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Abstract: Decentralized partially observable Markov decision process (DEC-POMDP) models se-
quential decision making problems by a team of agents. Since the planning of DEC-POMDP can be
interpreted as the maximum likelihood estimation for the latent variable model, DEC-POMDP can
be solved by the EM algorithm. However, in EM for DEC-POMDDP, the forward-backward algorithm
needs to be calculated up to the infinite horizon, which impairs the computational efficiency. In
this paper, we propose the Bellman EM algorithm (BEM) and the modified Bellman EM algorithm
(MBEM) by introducing the forward and backward Bellman equations into EM. BEM can be more
efficient than EM because BEM calculates the forward and backward Bellman equations instead of
the forward-backward algorithm up to the infinite horizon. However, BEM cannot always be more
efficient than EM when the size of problems is large because BEM calculates an inverse matrix. We
circumvent this shortcoming in MBEM by calculating the forward and backward Bellman equations
without the inverse matrix. Our numerical experiments demonstrate that the convergence of MBEM
is faster than that of EM.

Keywords: decision-making; planning; multiagent; uncertainty; decentralized partially observable
Markov decision process; control as inference

1. Introduction

Markov decision process (MDP) models sequential decision making problems and has
been used for planning and reinforcement learning [1-4]. MDP consists of an environment
and an agent. The agent observes the state of the environment and controls it by taking
actions. The planning of MDP is to find the optimal control policy maximizing the objective
function, which is typically solved by the Bellman equation-based algorithms such as value
iteration and policy iteration [1-4].

Decentralized partially observable MDP (DEC-POMDP) is an extension of MDP to
a multiagent and partially observable setting, which models sequential decision making
problems by a team of agents [5-7]. DEC-POMDP consists of an environment and multiple
agents, and the agents cannot observe the state of the environment and the actions of
the other agents completely. The agents infer the environmental state and the other
agents’ actions from their observation histories and control them by taking actions. The
planning of DEC-POMDP is to find not only the optimal control policy but also the optimal
inference policy for each agent, which maximize the objective function [5-7]. Applications
of DEC-POMDP include planetary exploration by a team of rovers [8], target tracking by
a team of sensors [9], and information transmission by a team of devices [10]. Since the
agents cannot observe the environmental state and the other agents’ actions completely,
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it is difficult to extend the Bellman equation-based algorithms for MDP to DEC-POMDP
straightforwardly [11-15].

DEC-POMDP can be solved using control as inference [16,17]. Control as inference is a
framework to interpret a control problem as an inference problem by introducing auxiliary
variables [18-22]. Although control as inference has several variants, Toussaint and Storkey
showed that the planning of MDP can be interpreted as the maximum likelihood estimation
for a latent variable model [18]. Thus, the planning of MDP can be solved by EM algorithm,
which is the typical algorithm for the maximum likelihood estimation of latent variable
models [23]. Since the EM algorithm is more general than the Bellman equation-based algo-
rithms, it can be straightforwardly extended to POMDP [24,25] and DEC-POMDP [16,17].
The computational efficiency of the EM algorithm for DEC-POMDP is comparable to that of
other algorithms for DEC-POMDP [16,17,26-28], and the extensions to the average reward
setting and to the reinforcement learning setting have been studied [29-31].

However, the EM algorithm for DEC-POMDP is not efficient enough to be applied
to real-world problems, which often have a large number of agents or a large size of an
environment. Therefore, there are several studies in which improvement of the compu-
tational efficiency of the EM algorithm for DEC-POMDP was attempted [26,27]. Because
these studies achieve improvements by restricting possible interactions between agents,
their applicability is limited. Therefore, it is desirable to have improvement in the efficiency
for more general DEC-POMDP problems.

In order to improve the computational efficiency of EM algorithm for general DEC-
POMDP problems, there are two problems that need to be resolved. The first problem
is the forward-backward algorithm up to the infinite horizon. The EM algorithm for
DEC-POMDP uses the forward-backward algorithm, which has also been used in EM
algorithm for hidden Markov models [23]. However, in the EM algorithm for DEC-POMDP,
the forward-backward algorithm needs to be calculated up to the infinite horizon, which
impairs the computational efficiency [32,33]. The second problem is the Bellman equation.
The EM algorithm for DEC-POMDP does not use the Bellman equation, which plays a
central role in the the planning and in the reinforcement learning for MDP [1-4]. Therefore,
the EM algorithm for DEC-POMDP cannot use the advanced techniques based on the
Bellman equation, which makes it possible to solve large-size problems [34-36].

In some previous studies, resolution of these problems was attempted by replacing the
forward-backward algorithm up to the infinite horizon with the Bellman equation [32,33].
However, in these studies, the computational efficiency could not be improved completely.
For example, Song et al. replaced the forward-backward algorithm with the Bellman
equation and showed that their algorithm is more efficient than EM and other DEC-POMDP
algorithms by the numerical experiments [32]. However, since a parameter dependency
is overlooked in [32], their algorithm may not find the optimal policy under a general
situation (see Appendix D for more details). Moreover, Kumar et al. showed that the
forward-backward algorithm can be replaced by linear programming with the Bellman
equation as a constraint [33]. However, their algorithm may be less efficient than the EM
algorithm when the size of problems is large. Therefore, previous studies have not yet
completely improved the computational efficiency of EM algorithm for DEC-POMDP.

In this paper, we propose more efficient algorithms for DEC-POMDP than EM algo-
rithm by introducing the forward and backward Bellman equations into it. The backward
Bellman equation corresponds to the traditional Bellman equation, which has been used
in previous studies [32,33]. In contrast, the forward Bellman equation has not yet been
used for the planning of DEC-POMDP explicitly. This equation is similar to that recently
proposed in the offline reinforcement learning of MDP [37-39]. In the offline reinforcement
learning of MDP, the forward Bellman equation is used to correct the difference between
the data sampling policy and the policy to be evaluated. In the planning of DEC-POMDP,
the forward Bellman equation plays the important role in inferring the environmental state.

We propose the Bellman EM algorithm (BEM) and the modified Bellman EM algorithm
(MBEM) by replacing the forward-backward algorithm with the forward and backward
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Bellman equations. They are different in terms of how to solve the forward and backward
Bellman equations. BEM solves the forward and backward Bellman equations by calculat-
ing an inverse matrix. BEM can be more efficient than EM because BEM does not calculate
the forward-backward algorithm up to the infinite horizon. However, since BEM calculates
the inverse matrix, it cannot always be more efficient than EM when the size of problems
is large, which is the same problem as [33]. Actually, BEM is essentially the same as [33].
In the linear programming problem of [33], the number of variables is equal to that of
constraints, which enables us to solve it only from the constraints without the optimization.
Therefore, the algorithm in [33] becomes equivalent to BEM, and they suffers from the
same problem as BEM.

This problem is addressed by MBEM. MBEM solves the forward and backward Bell-
man equations by applying the forward and backward Bellman operators to the arbitrary
initial functions infinite times. Although MBEM needs to calculate the forward and back-
ward Bellman operators infinite times, which is the same problem with EM, MBEM can
evaluate approximation errors more tightly owing to the contractibility of these operators.
It can also utilize the information of the previous iteration owing to the arbitrariness of the
initial functions. These properties enable MBEM to be more efficient than EM. Moreover,
MBEM resolves the drawback of BEM because MBEM does not calculate the inverse matrix.
Therefore, MBEM can be more efficient than EM even when the size of problems is large.
Our numerical experiments demonstrate that the convergence of MBEM is faster than that
of EM regardless of the size of problems.

The paper is organized as follows: In Section 2, DEC-POMDP is formulated. In
Section 3, the EM algorithm for DEC-POMDP, which was proposed in [16], is briefly
reviewed. In Section 4, the forward and backward Bellman equations are derived, and the
Bellman EM algorithm (BEM) is proposed. In Section 5, the forward and backward Bellman
operators are defined, and the modified Bellman EM algorithm (MBEM) is proposed.
In Section 6, EM, BEM, and MBEM are summarized and compared. In Section 7, the
performances of EM, BEM, and MBEM are compared through the numerical experiment.
In Section 8, this paper is concluded, and future works are discussed.

2. DEC-POMDP

DEC-POMDP consists of an environment and N agents (Figures 1 and 2a) [7,16].
xy € X is the state of the environment at time t. y} € )?, zi € Z', and al € A’ are the
observation, the memory, and the action available to the agent i € {1,..., N}, respectively.
X, Y, Zi,and Al are finite sets. y, := (y},..,yN), zt := (z},.,2z)), and a; := (a},..,a}) are
the joint observation, the joint memory, and the joint action of the N agents, respectively.

The time evolution of the environmental state x; is given by the initial state probabil-
ity p(xo) and the state transition probability p(x;1|x¢, a;). Thus, agents can control the
environmental state x;,1 by taking appropriate actions a;. The agent i cannot observe the
environmental state x; and the joint action a; ; completely, and obtains the observation y!
instead of them. Thus, the observation y, obeys the observation probability p(y,|xt, a;_1).
The agent i updates its memory from z!_; to z based on the observation y. Thus, the mem-
ory zi obeys the initial memory probability v/ (z})) and the memory transition probability
Ai(z’;|z’£71, yi). The agent i takes the action 4} based on the memory z! by following the
action probability 7' (a}|z}). The reward function r(x;, a;) defines the amount of reward
that is obtained at each step depending on the state of the environment x; and the joint
action a; taken by the agents.

The objective function in the planning of DEC-POMDP is given by the expected return,
which is the expected discounted cumulative reward:

J(6) =Eg

i Yr(x, at)] . 1)

t=0
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0 := (7, A, v) is the policy, where 7t := (7T, ..., ), A= (AL, AN), and v := (v1, ..., vN).
v € (0,1) is the discount factor, which decreases the weight of the future reward. The
closer 7 is to 1, the closer the weight of the future reward is to that of the current reward.

The planning of DEC-POMDP is to find the policy 6 that maximizes the expected
return J(0) as follows:

0" := arg mgx](@). )

In other words, the planning of DEC-POMDP is to find how to take the action and how to
update the memory for each agent to maximize the expected return.

state x;
environment
action observation action observation
a; Ve ag vE
agents
memory z} memory z?

Figure 1. Schematic diagram of DEC-POMDP. DEC-POMDP consists of an environment and N
agents (N = 2 in this figure). x; is the state of the environment at time ¢. ylt', zlt', and alt' are the
observation, the memory, and the action available to the agenti € {1, ..., N}, respectively. The agents
update their memories based on their observations, and take their actions based on their memories
to control the environmental state. The planning of DEC-POMDP is to find their optimal memory
updates and action selections that maximize the objective function.

(a) (b)
— X = X1 —— = X2 ————— Xp — X3 ——— X2 —_— Xr
¢ J| t | | 7| 1\
¥ ¥ ! ¥ ¥ ¥
¥4 vh vi ¥4 b23 Vi \
/Loy /| | | | 0
4 7__. 4 7__. o 7__. 2 z z Zh e 2
a:"J lllil a% alf i 1N af) llil a; b a% i 1 N
! ! ! !
= Ty =2 T =2 T2 g T

Figure 2. Dynamic Bayesian networks of DEC-POMDP (a) and the latent variable model for the time horizon T € {0,1,2, ...}
(b). x; is the state of the environment at time ¢. yi, zi, and ui are the observation, the memory, and the action available to
the agenti € {1, ..., N}, respectively. (a) r; € R is the reward, which is generated at each time. (b) 0 € {0,1} is the optimal
variable, which is generated only at the time horizon T.

3. EM Algorithm for DEC-POMDP

In this section, we explain the EM algorithm for DEC-POMDP, which was proposed
in [16].

3.1. Control as Inference

In this subsection, we show that the planning of DEC-POMDP can be interpreted as
the maximum likelihood estimation for a latent variable model (Figure 2b).
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We introduce two auxiliary random variables: the time horizon T € {0,1,2, ...} and
the optimal variable o € {0,1}. These variables obey the following probabilities:

p(T) = (1—v)97, ®3)
(X7, a1) — 'min 4

p(O = 1|XT, aT) = 7_’(XT, aT) =
"max — "min

where 7max and rpin are the maximum and the minimum value of the reward function
r(x, a), respectively. Thus, 7(x, a) € [0,1] is satisfied.

By introducing these variables, DEC-POMDP changes from Figure 2a to Figure 2b.
While Figure 2a considers the infinite time horizon, Figure 2b considers the finite time hori-
zon T, which obeys Equation (3). Moreover, while the reward r; := r(x;, a;) is generated at
each time in Figure 2a, the optimal variable o is generated only at the time horizon T in
Figure 2b.

Theorem 1 ([16]). The expected return J(0) in DEC-POMDP (Figure 2a) is linearly related
to the likelihood p(0 = 1; 0) in the latent variable model (Figure 2b) as follows:

](9) = (1 - 7)_1[(7’max — T’min)p(o =1 9) + rmin]- (5)
Note that o is the observable variable, and xq.T, y;.7, Z0.T, 40T, T are the latent variables.

Proof. See Appendix A.1. [

Therefore, the planning of DEC-POMDP is equivalent to the maximum likelihood
estimation for the latent variable model as follows:

0" = argmeaxp(o =1,0). (6)

Intuitively, while the planning of DEC-POMDP is to find the policy which maximizes the
reward, the maximum likelihood estimation for the latent variable model is to find the
policy which maximizes the probability of the optimal variable. Since the probability of the
optimal variable is proportional to the reward, the planning of DEC-POMDP is equivalent
to the maximum likelihood estimation for the latent variable model.

3.2. EM Algorithm

Since the planning of DEC-POMDP can be interpreted as the maximum likelihood
estimation for the latent variable model, it can be solved by the EM algorithm [16]. EM
algorithm is the typical algorithm for the maximum likelihood estimation of latent variable
models, which iterates two steps, E step and M step [23].

In the E step, we calculate the Q function, which is defined as follows:

Q(6;6¢) := Eg [log p(o = 1, x0:1, Yo.1- 0.1, 01, T; 0) o = 1] @)

where 0y is the current estimator of the optimal policy.
In the M step, we update 6y to 01 by maximizing the Q function as follows:

01 = arg méax Q(6; 6y). (8)

Since each iteration between the E step and the M step monotonically increases the
likelihood p(o = 1; 6;), we can find 6 that locally maximizes the likelihood p(0 = 1;6).
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3.3. M Step
Proposition 1 ([16]). In the EM algorithm for DEC-POMDP, Equation (8) can be calculated
as follows:

Ya-iz 7k(a]2) La vz P, 2|, 2, 4, A F(x, 2 00) (7(x, @) + 7V (x, 23 6k))

i = , 9
bl = o (a2 vz P, T, 2, 0 A, 5:0) (1, 0) + 1V (%,5:80) © )
N ey = DA A2, y") e p( Y 3,2 ) F(x, 200 V (¢, 2156 .
Z\z, = SR ’
k41 y 2 2y A(2125, 9" ) T (2, Y |x, 2; 70 ) F (X, 2; 0k ) V (¥, 27 0 )
; Yo vi(z) Ly po(x)V(x, z; )
1 = . 11
M) = ) B o)V, 70 v
al= (al, ..., a=1,att1, . aVN). y’i and z ! are defined in the same way. F(x,z;0) and
V(x, z; 0) are defined as follows:
(x,z;0 Z’y pt x,z;0 (12)
V(x,z;0): Z’yp()o:l\sz—tG) (13)

t=0

where pi(x,2;0) := p(xy = x,z = z;0),and po(o = 1|x,2,T;0) := p(o = 1|xg = x,z9 =
z,T;0).

Proof. See Appendix A.2. O

F(x,z;0) quantifies the frequency of the state x and the memory z, which is called
the frequency function in this paper. V(x, z; 8) quantifies the probability of 0 = 1 when
the initial state and memory are x and z, respectively. Since the probability of 0 = 1 is
proportional to the reward, V(x, z; 0) is called the value function in this paper. Actually,
V(x, z;0) corresponds to the value function [33].

3.4. E Step

F(x,z;0;) and V(x, z; 6;) need to be obtained to calculate Equations (9)—(11). In [16],
F(x,z;6;) and V(x, z; 0;) are calculated by the forward-backward algorithm, which has
been used in EM algorithm for the hidden Markov model [23].

In [16], the forward probability a;(x,z) and the backward probability B;(x, z) are
defined as follows:

vct(x, Z, Bk) = pt(x, Zz, Bk), (14)
Bi(x,z;0;) :== po(o =1|x,z, T = t;6). (15)

It is easy to calculate ag(x, z; 0) and Bo(x, z; 0;) as follows:

ag(x, z; 0f) = P (x ZrVk) po(x)vi(z), (16)
Bo(x,z;0k) = F(x,z; 7r) := ) _ my(alz)F(x, a). (17)
a

Moreover, a;11(x, z; 0 ) and Bs11(x, z; 0y ) are easily calculated from a;(x, z; 0 ) and B¢ (x, z; 6 ):

ar1(x,z;00) = Y plx,zlx', 250 )a (v, 2/ 6k), (18)
x!',z'
Bra1(x,z;00) = Y Bi(x', 2506 p(x', 2'|x, z; 6 (19)

x!,z!
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where

p(x, 2 |x,z:00) = ) M(|zy )p(y ¥, a)p(x'|x, @) e (alz). (20)
y.a

Equations (18) and (19) are called the forward and backward equations, respectively. Using
Equations (16)—(19), a¢(x, z; 6;) and B¢(x, z; 6;) can be efficiently calculated from t = 0 to
t = oo, which is called the forward-backward algorithm [23].

By calculating the forward-backward algorithm from t = 0 to t = oo, F(x, z; ;) and
V(x, z; 0;) can be obtained as follows [16]:

F(x,z;60) = i Yy (x,z;0;), (21)
t=0

V(x,z600) = Y 7' Be(x, 2 0). (22)
t=0

However, F(x, z; 0;) and V(x, z; 6;) cannot be calculated exactly by this approach because
it is practically impossible to calculate the forward-backward algorithm until t = co.
Therefore, the forward-backward algorithm needs to be terminated at t = Tinax, Wwhere
Tmax is finite. In this case, F(x, z; 6;) and V(x, z; 0;) are approximated as follows:

[ee] TmaX

F(x,z:00) = Y v'ar(x,z;0¢) = Y v'au(x, z;6¢), (23)
=0 =0
(o) Tmax

V(x,z6) =) v'Br(x,z6¢) = ) 7' Br(x, 2 6¢). (24)
=0 =0

Tmax needs to be large enough to reduce the approximation errors. In the previous study, a
heuristic termination condition was proposed as follows [16]:

Tmaxfl
'YTmaXP(O = 1|Tmax; ) < Z 'YTP(O = 1|T; 6;). (25)
T=0

plo=1|T;6;) = Ly z ar(x, 2;0k) Brv (X, 2; 0) where T = T' 4 T”. However, the relation
between Tmax and the approximation errors is unclear in Equation (25). We propose a new
termination condition to guarantee the approximation errors as follows:

Proposition 2. We set an acceptable error bound ¢ > 0. If

log(1—)e
Trmax M -1 (26)
logy
is satisfied, then
TmﬁX
F(x,z;0;) — Z Yai(x,z;0,)|| <e, (27)
=0 o
Tmax
V(x,z;0;) — Z 'yt‘Bt(x, ;0| <e (28)
=0 o

are satisfied.

Proof. See Appendix A.3. [
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3.5. Summary

In summary, the EM algorithm for DEC-POMDP is given by Algorithm 1. In the E step,
we calculate a;(x, z; 6) and B¢(x, z; 6;) from t = 0 to t = Tmax by the forward—backward
algorithm. In M step, we update 6y to 0y, using Equations (9)-(11). The time complexities
of the E step and the M step are O((|X||Z|)?Tmax) and O((|X||Z])?|V||.A|), respectively.
Note that A := @N | A", and ) and Z are defined in the same way. The EM algorithm for
DEC-POMDP is less efficient when the discount factor v is closer to 1 or the acceptable
error bound ¢ is smaller because Tmax needs to be larger in these cases.

Algorithm 1 EM algorithm for DEC-POMDP

k < 0, Initialize 6.
Tmax < [(log(1 — 7)¢)/ logy — 1]
while 6 or ](6;) do not converge do
Calculate p(x', 2'|x, z; 0y ) by Equation (20).
//—E step—//
ao(x,z;0) < po(x, z;vy)
Bo(x, z; 0k) « 7(x, z; 1)
fort=1,2,..., Tmax do
w(x,2;0p) < Ly 2 p(x,2X, 25 0 )y (2, 27 6)
Bila,2:05) < Lotz Br1 (4, 20 pl, 2/, 2, 8)
end for
F(x,z;0;) < L% v (x, 205

V(x,20;) < L o Br(x, z; 6)

//—M step—//
Update 6y to 61 by Equations (9)-(11).
k+—k+1

end while

return 0

4. Bellman EM Algorithm

In the EM algorithm for DEC-POMDDP, «;(x, z; ;) and B;(x, z; 6x) are calculated from
t = 0to t = Tyax to obtain F(x, z; 0;) and V (x, z; 6 ). However, Tmax needs to be large to
reduce the approximation errors of F(x, z; 0;) and V (x, z; 6;), which impairs the computa-
tional efficiency of the EM algorithm for DEC-POMDP [32,33]. In this section, we calculate
F(x,z;6;) and V (x, z; 6;) directly without calculating a¢(x, z; 6 ) and B;(x, z; 6%) to resolve
the drawback of EM.

4.1. Forward and Backward Bellman Equations

The following equations are useful to obtain F(x, z; 6;) and V (x, z; 6;) directly:

Theorem 2. F(x,z;0) and V(x, z; 0) satisfy the following equations:

F(x,z0) =po(x,z;v) +79 ) p(x,z|x',2/;0)F(x',2';0), (29)
x,z!

V(x,z0) =F(x,z;m) +7 Y p(x, 2 |x,z,0)V(,2;0). (30)
x!,z!

Equations (29) and (30) are called the forward Bellman equation and the backward Bellman
equation, respectively.

Proof. See Appendix B. [

Note that the direction of time is different between Equations (29) and (30). In Equa-
tion (29), x” and z’ are earlier state and memory than x and z, respectively. In Equation (30),
x" and z’ are later state and memory than x and z, respectively.
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The backward Bellman Equation (30) corresponds to the traditional Bellman equation,
which has been used in other algorithms for DEC-POMDP [11-14]. In contrast, the forward
Bellman equation, which is introduced in this paper, is similar to that recently proposed in
the offline reinforcement learning [37-39].

Since the forward and backward Bellman equations are linear equations, they can be
solved exactly as follows:

F(0) = (I—vP(6))"!
V(0) = ((I—~P(6))~

(31)
(32)

"H —~
~ <
) O
—~ 3

q
~

where

F(0) :=F((x,z) =1;0),V;(0) :=V((x,2z) =1i,;0)
P;(0) := p((+',2') = i|(x,2)
pi(v) :=po((x,2) = i;v),ri(m) = 7((x,2z) = i; )

Therefore, we can obtain F(x, z; 0;) and V(x, z; 6;) from the forward and backward Bell-
man equations.

4.2. Bellman EM Algorithm (BEM)

The forward-backward algorithm from t = 0 to t = Tpax in the EM algorithm for
DEC-POMDP can be replaced by the forward and backward Bellman equations. In this
paper, the EM algorithm for DEC-POMDP that uses the forward and backward Bellman
equations instead of the forward—backward algorithm from t = 0 to t = Tmax is called the
Bellman EM algorithm (BEM).

4.3. Comparison of EM and BEM

BEM is summarized as Algorithm 2. The M step in Algorithm 2 is almost the same as
that in Algorithm 1—only the E step is different. While the time complexity of the E step in
EM is O((|X||Z|)?Tmax), that in BEM is O((|X|| Z|)3).

Algorithm 2 Bellman EM algorithm (BEM)

k < 0, Initialize 6.

while ) or J(6y) do not converge do
Calculate p(x', Z'|x, z; 0% ) by Equation (20).
//—E step—//
F(0) < (I - ’YP(Bk))_lif(Vk)

V(6k) < ((I—vP(6y)) ") (i)
//—M step—//
Update 0y, to 0,1 by Equations (9)—(11).
k< k+1

end while

return 6

BEM can calculate F(x, z; 0;) and V(x, z; 6;) exactly. Moreover, BEM can be more
efficient than EM when the discount factor 7 is close to 1 or the acceptable error bound
¢ is small because Tmax needs to be large enough in these cases. However, when the
size of the state space |X| or that of the joint memory space |Z]| is large, BEM cannot
always be more efficient than EM because BEM needs to calculate the inverse matrix
(I —yP(6))) . To circumvent this shortcoming, we propose a new algorithm, the modified
Bellman EM algorithm (MBEM), to obtain F(x, z; 6 ) and V (x, z; ;) without calculating
the inverse matrix.
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5. Modified Bellman EM Algorithm
5.1. Forward and Backward Bellman Operators

We define the forward and backward Bellman operators as follows:

Agf(x,z) :=po(x,z;v) + Z p(x,z|x',2;0)f(x,2)), (33)
x',z!

Bgu(x,z) :=F(x,z; ) +v ) p(x,2'|x,z0)v(x, 2) (34)
x!',z!

where 7 f,v: X x Z — R. From the forward and backward Bellman equations, A 0 and B 0
satisfy the following equations:

F(x,z;0) = AgF(x,z;0), (35)
V(x,z;0) = BgV(x,z;0). (36)

Thus, F(x, z; 6) and V(x, z; ) are the fixed points of Ag and By, respectively. Ag and By
have the following useful property:

Proposition 3. Ag and By are contractive operators as follows:

|Agf — Agglli < 7IIf — gl (37)
|Bgu — Bgolleo < It — 0[|co (38)

wherevf,g,u,v X x Z = R

Proof. See Appendix C.1. [

Note that the norm is different between Equations (37) and (38). It is caused by the
difference of the time direction between Ag and By. While x’ and z’ are earlier state and
memory than x and z, respectively, in the forward Bellman operator Ag, x" and 2’ are later
state and memory than x and z, respectively, in the backward Bellman operator By.

We obtain F(x, z; 0) and V(x, z; 6;) using Equations (35)—(38), as follows:

Proposition 4.

lim Aéf(x,z) = F(x,z0), (39)
L—oo
lim BfL)v(x,z) = V(x,z;0) (40)
L—o0

where "f,v: X x Z — R.

Proof. See Appendix C.2. [

Therefore, it is shown that F(x, z; ;) and V (x, z; 6;) can be calculated by applying the
forward and backward Bellman operators, Ag and By, to arbitrary initial functions, f (x,2)
and v(x, z), infinite times.

5.2. Modified Bellman EM Algorithm (MBEM)

The calculation of the forward and backward Bellman equations in BEM can be
replaced by that of the forward and backward Bellman operators. In this paper, BEM that
uses the forward and backward Bellman operators instead of the forward and backward
Bellman equations is called modified Bellman EM algorithm (MBEM).
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5.3. Comparison of EM, BEM, and MBEM

Since MBEM does not need the inverse matrix, MBEM can be more efficient than BEM
when the size of the state space |X'| and that of the joint memory space | Z| are large. Thus,
MBEM resolves the drawback of BEM.

On the other hand, MBEM has the same problem as EM. MBEM calculates Ag and
B(-)k infinite times to obtain F(x, z; 6;) and V(x, z; ;). However, since it is practically
impossible to calculate Aek and Bﬂk infinite times, the calculation of Agk and ng needs to
be terminated after Ly,x times, where Lay is finite. In this case, F(x, z; 0;) and V (x, z; 6)
are approximated as follows:

F(x,2;00) =Ag f(x,2) = Ag™f(x,2), (41)
V(x,2;6) =By v(x,z) ~ Bg™v(x,z). (42)

Lmax needs to be large enough to reduce the approximation errors of F(x,z;6;) and
V(x, z; 8), which impairs the computational efficiency of MBEM. Thus, MBEM can po-
tentially suffer from the same problem as EM. However, we can theoretically show that
MBEM is more efficient than EM by comparing Tiax and Lmax under the condition that
the approximation errors of F(x, z; 0;) and V (x, z; 6;) are smaller than the acceptable error
bound «.

When f(x,z) = po(x, z;vx) and v(x, z) = 7(x, z; 7ty ), Equations (41) and (42) can be
calculated as follows:

Lmax
Agf(x,z) =) 7'pi(x,%0), (43)
t=0
Lmax
Béfaxv(x,z) =) 7'polo=1lx,2 T =1£8) (44)
t=0
which are the same with Equations (23) and (24), respectively. Thus, in this case, Lmax = Tmax,

and the computational efficiency of MBEM is the same as that of EM. However, MBEM has
two useful properties that EM does not have, and therefore, MBEM can be more efficient
than EM. In the following, we explain these properties in more detail.

The first property of MBEM is the contractibility of the forward and backward Bell-
man operators, A(-) and B(-) . From the contractibility of the Bellman operators, Lmax is
determined adaptively as follows:

Proposition 5. We set an acceptable error bound € > 0. If

-], < 5%
e < 15 o
are satisfied, then
HF(x, z6;) — A f(x,z 9")Hoo <e 47)
HV(x, z;0;) — Békv(x, z; Bk)Hoo <e (48)

are satisfied.



Entropy 2021, 23, 551

12 of 24

Proof. See Appendix C.3. O

Tmax is always constant for every E step, Tmax = [(log(1 — 7v)¢e)/logy — 1]. Thus,
even if the approximation errors of F(x,z;0;) and V(x, z; 0;) are smaller than € when
t < Tmax, the forward-backward algorithm cannot be terminated until ¢t = Tpnax because
the approximation errors of F(x, z; 6) and V (x, z; 6) cannot be evaluated in the forward—
backward algorithm.

Lmax is adaptively determined depending on Aék f(x,z) and Békv(x,z). Thus, if

Aékf(x,z) and Békv(x,z) are close enough to F(x,z;0;) and V(x,z;6y), the E step of

MBEM can be terminated because the approximation errors of F(x, z; 8 ) and V(x, z; 6 ) can
be evaluated owing to the contractibility of the forward and backward Bellman operators.

Indeed, when f(x,z) = po(x, z;vg) and v(x, z) = 7(x, z; 7ty ), MBEM is more efficient
than EM as follows:

Proposition 6. When f(x,z) = po(x, z;vx) and v(x, z) = 7(x, z; 7tk), Lmax < Tmax is satisfied.

Proof. See Appendix C.4. [

The second property of MBEM is the arbitrariness of the initial functions, f(x,z) and
v(x,z). In MBEM, the initial functions, f(x,z) and v(x, z), converge to the fixed points,
F(x, z; 6x) and V(x, z; 6), by applying the forward and backward Bellman operators, Ag_
and ng, Lmax times. Therefore, if the initial functions, f(x, z) and v(x, z), are close to the
fixed points, F(x, z; 0;) and V(x, z; 0;), Lmax can be reduced. Then, the problem is what
kind of the initial functions are close to the fixed points.

We suggest that F(x, z;0,_1) and V(x, z; 6;_1) are set as the initial functions, f(x, z)
and v(x, z). In most cases, 6;_1 is close to 8. When 6;_1 is close to 0, it is expected that
F(x,z;6¢_1) and V(x, z; 0;_1) are close to F(x, z; 0;) and V(x, z; 6;). Therefore, by setting
F(x,z;0_1) and V(x, z; 0;_1) as the initial functions f(x, z) and v(x, z), respectively, Lmax
is expected to be reduced. Hence, MBEM can be more efficient than EM because MBEM
can utilize the results of the previous iteration, F(x,z;60;_1) and V(x,z;6;_1), by this
arbitrariness of the initial functions.

However, it is unclear how small L,y can be compared to Tmax by setting F(x, z; 6;_1)
and V(x, z;0;_1) as the initial functions f(x,z) and v(x, z). Therefore, numerical eval-
uations are needed. Moreover, in the first iteration, we cannot use the results of the
previous iteration, F(x, z; 0;_1) and V(x, z; 0;_1 ). Therefore, in the first iteration, we set
f(x,z) = po(x,z;vg) and v(x,z) = 7(x, z; 7ty ) because these initial functions guarantee
Lmax < Tmax from Proposition 6.

MBEM is summarized as Algorithm 3. The M step of Algorithm 3 is exactly the same
as that of Algorithms 1 and 2, and only the E step is different. The time complexity of
the E step in MBEM is O((|X|| Z])?Lmax)- MBEM does not use the inverse matrix, which
resolves the drawback of BEM. Moreover, MBEM can reduce Lnax by the contractibility of
the Bellman operators and the arbitrariness of the initial functions, which can resolve the
drawback of EM.
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Algorithm 3 Modified Bellman EM algorithm (MBEM)

k < 0, Initialize 6.

F(x,z;0¢_1) < po(x, z;vg)
V(x,z;0c_1) < 7(x, z; 7Ty)

while 6 or ](6;) do not converge do

Calculate p(x', 2'|x, z; 0y ) by Equation (20).
//—E step—//
Fo(x,z) < F(x,z;6¢1)
Vo(x,z) < F(x,z;6,_1)
L+ 0
repeat
FL+1(.’JC,Z) — AGkFL(x,z)
VL_H(X,Z) — BBkVL(x, Z)
L+—L+1
until max{[|F, — Fp 11, [[VL = Vi1 [lw} < 5726
//—M step—//
Update 0y to 61 by Equations (9)-(11).
k—k+1

end while
return 0

6. Summary of EM, BEM, and MBEM

EM, BEM, and MBEM are summarized as in Table 1. The M step is exactly the same

among these algorithms, and only the E step is different:

EM obtains F(x, z; 0;) and V (x, z; 6;) by calculating the forward-backward algorithm
up to Tmax. Tmax Needs to be large enough to reduce the approximation errors of
F(x,z; 6;) and V(x, z; 0 ), which impairs the computational efficiency.

BEM obtains F(x, z; 6) and V(x, z; 6 ) by solving the forward and backward Bellman
equations. BEM can be more efficient than EM because BEM calculates the forward
and backward Bellman equations instead of the forward-backward algorithm up to
Tmax- However, BEM cannot always be more efficient than EM when the size of the
state |X'| or that of the memory | Z| is large because BEM calculates an inverse matrix
to solve the forward and backward Bellman equations.

MBEM obtains F(x,z;0;) and V(x, z; 6;) by applying the forward and backward
Bellman operators, AGk and Bg , to the initial functions, f(x,z) and v(x,z), Lmax
times. Since MBEM does not need to calculate the inverse matrix, MBEM may be more
efficient than EM even when the size of problems is large, which resolves the drawback
of BEM. Although Lmax needs to be large enough to reduce the approximation errors
of F(x, z;0;) and V(x, z; 6 ), which is the same problem as EM, MBEM can evaluate
the approximation errors more tightly owing to the contractibility of Ag_and By,
and can utilize the results of the previous iteration, F(x, z; 6y_1) and V(x, z;6¢_1), as
the initial functions, f(x, z) and v(x, z). These properties enable MBEM to be more
efficient than EM.

Table 1. Summary of EM, BEM, and MBEM.

EM

Bellman EM (BEM) Modified Bellman EM (MBEM)

forward-backward algorithm forward and backward Bellman equations

forward and backward Bellman operators

E ste F(x,200) ~ L5 ' (x, 73 00) F(8;) = (I—P(8) ' p(vy) F(x,z00) ~ Ag™ f(x,2)
P V(x,z;0) = ZtTESX Y Bi(x, z; 0¢) V(6) = ((I- ’Yp(ek)s)fl)T”(”k) Vi(x,z;0;) = Bé’k“axv(x,z)
O((‘XHZ')ZTmaX) O((")(HZD ) O((|X|‘Z‘)2Lmax)
M step Equations (9)-(11) Equations (9)-(11) Equations (9)-(11)

O((1x[121)*|VIIAl) o((1x[121)*|VIIAl)

o((|1x[12)*|VIIAl)
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7. Numerical Experiment

In this section, we compare the performance of EM, BEM, and MBEM using numerical
experiments of four benchmarks for DEC-POMDP: broadcast [40], recycling robot [15],
wireless network [27], and box pushing [41]. Detailed settings such as the state transition
probability, the observation probability, and the reward function are described at http:
//masplan.org/problem_domains, accessed on 22 June 2020. We implement EM, BEM,
and MBEM in C++.

Figure 3 shows the experimental results. In all the experiments, we set the number
of agent N = 2, the discount factor v = 0.99, the upper bound of the approximation error
¢ = 0.1, and the size of the memory available to the ith agent | Z/| = 2. The size of the
state |X|, the action |.A’|, and the observation |)| are different for each problem, which
are shown on each panel. We note that the size of the state | X'| is small in the broadcast
(a,e,i) and the recycling robot (b,fj), whereas it is large in the wireless network (c,g k) and

the box pushing (d,h,l).
(a) , , (b) , , (c) , (4 _ _
X =4,]A1=2,]Y]|=5 X =4,]AT=3,|Y]|=2 X =64, A =2,|V]|=6 |#=100,|A'|=4,|Y|=5
= £ 500 £ — EM £ a0
20 2 27— ';Z”EM 2 300
8 70 8 »0 &) -20017 E 200
T 60 T 200 T -210 o
[J] [J] O 100
0o O 150 o o
(7] — M (7] — M @ -230 Q ° — EM
Q 40 —— BEM o —— BEM o o —— BEM
é 30 —— MBEM 5 100 —— MBEM 5 —240 6 —100 —— MBEM
0 2 .4 6 8 10 0 20 ) 40 60 80 0 5000 .10000 15000 20000 0 1000 200.0 3000 4000 5000 6000
time (s) time (s) time (s) time (s)
(e) , , () , , (8) , () , ,
|| =4, |4 =2,]¥|=5 || =4, |4 =3, || =2 AL =64,141=2,1Y]=6 |4 =100, |4' = 4,|¥| =5
Eo £ 300] — e £ — M L) [
3 80 3 BEM B -190 BEM B 300 BEM
e 70 8 2501 —— MBEM E —200{ — MBEM g . —— MBEM
B 6o O 200 o -210 Lo}
[0} [V} [J] @ 100
+— = 4+ -220 )
O 50 O 150 @] ]
[} — [}  -230 o 0
o 40 BEM o o Q
X — MBEM X 100 X -240 X 100
[OR (0] o [3)
0 200 .400 60.0 800 1000 0 2000. 400.0 6000 o 5000 10‘000 15000‘20000 25000 30000 ) 500 ‘1000 15.00 2000 2500
iteration iteration iteration iteration
(i) _ _ () _ _ (k) , , O] _ _
o X =4,1A=2,|Y|=5 o X =4, |A=3,|Y[=2 o X[ =64, |A=2,|Y]|=6 ¥ =100, |A'| =4, |Y|=5
x > x >
E 102 E 102 E 102 ‘ E 102
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g g g g
~ — M ~ ~ ~ — EM
10°{ —— MBEM 10° 10° 1004 —— MBEM
0 200 '400 50'0 800 1000 0 2000' 400.0 6000 0 5000 10?00 15000. 20000 25000 30000 0 500 '1000 15.00 2000 2500
iteration iteration iteration iteration

Figure 3. Experimental results of four benchmarks for DEC-POMDP: (a,e,i) broadcast; (b,f,j) recycling robot; (c,g k) wireless
network; (d,h,1) box pushing. (a-d) The expected return J(6y) as a function of the computational time. (e-h) The expected
return J(6y) as a function of the iteration k. (i-1) Tmax and Lmax as functions of the iteration k. In all the experiments, we set
the number of agent N = 2, the discount factor v = 0.99, the upper bound of the approximation error ¢ = 0.1, and the size
of the memory available to the ith agent | 2| = 2. The size of the state | X, the action |.A|, and the observation |)?| are

different for each problem, which are shown on each panel.

While the expected return J(6;) with respect to the computational time is different
between the algorithms (a—d), that with respect to the iteration k is almost the same (e-h).
This is because the M step of these algorithms is exactly the same. Therefore, the difference
of the computational time is caused by the computational time of the E step.

The convergence of BEM is faster than that of EM in the small state size problems, i.e.,
Figure 3a,b. This is because EM calculates the forward-backward algorithm from t = 0 to
t = Tmax, Where Thax is large. On the other hand, the convergence of BEM is slower than
that of EM in the large state size problems, i.e., Figure 3c,d. This is because BEM calculates
the inverse matrix.
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The convergence of MBEM is faster than that of EM in all the experiments in
Figure 3a—d. This is because Lmay is smaller than Tiax as shown in Figure 3i-1. While EM
requires about 1000 calculations of the forward-backward algorithm to guarantee that the
approximation error of F(x, z; 0;) and V(x, z; 6;) is smaller than ¢, MBEM requires only
about 10 calculations of the forward and backward Bellman operators. Thus, MBEM is
more efficient than EM. The reason why Lmax is smaller than Trmay is that MBEM can utilize
the results of the previous iteration, F(x, z; 0;_1) and V(x, z; 6;_1 ), as the initial functions,
f(x,z) and v(x, z). Itis shown from Lmax and Tmax in the first iteration. In the first iteration
k = 0, Lmax is almost the same with Tmax because F(x, z; 6;_1) and V(x, z; 6;_1) cannot be
used as the initial functions f(x, z) and v(x, z) in the first iteration. On the other hand, in
the subsequent iterations k > 1, Liax is much smaller than Trax because MBEM can utilize
the results of the previous iteration, F(x, z; 0x_1) and V(x, z; 6;_1), the initial functions
f(x,z)and v(x, z).

8. Conclusions and Future Works

In this paper, we propose the Bellman EM algorithm (BEM) and the modified Bellman
EM algorithm (MBEM) by introducing the forward and backward Bellman equations into
the EM algorithm for DEC-POMDP. BEM can be more efficient than EM because BEM
does not calculate the forward—backward algorithm up to the infinite horizon. However,
BEM cannot always be more efficient than EM when the size of the state or that of the
memory is large because BEM calculates the inverse matrix. MBEM can be more efficient
than EM regardless of the size of problems because MBEM does not calculate the inverse
matrix. Although MBEM needs to calculate the forward and backward Bellman operators
infinite times, MBEM can evaluate the approximation errors more tightly owing to the
contractibility of these operators, and can utilize the results of the previous iteration owing
to the arbitrariness of initial functions, which enables MBEM to be more efficient than EM.
We verified this theoretical evaluation by the numerical experiment, which demonstrates
that the convergence of MBEM is much faster than that of EM regardless of the size
of problems.

Our algorithms still leave room for further improvements that deal with the real-world
problems, which often have a large discrete or continuous state space. Some of them may
be addressed by the advanced techniques of the Bellman equations [1-4]. For example,
MBEM may be accelerated by the Gauss—Seidel method [2]. The convergence rate of the E
step of MBEM is given by the discount factor vy, which is the same as that of EM. However,
the Gauss—Seidel method modifies the Bellman operators, which allows the convergence
rate of MBEM to be smaller than the discount factor . Therefore, even if F(x,z; 0;_1)
and V(x, z; 0;_1) are not close to F(x, z; 6;) and V(x, z; 6;), MBEM may be more efficient
than EM by the Gauss—Seidel method. Moreover, in DEC-POMDP with a large discrete
or continuous state space, F(x, z; 6;) and V (x, z; 6;) cannot be expressed exactly because
it requires a large space complexity. This problem may be resolved by the value function
approximation [34-36]. The value function approximation approximates F(x, z; 6) and
V(x, z; 6 ) using parametric models such as neural networks. The problem is how to find
the optimal approximate parameters. The value function approximation finds them by the
Bellman equation. Therefore, the potential extensions of our algorithms may lead to the
applications to the real-world DEC-POMDP problem:s.
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Appendix A. Proof in Section 3
Appendix A.1. Proof of Theorem 1

J(0) can be calculated as follows:

J(8) :=Eg Z Yr(x, at)]
t=0
= Y (X000, A0:0;0) Y V7 (x1, 1) 2 YY" p(xe, an0)r(xy, ar)
X0:00,80:c0 t=0 Xt,0t
:(1 - 7)_1 Z P(T) Z P(XT/ ar; 9)[(rmax - rmin)p(o = 1‘XT, aT) + rmin}
T=0 XT,ﬂT
=(1 =) [(rmax — rmin) P(0 = 1;0) + rmin] (A1)

where x(.00 := {X0, ..., Xoo } and ag.c0 := { a0, .., Ao }-

Appendix A.2. Proof of Proposition 1
In order to prove Proposition 1, we calculate Q(6; 6). It can be calculated as follows:
Q(9 gk) Ee [logp(o = 1 xOTryOT/ZOTraOTrT 9)|0 = 1]

—Lg, Z{Zlog 7o (ai|z;) + Zlog)\l(ZiIZi_yyi) +10gv1(26)} o=1[+C
i=1 (t=0 t=1
2( 7' 0) + QA 0) + Qv 0¢) ) +C, (A2)
where
. [ T . . .

Q(TU,- Gk) = Eek Zlog nl(aﬂzi) 0 = 1] , (A3)

| =0
Q(A;6y) :==Eg, | ) logA'(zilz_1,y1) |0 = 1], (A4)

L t=1
Q(V'; 0) := Eg, _logvi(zé) ’0 = 1}. (A5)

C is a constant independent of 6.

Proposition A1 ([16]). Q(7t;6;), Q(A';6;), and Q(v'; 6;) are calculated as follows:

Qs 0y) < Y mi(alz) log i (a'|2') Y p(x',2'|x, z, a; A F(x, 2; 0k) (F(x, a) + YV (', 2/ 6y)), (A6)
az x,x!,z!

QA8 o« Y A(2 |z y)log A2 |2, y") Y p(x, o |x, 2 i) F(x, 2 8,) V (¥, 25 6;), (A7)
z'.zy x'x

Q('; 6y) o<2po z;v,) logvi(z Zpo V(x,z; 0). (A8)

F(x,z; 0;) and V(x, z; 6;) are defined by Equations (12) and (13).

Proof. Firstly, we prove Equation (A6). Q(7'; 6;) can be calculated as follows:
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Q(7';6x) :=Egq,

T . . .
Y log 7' (ajzi
t=0

)0:1]
T

1 0 o
“h(o—=1:0 ) p(o =1, %01, Yo.1. 201, a0, T; 6k) ) log 7' (aj|z;)
plo=16) T=0x0.1.Y.7,Z0:T,%0:T t=0

1=

1 > S
T 0lo=1.0.) plo =1,xt, 2t at, T; 0) log ' (ay|z})
plo=1;6¢) IgOt Oxt,zzt,ut

1 o T
:—71'6 Z Z Z T)pe(x¢, ze; O ) i (ae|ze ) pr (0 = 1| x¢, z¢, a4, T Gk)logrc (at|zt)
plo=1;6) {=0/=hx, Za,

1 T -
:(—ﬁ YN Y p(T)pe(x, z:6) mri(alz)pe(o = 1]x, 2, a, T; 6;) log 7' (a'|2")
plo=161) =0{=xZa

3

. ® T
= Y. mi(a z) log 7' (a'|2") Yo p(T) Y pe(x,z00)pr(0 = 1|x, 2,4, T; 6;). (A9)
P(O—l 6r) x,z,d T=0 t=0
Since "X oYl g.. = YL X%, ..., we have
Q(7'; 6y) =TT E 7ty (alz) log 7' (a'|2") Z pe(x, z; 0%) Z p(T)pt(o =1|x,z,a,T;0)
plo=1;6¢) x,2,0 t=0 T=t
:1_77 Z w(alz )logn l|z Zpt x, z; 0;) Z Tpt(o =1|x,z,a,T;0). (A10)
plo=1;6¢) x,Z,0 t=0 T=t

Since pi(0 = 1|x,z,a,T;0;) = po(o = 1|x,z,a, T — t; 6;),
[ee]

Q's0,) = s L milalz)log @) Y pi(x,01)

x,Z,a t=0

Tpo(o =1lx,z,a, T —t;6;)

MS

bﬂ
lL

1— L
LTS raln) log 7 (all) Y 4 e, 566 Y A polo = 1%, 2,4, T;6))
p(o=1;6) x,Z,0 t=0 T=0

1— o o
=7 Y mi(alz)log ' (a'|2')F(x,z;0¢) Y 7" po(o = 1|x,z,a,T; 6). (A11)
plo="16¢) . Th T=0
Y5 07 polo = 1|x,z,a,T; 8;) can be calculated as follows:
Y ¥Tpolo=1|x,z,a,T;6,) =F(x,a) + Y_ v polo = 1|x,z,a,T; 6;)
— T=1
=7(x,a) + Z AT Z pi(o=1|x",2/,T;00)p(x', 2 |x, 2, a; Ay)
T=1 ¥,z
=F(x,a)+7 Y p(x, 2 |x,z,a; A) Z'y po(o =1]x, 2, T; ;)
X',z
=f(x,a)+7 ), p(x, 2%, z,a; A1)V (', 2 6). (A12)
X',z

From Equations (A11) and (A12), we obtain

Zn’k z)log ' (a'|z') Y. p(x',2'|x,z,4; M) E(x, 20k ) (F(x, a) + 7V (¥, 25 6,)).  (A13)
p( 0_1 Ok) & Ny

Q(r'; 6¢) =
Therefore, Equation (A6) is proved.

Secondly, we prove Equation (A7). Q(A/; 6) can be calculated as follows:
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. T . . . .
Q(A;6x) :==Eg, | }_logA'(zi|z;_1,v1)
t=1

=

. - T S .
2o =1:0,) p(o =1, x0.1, Yo7, 2.7, ao.r, T; 6k) Y log A'(z¢|z; 4, )
p(O =1 k) T=1 xo.7,Y .7-Z0.7,R0:T =1
: o T o
= lo=1.0.) Y)Y Y plo=Lxi 1Y,z T;0¢) log A (zh|zh_, yi)
p(O = 1, k) T=1t=1%—1.t,Y,Zt-1:
T

1
p(o=1;6)

X Ar(zi|ze-1,y,)pe(0 = 1|xt, 24, T; 0p) log A (24241, vi)
1 o
_ A / /1 /\1 A ) /, / Lz
20 =1;65) Y. MA@z y ) log A (2 |2,y ) p(x, Y |x, z; )

xx'Y',z,2'

et

Z P(T)pr—1(xi-1, 21, 0) p (X1, Y4l X1, 241 7Tk)
t=1xt1:t,Y 1 2112t

00 T
x Y p(T) Y pia(x,z6)pi(o = 1|x', 2/, T; ;). (A14)
T—1 i=1

Since Y5 1 Yl 4. = X2, Y5, ..., we have

. 1 Ly
L. — / / 1(1 1.1 ! .
QU300 = —pos L M2y log N2y p(dy )

xx' Y ,z,2'
XY pe1(x,z00) ) p(T)pe(o =1|x', 2/, T; 6)
t=1 T=t

1-— o
oot o AElz)og N E Ly eyl z )

xx'y,z,z'

x Y pro1(x,z00) Y v pr(o =11, 2, T; 6). (A15)
t=1 T=t

Since pi(0 =1,x,2,T;0;) = polo = 1|x,z, T — t; 6;),

. 1_ o,
Qo) = T Az og N I ez
plo = 1, by xxY',z,z!

[ee] (e}
X Y pra(x,z00) Y v polo =11x, 2, T —£;6)
=1 T=t

_ (A=) Z

A2 |z, y) log ML (2 |28, v ) p (X, |x, z; 7ek)
p(0:1;6k> X,x’,y/,Z,Z’ y & y p Y

x Y ' pe(x, z; 6k) ) 7 polo =1|x', 2, T; 6x)
=0 T=0

:M Z Ak(z’|z,y’)log)ti(zi,\zi,yi,)p(x’, y'|x, z; T ) F(x, 2, 0,) V (X', 2; 0;). (A16)
P(O =1; ek) XY 2,2

Therefore, Equation (A7) is proved.

Finally, we prove Equation (A8). Q(v'; 8;) can be calculated as follows:
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Q(vi; 0r) ::Ee [log vi(zé)

0= 1}
( = 1 6 Z Z P(O = 1/ X0:T/ yO;T/ Z20.1,40:T T/ ek) 1Og Vi (ZB)
plo=1;6y) T=0 x0.1.Y o.7-20:7,@0:T
1 [ee]

Y. Y plo=1,x0,20,T;6)logv'(zh)

_P<O = 1’ Bk) T=0 x9,Z9o

plo= 1;9k)

1

~lo=10,) Ti; Y~ p(T)po(x0)vi(zo)polo = 1|x0, o, T; 6) log v/ (z})
0

=0 x0,Z0

Y p(T (2)pol0 = 1z, 2, T; 6;) log v/ (/)

p 0—1 Ok) 1057

vi(2) log v (2) Y- po(x) ¥ p(T)polo = 1]x,2,T; )

p 0= 1 0 ; Z Z

1 o) Y vi(z z)log v (z Z‘)Zpo(x)V(x,z;Bk). (A17)
P 0= z X

Therefore, Equation (A8) is proved. O

Equations (9)—(11) can be calculated from Equations (A6)—(A8) using the Lagrange
multiplier method [16]. Therefore, Proposition 1 is proved.

Appendix A.3. Proof of Proposition 2
The left-hand side of Equation (27) can be calculated as follows:

Tmax
F(x,z:0¢) — Y 7v'oe(x, z;6¢)
t=0 0
) =) ,YTmaxJFl
=l Y Yumxze)| < ) vf||at(x,z;ek)||m— Z 7= (A18)
t=Tmax+1 o =Tmaxtl =Tmax+1
Therefore, if
r},Tmax+1
<e (A19)
I—9

is satisfied, Equation (27) is satisfied. From Equation (A19), we obtain Equation (26).
Therefore, Equation (26)=-Equation (27) is proved. Equation (26)=-Equation (28) can be
proved in the same way.

Appendix B. Proof in Section 4
Proof of Theorem 2
F(x,z;0) can be calculated as follows:

F(x,z0) =) 7'pi(x,20)

=0
=po(x,z;v) + ) 7' pi(x, 2 0)
=1
=po(x,z;v +Z’y Y. p(x,zlx,2;0)p 1 (¥, 25 0)
=1 ¥,z

=po(x,z;v) —l—'yprz|x Z'; 92’)/ pi_1(x',2;0)

x',z! t=1
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=po(x,z;v) +7 ) plx z|x',2;0)F(x', ;). (A20)

¥,z
Therefore, Equation (29) is proved. Equation (30) can be proved in the same way:.

Appendix C. Proof in Section 5
Appendix C.1. Proof of Proposition 3
The left-hand side of Equation (37) can be calculated as follows:

Agf — AggllL = vIIP(6)f — P(6)gl1
<PO)[l1llf - gl
=lf = glh- (A21)

where P;;(0) := p((¥',2') = i|(x,2z) = };0), fi :== f((x,2) = i), and g; := g((x,2) = i).

Equation (38) can be proved in the same way.

Appendix C.2. Proof of Proposition 4

We prove Equation (39) by showing lim; .« || F(0) — Aéf||1 = 0. Since F(x, z;0) is
the fixed point of Ay,

IF(6) — Agflr = | AgF — Agflh- (A22)
From the contractibility of Ap,
|AGE(8) — Agflli < v"(IF(6) — fllr- (A23)
Since ||F(0) — f]|1 is finite, the right-hand side is 0 when L — co. Hence,
lim ||[F(6) — Agfl1 =0 (A24)
L—oo
is satisfied, and Equation (39) is proved. Equation (40) can be proved in the same way.

Appendix C.3. Proof of Proposition 5

From the definition of the norm,
_ AL _ AL
o0, < [0 4], =
The right-hand side can be calculated as follows:

[P — b £ <[[Peo) —abrif]| +[abrr—a ],

0,
w00, s~ )
S’yHP o) — Al f 1+7HA9k — AL 1fH (A26)
From this inequality, we have
o -], =5 s 4], w2

Therefore, if ||Aékf - Aé;lf\|1 < (1 — )y leis satisfied,

HF(Bk) - Agkaoo <e (A28)

holds. Equation (48) is proved in the same way.
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Appendix C.4. Proof of Proposition 6

When f(x,z) = po(x,z;vy) and v(x, z) = 7(x, z; 7ty ), the termination conditions of
MBEM can be calculated as follows:

|46 =25 f|, <740, f ~ £, = 7 P@IPEOIL < A HIPOI IOl =2t (A29)

Hngv - Bg—lvH <ok (A30)
k (¢

The calculation of ||Bé v— B(L)_lv||oo is omitted because it is the same as that of ||As f-
k k k

Al 1
,YL<1_'Y€ (:>L>w_1> (A31)
Y log v
is satisfied,
lag f — Ag, 'l < (1=, (A32)
1Bg,v — By, 'vllee < (1—7)77"e (A33)

holds. Thus, Lyax satisfies

Limax < Pog(l — e 1] (A34)
logy

[-] : R — Zis defined by [x] := min{n € Z|n > x}. From Proposition 2, the minimum
Timax is given by the following equation:

oo — Pcwg(l—v)e _ 1] (A35)
logy

Therefore, Linax < Tmax holds.

Appendix D. A Note on the Algorithm Proposed by Song et al.

In this section, we show that a parameter dependency is overlooked in the algorithm
of [32]. We outline the derivation of the algorithm in [32] and discuss the parameter
dependency. Since we use the notation in this paper, it is recommended to read the full
paper before reading this section.

Firstly, we calculate the expected return J(60) to derive the algorithm in [32]. Since [32]
considers the case where v(z) = dz z,, we also consider the same case in this section. The
expected return J(6) can be calculated as follows:

](6) :]EB Z’ytr(xt,at)l
t=0
= Y p(xo)m(ao|zo) [r(xofa0)+7 ) P(x1|x0/ao)P(y1|x1rao)/\(21|20/y1)V(x1r21;9)]- (A36)
Xo,@0 Xl’ylle

V(x, z; 0) is the value function, which is defined as follows:

(o)

Y 'r(xe ar)

t=0

V(x,z;0) := Eg

Xg = X,20 = z}. (A37)
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Equation (A36) can be rewritten as:

Z” (ap|zo)7(zh apy 7w ™) + Y 7 (aplzp) A (2|20, vi) V (20, b, 1, 21:8)  (A38)
“oyl 2
where
Fzhapy ) =Y plxo)m *(ag'|zg")r(x0, a0), (A39)
X()llo
V (20, ap, v}, 71 6)
=7 Y p(x0)mr " (ay |2y ") p(x1]x0, a0) p(yy|x1, a0)A (21 29 vy ')V (21, 215 6). (A40)

0,0y XYz

Maximizing J(6) is equivalent to maximizing log J(0), and log J(0) can be calculated as
follows:

log J(0) :log{ZU(ZB,aB;Gk) H(ahlzh)T (Zo,uo,n' i

a) 1 (ZOI ao/ ek)
4 Z p(zi p yi Zi.ek)”i(”6|zf)) (Z1|20fy1) (ZO'aO'yl'zlfe) (A41)
e p(zh, ab, vi, 2t ; 0r)
Ay/Y1.%1
where
i ”k(ao‘zo) (ZO/aO’T[k )
1(zo, ag; 0x) = , (A42)
0 &(z); 6y)
naz)\lzz, zhab yi o zi-0
o(zh, aby i, 2450,) = kOG0 )V Gl oy 43,2150, (A
‘:(Zorek)
¢ (20 6x) Eﬂk a|z0)F(zp, ap; 7T ') + ) 7 (ahlzh) AL (2] |20, v4) V (20, b, i, 245 0¢).- (A44)
ﬂ()ylzl

By the Jensen’s inequality, Equation (A41) can be calculated as follows:

(at |z (b, ab; )
logJ(6) > z,a,Bk lo 00 020
g 3 11(z0, ap; 6k) g{ ER

ag

1 / | / i L L 7 7 7 7 /6
+ Z P(Zf),ﬂf),yll/zﬁ}ek) log{ 7T (QO‘ZO) (lezO yl) (ZO 610 yl Zl )} —. Q(e,ek) (A45)
a7 P(Zor aO, ]/1, Z1/ 6r)

log J(68) = Q(6; 6;) is satisfied when 6 = 6y.
Then, ;1 is defined as follows:

O y1 1= arg max Q(6;6y) (A46)

In this case, the following proposition holds:
Proposition A2 ([32]). log J(6r.1) > log J(6k).

Proof. From Equation (A45),10g J(0x.1) > Q(6k,1; 6x). From Equation (A46), Q(6x1; 6;) >
Q(6y; 6x) = log J(6y). Therefore, log J(011) > log J(6k) is satisfied. O

Therefore, since Equation (A46) monotonically increases ] (), we can find 6*, which
locally maximizes J(0). This is the algorithm in [32].
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Then, the problem is how to calculate Equation (A46). It cannot be calculated an-
alytically because 08 dependency of 17(26, aé,yil,zil ;0) is too complex. However, ref. [32]
overlooked the parameter dependency of 7(26, a6 ; n'*i) and V(zé, aé, yi, zg ;0), and there-
fore, it calculated Equation (A46) as follows:

(2, a7 0k) + Lys 21 £(Zh, a0, ¥1, 71 0k)

Ty (ap|2h) = , (A47)

Y [q(zg,afy‘ O) + Ly 21 P (20, af),]/ﬁ,zﬁ;ok)}
Yy £(Z, a0, 1,7 0)

Zaé,z’i P(Zf), o, Y1, Ox)

Moy (#2120, 91) = (A48)

However, Equations (A47) and (A48) do not correspond to Equation (A46), and therefore,
the algorithm as a whole may not always provide the optimal policy.
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