsec-
tion 3.1, we introduce an automated exploration process
adjustment method for the Gaussian policy and show a
theorem which gives our method a theoretical guarantee
regarding the satisfaction of the joint chance constraint
in Subsection 3.2. Finally, in Subsection 3.3, we show an
example of safe RL methods based on our exploration
process adjustment method. We compare our study with
related work for safe RL in Section 3.4.

3.1 Chance constraint satisfaction regarding the input
without exploration

When we consider satisfaction of the constraints by mod-
ifying the exploration process in an RL algorithm, it is
natural to use an input without exploration in some situ-
ations. However, even if we do so, the satisfaction of the
chance constraint is not always guaranteed. Therefore, we
have to select the input carefully even in such a situation.
In this subsection, we show two particular cases in which
the input can be selected to guarantee the satisfaction of
the chance constraint.

Firstly, let us consider the case in which the function f in
(1) obeys the following assumption.

Assumption 3. If © € X holds, then f(z) € X holds.

It is straightforward to see Pr{Hzy11 <v}=1 holds if we
use ur = 0 for 2, € X in this case.

Next, we consider the case in which the particular inputs
to return the state into X from the outside of X can be
obtained. Specifically, we make the following assumption.

Assumption 4. Suppose that xp = = ¢ X at time k > 1.
Regardless of time k and the state x, we can make the
state be in X within 7 step with the particular successive
inputs. That is, we previously know the successive inputs

back , back back : :
wpt, w T L ugfS ) or its calculation procedure to let

the state be z;; € X (1 <j <) for any k and z.

In this case, we obtain the following lemma.

Lemma 1. Let Assumption 4 hold. In addition, we assume
that CC(xzx11,p) is satisfied if zy € X. Then, CC(xgy1,p7)
is satisfied if g € X.

Proof. At time k, we define “z, € X7 as State 1 and
“Tp_; € XN (Tr—it1,-.., 2Tk &€ X)) as State i4+1. With this
definition, the state transition is expressed by the Markov
chain in Proposition 1 described in Appendix A, and thus,
this lemma is proven with ¢y € X and p; > p. m|

3.2 Automatic exploration process adjustment method for
Gaussian policy

Next, we propose an automatic exploration process ad-
justment method which includes usage of the inputs with
exploration. In this method, we basically generate the
inputs based on a Gaussian policy, which can be applied to
problems in continuous state and action space. Specifically,
we use the following Gaussian probability density function
as the policy function:

(u|z; w, %)

1 1 Ta_1 )
=—————exp|—z(u—plz;w)) X e 14
o (st )
where e represents the omission of (u — p(x;w)) and
w € RMv is the policy parameter. We generate an input
u stochastically according to the m-dimensional normal
distribution with the mean p(z;w) € R™ and the variance-
covariance matrix X € R"™*™, We express this as

u~N(pz;w),X). (15)
The degree of exploration, in other words, how different
input is selected from its mean, depends on X.

Let py denote the mean of the input corresponding to the
state xj of the controlled object at time k& and the policy
parameter wy, that is,

g = p(ze; wi). (16)
Now we restrict the variance-covariance matrix X to the
following diagonal matrix determined by o2 (o > 0):

Y =021,
where I, is an m X m identity matrix.

(17)

Consider the case in which the following assumption holds
between the linear nominal model of the controlled object
and the constraints.

Assumption 5. The coefficient matrix B of the nominal

model in (7) and H = [hy,..., hnc]T in the constraints in
(4) satisfies

T .
hiyB#0, Vj=1,2,...,n. (18)

In this case, we have the following lemma regarding the
relationship between the standard deviation o of the
Gaussian policy and the satisfaction of the joint chance
constraint.

Lemma 2. Let Assumptions 1, 2 and 5 hold, and let the
input uy be selected according to the normal distribution
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Fig. 1. Block diagram of the closed loop system with our
automatic exploration process adjustment method

with mean pj and variance-covariance matrix o2I,,. In
addition, assume h;r(A:ck—i—B,uk—i—e) <wv;,Vj=1,2,...,n.
Then,

{v; —h;-F(Axk+Buk+e)} (19)

. 1
c=min ———————
se | B[22 (q)
is a sufficient condition for CC' (w441, ¢) being held with
g € (0.5,1). Here ®(-) is the cumulative distribution
function of a zero mean unit variance Gaussian random
variable.

Proof. The conclusion follows from Corollary 3 in Ap-
pendix B and the assumption h;r(Axk + Buy + ¢€) < vj,
Vi=12,...,n. O

In the rest of this paper, we assume that Assumptions 1-
5 hold. Based on the results described in Subsection 3.1
and Lemma 2, we propose the following control law as an
automatic exploration process adjustment method for the
Gaussian policy.
w ~ Nk, 03 dm) if 21 € XA (T5, €X™, Ve € E)
ur =0 else if zpeX

uy, = uZ“Ck otherwise

Y

(20)
where Zj, | := Azy + By + €. In addition, we define g,
in the top of (20) as
(vj—hj Ti)

1
0} = min (21)

e 1A Bl @7 (')

1

where ' == 1 — % The block diagram of the closed
loop system including the safe RL controller based on
our exploration process adjustment method is depicted
in Fig. 1. As shown in this figure, the safe RL controller
selects whether the exploratory input is used or not at each
time according to the control law (20) as well as adjusts the
variance-covariance matrix of a normal distribution used
in the Gaussian policy for exploration with g, in (21).
In other words, the safe RL controller contains two kinds
of controllers; the learning controller with a time-varying
variance-covariance matrix and the model-based fixed one,
and selects either of them to generate the control input at
each time? .

We have the following theorem regarding the satisfaction
of the joint chance constraint with the above control law
as an automatic exploration process adjustment method.

Theorem 1. Let Assumptions 1-5 hold and the input wug
at time k be selected according to (20). Then, the joint

3 According to the terminology introduced in Okawa et al. (2019),
this is classified as “switching LeFiCo”.

Algorithm 1 Safe one-step actor-critic algorithm with
automatic exploration process adjustment

1: Initialize:

2: 0+ 0y, w+ wy, <1

3: loop (Execute below at ¢t = 0 and every T time)
4 Observe z

5 if t # 0 then

6: Get cost ¢ .

7 0 —c+~V(x;0) —V(z—;0)
8 0<—9+a5%—‘£(m‘;6)

9: w ew—i—ﬁbéag’ign(uﬂx_;w)
10: end if

11: Select u according to (20)

12: Input u to controlled object

13: T T, U U, LY

14: end loop

chance constraint (6), that is, CC(x,n), is satisfied at all
time k > 1.

Proof. If 2, € X A (Zf,, € X" Ve € &), CC'(wpq1,7) is
satisfied by selecting the inputs stochastically according to
ug ~ N (g, 03ly) from Lemma 2, and this is a sufficient
condition for CC(xk+1717%). In addition, if zp € X A
(%54, € Xt Ve € &), x4 always satisfies 2,1 € X
with the input ur = 0 from Assumption 3. Therefore,
CC(zk41, 77%) is satisfied at all time k& > 1 with the control
law (20) if 2, € X. Furthermore, this CC(z441,77) is a

sufficient condition for CC(zj41,n) since n+ > n for any
T € ZZL

On the other hand, if 2 ¢ X, k > 1, Lemma 1 shows that
CC(zk41,n) is satisfied for an arbitrary x € R™ with the

input uj, = ul?* according (20).

Consequently, CC(xy,n) is satisfied at all time k > 1. O

Remark 2. As shown in the proof described in Ap-
pendix B, the pair (B.7) and (B.8) is a sufficient condition
for the state xpy1 at the next time k + 1 to satisfy the
joint chance constraint (6) for more general 3. In this
case, however, it is difficult to derive ¥ which satisfies this
condition.

Remark 3. Theorem 1 requires that the controlled object
satisfies Assumption 3. However, there may not be many
systems satisfying this assumption by themselves. For this
problem, we can expand the applicability of our proposed
method by forming a minor feedback loop with some kind
of pre-designed controllers based on known information
of the controlled object. We can say that this is one of
the advantages of the control approach to use RL and
model-based control simultaneously in parallel (“parallel
LeFiCo”) as discussed in Okawa et al. (2019).

3.8 Safe learning algorithm with the automatic exploration
process adjustment

Algorithm 1 shows a concrete example of the proposed
safe RL method, which is the algorithm of the one-
step actor-critic described in the Section 13 of Sutton
and Barto (2018) with our automatic exploration process
adjustment method shown in the previous subsection. In
this algorithm, V (x;6) is the estimated value of the state
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value function, § € R™¢ is the sate value weight, and Ny
is its number. In addition, § € R is the TD (temporal
difference) error, and a € [0,1) and 8 € [0,1) are the
learning rates (step sizes). In this algorithm, the inputs
are selected according to the control law (20) to adjust its
exploration process automatically at each time as shown in
Line 11, and then the state value weight 6 and the policy
parameter w are updated. As a result, we achieve to learn
the appropriate policy by updating policy parameters with
the satisfaction of the joint chance constraint (6) for
the pre-specified n guaranteeing that the probability of
constraint satisfaction is equal to or greater than its pre-
specified lower bound.

3.4 Comparison with related work

In the field of RL, the concept of “safety” (or its opponent,
“risk”) is defined according to many kinds of formulation.
Here we restrict our discussions to the ones regarding
continuous state and action spaces as ours. For example,
Wen and Topcu (2018) proposed an RL method in which
constraints satisfied for safety are defined as the expected
cost over finite-length trajectories. In addition, some RL
methods have been proposed to guarantee their safety
even during learning. Berkenkamp et al. (2017) used a
known policy which guarantees safety to prevent the
system from getting into an unrecoverable or undesired
situation. Also, Achiam et al. (2017) proposed a policy
search algorithm for an RL problem in a constrained
Markov Decision Process, which guarantees constraint
satisfaction throughout training. However, these studies
do not deal with satisfaction of the constraints explicitly
defined in their control problems as their safety.

The following three methods regarding safe RL are the
most similar to our study in the sense that they guar-
antee their safety during learning from viewpoint of sat-
isfying the constraints explicitly defined in their control
problems. Dalal et al. (2018) showed a safe exploration
method for RL algorithms to satisfy its safety constraints
if one-time initial pre-training of a model can be used.
Li et al. (2018) proposed a safe RL framework with a
supervisory element between the RL agent and the linear
control system. Furthermore, Cheng et al. (2019) showed
how to modify existing RL algorithms to guarantee safety
of the nonlinear system whose dynamics consists of par-
tially known autonomous dynamics and completely known
actuated one. However, as compared with these existing
methods, the safe RL method with our exploration process
adjustment method guarantees its safety theoretically even
if we can only use partial information of both autonomous
and actuated dynamics of the nonlinear system: a linear
approximate (nominal) model and upper bounds of its
approximation error.

4. SIMULATION VERIFICATION

This section verifies the validity and effectiveness of the
safe RL method with our automatic exploration process
adjustment method through numerical simulation.

4.1 Simulation condition

Control objective and constraints  Let us consider the
following nonlinear function f : R? — R%:

0.3x1 — 0.4sinxo

flz)= B%gﬂ = [_0.1:52 +0.2cos 7 —0.2} ’

where x = [21,72]T € R? and f(0) = 0. Regarding this
function, the Jacobian matrix is given by

(22)

%( )= 0.3 —0.4 cos x

or ) T | —0.2sin2;  —0.1 :

Therefore, the Frobenius norm || %(az) |F of %(m) satisfies
of

5 &)

= \/0.0481112 21 +0.16cos2z9 +0.1 <1
F

for an arbitrary z € R? since |sinz;| < 1 and | cosza| < 1.
This means that f is a contraction mapping in entire R?
with the origin being its fixed point.

We let 2 = [z1,,72,]7 € R? and u, € R be the state
and the input at time k, respectively, and consider the
following discrete-time affine nonlinear system:

Tp+1 = f(@k) + guk, (23)
where f is the function described above and g = [1,1]T.
In addition, we use the following linear nominal model:

03 0 1
Tp1 =~ Az +buy, A= [ 0 _0.1} , b= [1} . (24)

According to Assumption 1, we assume A and b are known
while f and g are unknown. The upper bounds of the error
function e; given in (9) become

sup [0.2coszy — 0.2] = 0.4.
z€R2 ueR

sup | — 0.4sinzy| = 0.4,
r€R2 ueR
Therefore, we let €; = 0.4 and é; = 0.4, and assume that
these values are previously known to satisfy Assumption 2.

On the other hand, we let |z1| < 10 be the constraints.
That is, the set X is given by X = {z € R?| Hz < v},
where

r=[ph]=[ 4 6] =[] = [30)

Assumption 3 is satisfied since f is a contraction mapping
in R? with the origin being its fixed point as described
above and & is a convex region containing the origin. We
also let the initial state be 2o = [5,5]T € X.

Since hJTb # 0, j € {1,2}, the pair of the above nominal
model and the constraints satisfies Assumption 5.

In addition, we assume that the instantaneous cost cx41 =
l(x, ug) can be measured directly at each time, while the
following cost function ¢(-,-) is unknown:

Uz, up) = Ty Qrgr + Ruf
= (f(z) + gur) " Q(f (xx) + gur) + Ruj, (25)
where Q = 1.0 x 10°I, and R = 1.

Control input determination with the proposed exploration
process adjustment method In this verification, we up-
date a policy according to Algorithm 1 described in Sub-
section 3.3. Specifically, we define T'(= 15) steps as 1
episode and learn the policy to determine inputs which
minimize the cumulative cost J = Zf;ol cp+1 of the
instantaneous cost given in (25) in each episode starting
from the initial state xg.

The estimated state value function V(z;6) and the mean
p(z; w) of the input u are, respectively, given by
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Table 1. Simulation parameters

Symbol Definition Value
T Number of simulation steps 15
ot Discount rate 1.0
a, B Learning rates 1.0 x 10~10
Ny, Ny  Number of learning parameters 121
N Number of learning episodes 1.5 x 10%
Lower bound of probability 0.95
7 of constraint satisfaction '
Ny Ny
V(z;0) = ¢i(x)6i, p(z;w) = di(x)wi,  (26)
i=1 i=1
T
where § = [01,...,0n,]T € RV and w = [wy,...,wn,] €

RN« . In the above equation, ¢; : R? — R represent the
feature extractors given by the following Gaussian radial
basis functions:
2
T — o
oi(x) = exp (—QZH> ,i=1,..., Ny,

2¢2

(2

(27)

where g; € R? and ¢? > 0 are the central points and the
variances of each basis function, respectively. We calculate
the mean value up = p(xg;wy) according to (26) with
the state xj at each time and the policy parameters wy,
and then, select the input wu; according to the control
law (20). On the other hand, the pair of the coefficient
matrix (A4,b) of the nominal model in (24) is controllable
and its controllability index is 2. From this result, we
calculate the inputs u5%°* in the control law (20) as follows:

[uz“0k7uz‘ff]T: B~ (xo—A%xy), B:=[Abb]. (28)
These inputs are designed so as to make the state go
back to the initial point. Indeed, these two successive
inputs make any state x ¢ X return into X within 2
steps. Therefore, Assumption 4 is satisfied. The state value
weight 6 and the policy parameter w are updated with the
instantaneous cost given by (25) at each time. The values
of each parameter are listed in Table 1.

4.2 Simulation result

The results of this verification are shown in Figs. 2-7.
Fig. 2 shows the cumulative cost J obtained without
exploration, that is, letting the inputs uj at each step
time be their mean values pj calculated with the policy
parameters wy, at every 50 episodes. Fig. 3 shows the
relative frequencies of the constraint satisfaction with
respect to each time which are obtained by dividing the
number of the episodes satisfying the constraints by its
total number N, and Fig. 4 is the enlarged figure of Fig. 3.
Since the total number of episodes N is large enough and
the occurrence of constraint satisfaction between arbitrary
two episodes is independent of each other, we use relative
frequencies to confirm the validity of Theorem 1. In
addition, Fig. 5 shows the margins from the constraints
and its minimum value at the final episode. Due to the
simulation conditions described in the previous subsection,
the margins v; — b (Azy + Bug +€), e € £, j € {1,2} can
be summarized into four scaler values. We denote them
by Ax(i,j) where i = 1 if € = [e;, +é&5)T and i = 2 if
€ = [—é1, +&3)T, and show Ag(i,j) in dashed lines and
its minimum value at each step time in a solid line in this
figure, respectively. Fig. 6 shows o, given in (21) at the
final episode. Furthermore, Fig. 7 shows the trajectory of
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the state with the policy parameter at the final episode.
Among these figures, in Figs. 2-4 and 7, the results by using
the Gaussian policy with the fixed standard deviation
o = 1 are shown in green, those with the bigger fixed
standard deviation ¢ = 10 are in blue, and those by
using our proposed method are in red. Furthermore, in this
verification, if |z, | > 10, k = 1,2,...,T at each episode,
we gave a penalty (T'— k + 1)cx41 and let the estimated
state value be V(ac) = 0 to terminate the current episode,
and then, start another episode from the initial state when
we use the Gaussian policy with fixed standard deviations.

We can confirm that the relative frequencies of the con-
straint satisfaction with the fixed standard deviation o = 1
in green is greater than the lower bound of the probability
of constraint satisfaction n = 0.95 in Fig. 3; however, as
shown in Fig. 2, the corresponding result of the cumulative
cost decreases slowly as the number of episodes increases.
On the other hand, the results with the fixed standard
deviation ¢ = 10 in blue show that, though the cumu-
lative cost decreases efficiently in Fig. 2, there are some
step times when the relative frequency of the constraint
satisfaction becomes lower than 7. As compared with these
results, our proposed method achieves not only to decease
its cumulative cost efficiently but also to guarantee that
the relative frequencies of the constraint satisfaction are
greater than n = 0.95 at all step times, while there
are some step times when its value become lower than
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Margin from the constraints

Fig. 5. Results of margins from the constraints and its
minimum at the final episode
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1
n=1- 1_2"2 ~ 0.987 which is used to derive the standard
deviation o, in (21) as shown in Fig. 4.

In addition, it is shown that the standard deviation g, in
Fig. 6 corresponds to the minimum value among Ag(i, 5)
at each step time in a solid line in Fig. 5. We can confirm
from this result that our proposed method automatically
adjusts its exploration process by changing the variance
0% in the Gaussian policy at each step time, even if the
input is used for exploration.

Furthermore, from the control result with the policy pa-
rameters at the final episode shown in Fig. 7, the learned
policy parameter enables us to transit the state zj of the
system into the origin z = [0,0]T, which is the fixed point
of f(x) and the instantaneous cost given in (25) becomes
0 with the input u; = 0.

5. CONCLUSION AND FUTURE WORK

In this paper, we considered an RL problem in continuous
state and action spaces with constraints explicitly defined
in the control problem, and proposed an automatic ex-
ploration process adjustment method for safe RL which
achieves the satisfaction of a joint chance constraint de-
rived from the above-mentioned constraints. More specif-

ically, our method adjusts the exploration process au-
tomatically utilizing a known linear nominal model of
the controlled object, and we theoretically showed that
this method attains the pre-specified lower bound of the
constraint satisfaction probability. We also verified the
validity and effectiveness of our method through numerical
simulations and showed that it achieves to learn its policy
appropriately by guaranteeing the satisfaction of the joint
chance constraint with the pre-specified probability.

One of the future work is to develop a safe RL method for
control problems in which reinforcement learning methods
and model-based control methods are used simultaneously
with different sampling times. We have to consider this
situation since updating huge number of parameters in
an RL method requires more computation in general, and
thus, it is required to take a longer time to determine its
control input. However, in such a situation, the probability
of constraint satisfaction is not guaranteed with the explo-
ration process adjustment method presented in this paper
since the state transition with the control inputs from a
model-based control method between the sampling times
of an RL method is not considered. Therefore, we plan
to develop an automatic exploration process adjustment
method to guarantee the satisfaction of the constraints
even in such a situation.

REFERENCES

Achiam, J., Held, D., Tamar, A., and Abbeel, P. (2017).
Constrained policy optimization. In the 3/th Interna-
tional Conference on Machine Learning, 22-31.

Berkenkamp, F., Turchetta, M., Schoellig, A., and Krause,
A. (2017). Safe model-based reinforcement learning with
stability guarantees. In Advances in Neural Information
Processing Systems, 908-918.

Boyd, S. and Vandenberghe, L. (2004). Convex optimiza-
tion. Cambridge university press.

Cheng, R., Orosz, G., Murray, R.M., and Burdick, J.W.
(2019). End-to-end safe reinforcement learning through
barrier functions for safety-critical continuous control
tasks. In Thirty-Third AAAI Conference on Artificial
Intelligence, 3387-3395.

Dalal, G., Dvijotham, K., Vecerik, M., Hester, T., Padu-
raru, C., and Tassa, Y. (2018). Safe exploration in
continuous action spaces. CoRR, abs/1801.08757. URL
http://arxiv.org/abs/1801.08757.

Garcfa, J. and Ferndndez, F. (2015). A comprehensive sur-
vey on safe reinforcement learning. Journal of Machine
Learning Research, 16(1), 1437-1480.

Li, Z., Kalabi¢, U., and Chu, T. (2018). Safe reinforcement
learning: Learning with supervision using a constraint-
admissible set. In 2018 Annual American Control
Conference (ACC), 6390-6395. IEEE.

Mnih, V., Kavukcuoglu, K., Silver, D., Rusu, A.A., Ve-
ness, J., Bellemare, M.G., Graves, A., Riedmiller, M.,
Fidjeland, A.K., Ostrovski, G., Petersen, S., Beattie, C.,
Sadik, A., Antonoglou, I., King, H., Kumaran, D., Wier-
stra, D., Legg, S., and Hassabis, D. (2015). Human-level
control through deep reinforcement learning. Nature,
518(7540), 529-533.

Okawa, Y., Sasaki, T., and Iwane, H. (2019). Control
approach combining reinforcement learning and model-
based control. In 2019 12th Asian Control Conference
(ASCC), 1419-1424. TEEE.

1620



Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

Shapiro, A., Dentcheva, D., and Ruszczynski, A. (2014).
Lectures on Stochastic Programming: Modeling and The-
ory, Second Edition. MOS-SIAM Series on Optimiza-
tion. Society for Industrial and Applied Mathematics.

Silver, D., Hubert, T., Schrittwieser, J., Antonoglou, I.,
Lai, M., Guez, A., Lanctot, M., Sifre, L., Kumaran, D.,
Graepel, T., Lillicrap, T., Simonyan, K., and Hassabis,
D. (2018). A general reinforcement learning algorithm
that masters chess, shogi, and go through self-play.
Science, 362(6419), 1140-1144.

Sutton, R.S. and Barto, A.G. (2018). Reinforcement
learning: An introduction. MIT Press, 2nd edition.

Wen, M. and Topcu, U. (2018). Constrained cross-entropy
method for safe reinforcement learning. In Advances in
Neural Information Processing Systems, 7450-7460.

Appendix A. PROPERTY OF MARKOV CHAIN

Let 7 be a natural number greater than or equal to 1. Also,
let a stochastic process {X;} be a discrete-time Markov
chain whose state space and transition probability matrix,

respectively, are {1,2,...,7 + 1} and
ppl—=pr 0 - 0
p2 0 1—=py--- 0
pr 0 0 - 1—p;
1 0 o --- 0

Proposition 1. Consider the above Markov chain {X}}. If
Pr{Xo =1} =1, then Pr{X; =1} > p for all k € Z>.

Proof. We denote by pg) := Pr{X}, =i} the probability
L > pl by

that the state is ¢ at time £ and prove p,
induction. Firstly, we consider the case in which the state
transits within State 1. In this case, pg ) > p(l)pt > pT
(t=0,1,..., )holdsblncep( )= 1.

Next, we assume all values less than k+1(> 7) is true. We
obtain the following simultaneous recurrence formulas:

T T7+1
1 T+1 i i
o =0 Y o =3 el
i=1 i=1 ’
Pl == ppy ) (=237 4 1)

where p,41 := 1. Now,

(i-1) _

P = (1= pi1)pl] (2

=1 =pi-1)(1 = pi—2)pp_

i—1
1
= ={TTa =)},
j=1
and thus, we obtain
T+1 i—1
1 1
UEED DR IOY | (SE) S
i=1 j=1

Since the sum of the coefficient in the right-hand side of
the above equation is 1, the assertion of the proposition
holds at k + 1 from the assumption of induction. m|

Appendix B. PROPERTY OF GAUSSIAN POLICY

Proposition 2. Let Assumptions 1 and 2 hold. For the
state z € R™ at time k of the nonlinear system given
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in (1), we select the input u; € R™ according to the m-
dimensional normal distributed function with the mean
pr € R™ and the covariance ¥ € R™*™ given in (17).
Then, the inequality condition

—_— TA B
< ||hTB|| = {v] wpt+Bpuete)},

Vj s.t. hJTB #£0, Yec &, (B.1)
hj(Azg +€) <vj,Vjst. h;B=0,Vee& (B.2)

is the sufficient condition to satisfy CC'(zxi1,q), where
®(+) is the cumulative distribution function of a zero mean
unit variance Gaussian random variable, and ¢ € (0.5,1).

Proof. Let us denote the nominal value 241 at time k+1
of the nonlinear system by

£k+1 = Al‘k + Buk. (B3)
With this value, we obtain
Zp+1 ~ N(Azy + Bug, BTEB). (B.4)

Firstly, let us select an arbitrary j. In this case,
CCl(zk11,9) & Pr{th;EkH <w;} >q
= Pr{h;r(i:kH +e)<w;} >gq, Yecf.
Next, let us select an arbitrary € € £. In this case, the

above chance constraint becomes the following determin-
istic constraint (Boyd and Vandenberghe, 2004):

Pr{hj (211 +€) <v;} >q

& v;—hT (Azp+Bug+¢) > ® () Hh;fBz% - (B5)
Therefore, the inequality condition
@)1 BEE |2 < v~ B (Awg+ Bui+e),
Vi=1,2,...,n. Ve & (B.6)

is a sufficient condition for the state zpy; to satisfy
CC'(w441,q) at time k+1. By dividing the above inequality
condition depending on whether hJB = 0 or not, we

obtain with 0 < ®~1(g) < oo that

T py 3 L T
|y B2 < m{v‘j—hj (Az+Bpuy+e) }
Vjst. hjB#0, Vee&, (B.T)
h (Azg +€) <vj,Vjst. hiB=0, Ve€ . (BSB)

In addition, with the variance-covariance matrix given in
(17), we obtain

1
thTBZz _= ol Bl

(B.9)

Therefore, by substituting this into (B.7) with respect to
J which satisfies hJTB # 0 and dividing its both side by
|} Bl|2, we obtain the condition in (B.1). a

Corollary 3. Let assumptions used in Proposition 2 hold.
In addition, Assumption 5 holds. Then,

—_— A B
< ||hTB||2 {vj T+ Bpuy+e)}

Vi=1,2,...,n. Yee & (B.10)

is a sufficient condition to satisfy CC' (241, q).

Proof. We can prove this corollary from Proposition 2
and the assumption hJTB #0,Vj=1,2,...,nc. a



