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Abstract: In a general Markov decision progress system, only one agent’s learning evolution is
considered. However, considering the learning evolution of a single agent in many problems has some
limitations, more and more applications involve multi-agent. There are two types of cooperation,
game environment among multi-agent. Therefore, this paper introduces a Cooperation Markov
Decision Process (CMDP) system with two agents, which is suitable for the learning evolution of
cooperative decision between two agents. It is further found that the value function in the CMDP
system also converges in the end, and the convergence value is independent of the choice of the value
of the initial value function. This paper presents an algorithm for finding the optimal strategy pair
(n, 7t}) in the CMDP system, whose fundamental task is to find an optimal strategy pair and form

an evolutionary system CMDP (o). Finally, an example is given to support the theoretical results.

Keywords: reinforcement learning; cooperation markov decision process; multi-agent; optimal pair
of strategies

1. Introduction

Artificial intelligence technology has become one of the most important technologies, nowadays.
AlphaGo, unmanned driving, voice recognition, face recognition and other well-known technologies
involve artificial intelligence. Artificial intelligence technology has been widely used in economic
construction, education, medical treatment, social life and other fields. Many industries have also
begin to evolve to artificial intelligence, intelligence has become an important direction of industrial
development. Machine learning generally includes supervised learning, unsupervised learning and
reinforcement learning [1]. Among them, reinforcement learning is an important research field.
Reinforcement learning is learned by interacting with a dynamic environment through trial and error,
is an important branch in the field of machine learning and artificial intelligence. It is leap to control
the behavior of agents through rewards and punishments. Reinforcement learning is widely used in
many fields, such as: electronic game [2], board games [3], maze game, recommendation system [4],
and so forth.

The important basis of reinforcement learning [5] is Markov Decision Process (MDP) system [6].
From the evolution process of the computational model, Markov Process (MP) system is the basic
model, which introduces reward function and execution behavior, and introduces a mapping from
state set to behavior set as a strategy to solve Markov decision problem. Under the given policy 7,
the Markov decision process system degenerates into a Markov process system with a reward function
MDP7. Once the policy is given, the main task of the Markov process system with the reward function
is to evolve and generate the expected reward values collected in each state. The main objective of
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the Markov decision system is to find an optimal strategy [7,8] /7%, so that the expected reward value
collected on the Markov chain can be maximized under this strategy.

In the usual Markov decision process system, only an agent is learning and evolving. However,
in real problems, the decision-making ability of an agent is far from enough, and many problems can
be solved by using a multi-agent [9-11]. Therefore, we encounter two kinds of problems: one is that
multi-agent restrict each other to accomplish their target tasks in the same environment. Such systems
are called antagonistic systems [12] or game systems [13]. In this kind of system, all the intelligent agent
executes the strategy behavior alone, according to mutually restricts or plays games with each other
intelligent agent to finishes its own target task. The optimal strategy is represented as agent strategy
vector group and the reward value is reflected as the reward value of its own execution. Littman [12]
proposed minimax-q algorithm for multi-agent competitive reinforcement learning based on Markov
decision framework based on zero-sum game in 1994. The other is that multi-agent work together to
accomplish a target task in the same environment. Such systems are called collaborative systems [14]
or cooperative [15]. In this kind of system, all the intelligence agent executes the strategy behavior
alone, according to cooperates with each other to completes one target task jointly. The optimal
strategy is the vector set of agent strategy, and the reward value is the social comprehensive value of
combinatorial execution. Littman [16] also proposed a collaborative team g-learning algorithm in 2001.
The multi-agent cooperative algorithm is used to solve problem about traffic signal signal coordination
control [17], multi-agent path planning [18], multi-satellite collaborative task planning [19], and so
forth. In the case of multi-agent, the state shift is the result of all agents acting together, so the rewards
for agents also depend on the joint strategy. Iwata K et al. [6]analyzed the statistical properties of
multi-agent learning based on Markov decision process. However, the multiple agents in this paper are
independent, and the joint action will make the state transfer and reward value of the whole system,
but only migrates the Markov decision process of a single agent to multi-agent. Zhang W et al. [20]
has began to introduce the communication mechanism into the multi-agent system. Although agents
begin to communicate with each other, the consumption of memory was enlarged, and agents could
not predict the impact of their actions on the action execution of other agents.

This paper only considers the Cooperation Markov Decision Process (CMDP) system of two
agents, which is suitable for the evolutionary learning system of cooperative decision between two
agents. Two-agent games for multi-agent reinforcement learning are similar to perceptrons for neural
networks.In this kind of learning model, agents alternately execute behaviors, seek optimal criteria
based on social value, seek optimal strategies (712, n,%) , and jointly complete the target task. This paper
introduces a cooperation Markov decision process system in the form of definition, two trade agent
(Alice and Bob) on the basis of its strategy to perform an action. that is, after Bob observes that Alice
performs an action, Bob is deciding which action to perform, and further Bob’s execution of the action
will also affect the execution of Alice’s next action. The Markov system learns evolutionally through
a given strategy pair and looking for a pair of optimal strategy (7}, 77 ) , form an evolution system

CMDPU%%) , and gives the algorithm [21,22] to search for the optimal strategy pair. In this paper,
the convergence property of the value function of the MDP system with the participation of a single
agent is given, the convergence phenomenon of the value function in the cooperation Markov decision
process system proposed in this paper is further explored, and the correctness of the property is proved
from both the experimental and theoretical perspectives.

2. Markov Reward Process System

A finite Markov process system is constituted by two tuples < S,P >, S = {s1,...... ,Sn}isa
set of finite states (containing 7 states), define a probability distribution P over S, P(s,s’) represents
the probability of transition from state s to state s’, what’s more, Vs € S : £y.5P(s,s’) = 1. Markov
Reward Process is a kind of Markov chain with value, which consisted of four tuples < S, P, R,y >.
Introduced a reward function, R: S x S — RT (R means non-negative real number set). So R(s, s)
is the reward value obtained by transferring from state s to state s’; 0 < v < 1 is the attenuation factor,
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also known as the discount factor. Recursively defines an expected reward value (value function)
collected by Markov process system:

V(s) = ZyesP(s,5')[R(s,8") + 7 - V()] @

Equation (1) recorded the reward value obtained on the Markov chain Xy, X1, Xo, ..., Xt, X1, ...
with the state s as the initial state. The term R(s,s’) + 7 - V(s') indicated that: starting from the state s,
the reward value obtained by one-step transition to s’ and plus the discount of the expected reward
value collected from the state s’. Equivalently, writen (1) as the following iterative formula:

— —
Vi1 (s) = diag(PRT) + - PVi (s) . @)

Among them, RT represents the transpose of the matrix R and diag(A) represents the column
vector formed by the diagonal elements of the matrix A.

Now we make an experiment, experiment 1: take probability matrix P , reward function R,
and discount factor vy as follows. Observe the convergence of the value function V' through an example.

1 0 0 0 0 2 00 00
/3 0 1/3 0 1/3 2 020 3
P = 0 0 0 1/3 2/3 |[R=]1 0 0 0 1 2 [y=085
1/2 0 0 1/2 0 100 20
0 1/4 0 3/4 0 01 020

Initially, initial vector is set as Vy = [0,0,0,0, 0] T the convergence of the value function is shown
in the following Figure 1:
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Figure 1. V-function convergence diagram.

According to Figure 1, we can observed that starting from the initial state, the value function
(V-function) will eventually converge as the number of iterations steps. We further speculate that the
final convergence value has nothing to do with the initial value setting.

5
Theorem 1. Under any initial state V (s) , randomly walk on the Markov reward process system, the value
—

function V. (s) finally obtain converges.

Proof. From the iterative Formula (2), it is easy to obtain that,



Entropy 2020, 22, 955 40f 16

— — — —
Vi (s) = diag(PRT) + v - PVi_1 (s); Vi1 (s) = diag(PRT) + v - PVi_5 (s);
= = —

d
@)
Vy (s) = diag(PRT) + - PVy (s); V4 (s) = diag(PRT) + v - PV, (s);

simplify Equation (3) to calculate the difference in value function between (k + 1)-step and k-step,

Vit () Ve () = 7P (V) ¥iea () =722 (Vi () ~Via )
=P (Ve () Vs () =7 P (9 -1 ) @

=9 PX . diag(PRT) ++% - Pk (v - P—E) Vy (s).

Let P is the probability transfer matrix, R is the reward value matrix, the discount factor satisfy
0 <y < 1. We have

T T -
| Rl R | = (Vimax =7 Vi) [ 1 -+ 1] <diag(PRT) = (E—~7-P) Vo (s) 5
T T
S{ernax R%nax RI}/‘i’IaX:| —(ijn—’)"vmax){l .- 1] ’
where Rinin and Rl ,, record the minimum and maximum value of the reward value in the i-th

— —
row of the reward matrix R, respectively. V (s) represent the value of the initial moment: Vj (s) =
—

T
{ Vor Voo - Vo } , the minimum and maximum value of V are Vin = min{V; (s) } and Vinax =
—

max{V (s)} , respectively. Reduce the left side of the inequality (2.5) and enlarge the right side.
Then we conclude,

k T — —
T (R = Vinaxt7 - Vi) [ 1 1 1] < Vi (5) =V (5)
— — T
Vit (S) —Vi (S) < ’Vk ! (Rr*nax = Vimint+7 - Vmax) [ 11 -1 } ’

where R}, and R}, record the minimum and maximum value in the reward matrix R, respectively.
Finally, because of the discount factor 0 < v < 1, with the constant increase of k, the value of ')/k

approaches zero infinitely, so the influence of R , Rjax, Vmax and Vi are much smaller than 'yk
— —
under general constants number, therefore 0 < Vj.,q (s) —Vj (s) < 0. Obviously, when the value of k is
— —

large, Vi1 (s) = Vi (s), that is to say the value of the final value function converges. [

—
Theorem 2. The choice of initial value Vy (s) does not affect the convergence value of the final value
%

function Vi (s).

Proof. Simplifying Equation (3):

— — —
Vi (s) = diag(PRT) 4 - PVi_; (s) = diag(PRT) +~-P- (diag(PRT) +9-PVi_, (s))

= diag(PRT) + v -P- (diag(PRT) +7-P- (diag(PRT) +9-PVi_s (?)) ) (6)

= (E+7-P+(y- P+ (v P +..+ (v P 1) - diag(PRT) + (7 P)* - Vg (s)..

Because P is a probability transition matrix, then P is a probability transition matrix also. Then we
can get,
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R:(mn R%mn Rinax R:(nax
R* . R ) R R*
min < min < Pl -diug(PRT) < max < max e {1,2, o ,k}, (7)
R;kmn R?mn Rg'lax R?nax
T K — T
[ Vmin Vmin te Vmin } S pP*- VO (5) S [ Vmax Vmax te Vmax } ’ (8)
applying (7), (8) and simplifying gives
—
Vk (S) > (1+’)’ + 72'1' o +’yk_1) mm + ’)’ Vminr (9)
—
Vi(s) < A4y + 9%+ 97" Ria + 7 Vinaxs (10)

expand the inequality (9),

(Lty + 2 ) R 9 Vinin = (G + o+ +3) -7 Rin + 9% Vinin

k(14 1 a1 1 (11)
:’Y[(?‘Fw‘F""l‘ ) R:n1n+vmin]%7[(v+ﬁ+ +§) R;nn}/
expand the inequality (10),
(1—'—7 + 72+ T +’Yk_1) R;(nax 'Yk *Vimax = (# + ﬁ +o Tt %) ’)’k Rr*nax ’Yk * Vimax (12)
=G+ g+ ) R+ Vanad #9444 7) - Riad-

It is found that, because of the discount factor 0 < ¢ < 1, the value of # continuously approaches

infinity as the value of k increases, so % + % +---+ % > 1 and monotonically increase on the

—

Formulas (11) and (12). Therefore, the effects of Vinin and Viax in the initial value function Vj (s)
— —

can be ignore for the final value function Vj (s). so the choice of the initial Vj (s) does not affect the
H

convergence value of the final value function Vj (s) . It further proves that our conjecture is correct. [

3. Markov Decision Process System

Markov decision process system introduces the behavior in Markov reward process system and
modifies the reward function to the behavior execution step. MDP system is a random process on
state, reward, action sequences, and consists of five-tuples < S, A,P, R,y >. A = {ay,...,an } is a set
of finite action, P(s, a,s’) represents the probability of transition from state s to state s’ by performing
actiona. P: Sx AxS — [0,1], P(s,a,8') = P(s;11 = §'|st = §',a; = a), where for each pair of
"state-behavior" (s,a), LycsP(s,a,8') = 1. The reward function R define with, R : Sx A x S — R,
where R(s,a,s") = E(Ry41|st = s,a; = a). Similarly, v is the attention factor also called discount factor,
satisfy 0 < v < 1. 7 is a strategy of MDP system, 7 : S — A. Such as, 71(s) = a represents the
execution of action 4 in state s. So, let V7 (s) is the value of s under a given policy 7, we can include

V7(s) = ZgegP(s, 71(s), ) [R(s, 71(s),s") + - V7(s)] - (13)

Equation (13) is called the Bellman recursive equation. In the function V7, if see behavior as a
variable, we can induce a state-action value function, thatis, a Q-function, Q: S x A — R

Q™ (s,a) = LycgP(s,a,8")[R(s,a,8") + - V7 (s)]. (14)
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Q7 (s,a) is understood as follows: starting from state s, after executing action 4 and following
executing strategy 77, the expected reward value is collected. The goal for any given Markov decision
process is to find an optimal strategy, that is, to obtain the most reward strategy.

Policy function 77 : S — A, determines the V-function and Q-function that indicate the expected
collection of reward values, and Q™ can be determined by V™. Therefore, our goal is to find a strategy
7t that maximizes the function V7. A V-function is optional means if for any policy 7, for any state
s € S, satisfies V*(s) > V7(s). A policy is optimal indicates if for any policy 7, for any state s € S,
satisfies V™ (s) > V7 (s). So, if V™™ function is an optional V-function V*, there is V*(s) = V7™(s),
for any state s € S.

A natural problem is the existence of optimal strategy 7*. Second, if it exists, how should we to
calculate 77* ?

According to Theorem 1 in Section 2, the value function of the Markov reward process system
will converge, and the value function of the Markov decision process system formed by introducing
behaviors on Markov reward process system must also converge. Theoretical results [23,24] show
that: an optimal strategy for a finite Markov decision process system < S, A, P, R,y > exists, and the
optimal V-function V* and the optimal strategy 77* have the following relationship:

(i) If the optimal function V* has been obtained, the optimal strategy 77* can be obtained:
m*(s) = argmaxZy P (s,a,5")[R(s,a,s") + - V*(s)] ; (15)
a
(ii)  If the optimal policy 77* has been obtained, the optimal function V* can be obtained:
V*(s) = V™(s) = ZyegP(s, *(s),8")[R(s, w*(s),8") + v - VT (s')] . (16)
Equations (15) and (16) give a cross-iterative solution process, and finally the optimal strategy 7*

and the optimal function V* are obtained.
The execution process of the MDP system is shown in the following Figure 2:

P )

, ) j

Figure 2. Optimal strategy solution algorithm framework.
4. Cooperation Markov Decision Process System

This section introduces a joint formal system that two agents run in the same Markov decision
process system, called the cooperation Markov decision process system.

Suppose A = (ai,j)nxn, B = (bi,j)mxm are two matrices, the tensor product of matrix A and B is
defined as: A ® B = (a;;B). If P, P, are two probability matrices but not necessarily the same number
of rows, so P; ® P, is a probability matrix.

Assume S! = {s},... s}}, 5% = {s?,...,52} are two state sets, (S!, P;), (S, P,) are two MDP
systems, state set S = S x S2, §’s state transition matrix is P = P; ® P;, then MDP system (S, P) is
the product system of MDP system (S', P;) and MDP system (S?, P,).
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4.1. Cooperation Markov Decision Process System with Two Agents

We now consider that, in the same system, there are two agents A and B, each agent performing
their own action and completing the target task in a cooperative manner. For the “cooperative” type,
the two agents cooperate to accomplish the same goal. Formally, such a system is defined as the
following quintuple:

< S, A, {Agenty, Agent1}, {Py, P1}, {Ro, Ry} >

Among them, S is a finite state set, here represents the state pair of two agents; A is an action
set, here represents the action pair of two agents; P; is the probability transfer function of Agent;,
i =(0,1), defineas P; : SxSxAxSxA — [0,1]. For any (s1,s2,a) € S x S x A, there hold
that Z(s’,a’)eSxAPi(slrSZI a,s',a’) = 1. In other words, for any fixed (s1,5,4), the P;(s1,52,4, o, )
specifies a probability distribution for S x A. Intuitively, Py(sq,s2,4,5",a") express that when
Agentg, Agent; in state pair (s1,s2), when Agent after executes action a transitions to s’ state, and the
probability that collaborator Agent; responds to execution of action a’. R; is the reward function
of Agent;, i = (0,1), defined as: R; : S xS Xx A xS x A — R (real number set). Intuitively,
Ro(s1,82,a,s',a") express that when Agenty, Agent; in state pair (s1,s;), Agenty after executes action a
transitions to s’ state, and the reward value that collaborator Agent; responds to execution of action a’.

Obviously, two agents Agent(, Agent; correspond to two V-functions: V;: Sx S — R (i=0,1),
in the joint form, we use the social value to describe the joint V-function V : S x S — R. Formally
defined as:

V(s t) =aVp(s, t) + (1 —a)Vi(s,t), (0 <a <1). (17)

Among them, parameter « is called balance parameter.

Policy function defined as: 71;: Sx S — A (i =0,1), 7;(s,s’) = a understand as: when Agent;
isin s state and observe that when Agent; ; is in s’ state, Agent; executes action a. For a given strategy
pair (719, 711) , the evolutionary cooperation Markov decision process system CMDP(™™) obtains a
stable V-function whose iterative equation is:

V19+1 (s,t) = ZS,ESZaeAPO(s, t, mo(s, t),s', a)[Ro(s,t, mo(s,t),s, a)+- Vk(s’, £)]
Vk1+1 (s,t) = Zt,%SZaeAPl(s, t, m(sl,t), t',a) [Ri(s,t, m(s,t),t, a)+v-VE(s,t')] (18)
Vi (s, ) =aVe (s, t) + (1 —a) Vi (s, t).

4.2. Convergence of the Social Value Function of CMDP System

Since the value function will eventually converge during Markov’s decision-making process,
we guess whether the value function also has the same properties in CMDP system. We first observe
by an experiment:

Suppose a CMDP system < S, A, { Agenty, Agent1}, {Po, P1}, {Ro, R1} >, where the discount
factor y=0.95, error coefficient setting e=0.0001, a state set

S= {(50,50), (50,51), (50,52), (51,50), (51,51), (51,82), (52,50), (52,51), (52,52) },

an action set A= {(ag,a9), (a9,a1), (a1,a0), (a1,a1) }, the probability transition function P and the reward
function R are as follows:

S9 S1 S S0 51 52
so 05 0 05 s 0 0 1
Py (S, a9,5)=Py(S,a0,S) : S‘l’ 07 01 0o P1(Sa18)=Py(S,a1,9): S‘l’ 0 095 005

s, 04 0 06 s, 03 03 04
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S50 S1 S2 Sg s1 S

sp 1 0 1 3 0o 0 1

R1(S,a0,5)=Ro(S,a0,5) : 5(1) 5 1 1 R(S,a1,5)=Ro(S,a1,S) : 5(1) 0 1 1
S» 1 0 1 Sy -1 1 1

There are 9 state groups in the CMDP system. Figure 3 depicts the change curve of the social
S) S1 S2 s) S1 S2
apg a1 M ! ar ap ap
the Figure 3, in the cooperation Markov decision process system introduced in this paper, as the
number of iterations increases, the social value of the system increases and finally converges to a
stable value.

value function under the strategy of (7, 771) = ( ) . As can be seen from

V/(s) Convergent Graph Under Policy Pi

30

20.9503
23.8735
20.9485
22.2852
25.5250
22.4717
20.8111
22.2031
21.1483| -

Expected Reward Value

0 1 1 1 1 1
0 50 100 150 200 250 300

Iteration Steps

Figure 3. Convergence diagram of the social value function of the Cooperation Markov Decision
Process (CMDP) system.

In the CMDP system, agent Agent0 has NSO states and agent Agentl has NSI1 states,
where NSO = NS1. The set of actions that two agents can perform are {1,2,3, ...,a} and each
agent has an action that can be performed. Let s denote the state of agent Agent0, and t denote the
state of agent Agentl, for a given strategy pair (7, 771), let i = Pi0(s) denote the action performed
by Agent0 in the s state under the 7y strategy, let j = PiO(t) denote the action perform by Agentl
in the t state under the m; strategy, among them, i,j € {1,2,3,...,a}. The cooperation Markov
decision process system with the participation of two agents performs iterative calculation according
to Formula (18).

Theorem 3. [n a Cooperation Markov Decision Process system in which two agents participate, the two agents
perform coordinated actions on the CMDP system, and the social value function converges.

Proof. According to the iterative evolution process in Equation (18), we can get the calculation idea
as follows:
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=A+r-P- VO,V =Ay+71r-D- VO,Vl—aVOJr[SVl,
VO—A1—|—r p - vl,v =Ay+r-DPy- Vl,Vz—ocV0+/3V1,
Vg_A1+r P - Vg, F=Ay+r-Dy- Vz,Vg,—aVO—O—‘BVl, (19)

=Ai+r-Pp- Vk 1,Vk—A2+1’ P, - Vk 1,Vk—IXVO+,BVk,
% -
Vk+1—A1+7’ Py Vk,Vk+1—A2+7’ b Vk,Vk+1—tXV 1+ﬁvk+l

In Formula (19), A; and P; respectively represent the expected reward value matrices and
probability transition matrix obtained by Agent0 under a certain state and a known strategy pair
(710, 711), among them, Ay = diag(P; e RlT) represents the probability of the state performing the
action multiplied by the reward value for performing the action. A, and P, respectively represent
the expected reward value matrix and probability transition matrix obtained by Agent0 under a
certain state and a known strategy pair (71, 771), among them, A, = diag(P,  R,T) represents the
probability of the state performing the action multiplied by the reward value for performing the action.
The dimensions of A1 and A; are NSO * NS1 rows and 1 column, P and Q are square matrices of
NSO * NS1 dimension.

— —
Step 1 Calculate V;. Given any initial value function V} , it can be calculated using Equation (19),

— - — — —
Vi=aVQ+BVi=a-(A1+r-P-Vo)+B-(Ax+7-P-Vp)
—

(20)
=waA1+ BAy +r(aP + BP) - Vi
— — -
Step 2 Find VJ and V' according to V; in Equation (19)
— —
Vi) =Ai+r P Vi=Ai+r P (0Ay +BAr+ 7 (aPy + pPy) - Vo) @1)
= (1470 P) Ay + (- P) Ag + (PaP2 + 2B P - Py) Vp,
i — —
VZ =Ay+r-Ph-Vi=A+r-P- ((XA1 —f—lBAz—f-T’ (rxPl -|—‘3P2) . V()) (22)

-
= (ra- P) A1 + (1+ 18- Py) Ay + (PaPy - Py +12BP)%) - Vo

It can be known from Equat1on (19) that by substituting V0 in Equation (21) and Vl in Equation (22)
into Vz, the expression of V3 can be derived as follows:

— —

—
Vo=aV)+BV)
R
=a-[(1+ra-P)Ay + (rp- P1) Az + (PPaPy” + 2B - P - Py) Vol +

B-[(ra-Pr)A1+ (1+71B- Pa) Ay + (PPaPy - PL+12BPy?) - V, %] (23)
= (a+ra® Py +raB-P)A;+ (B+arf- Py +rp? PZ)A2+

(r*a®Py% + r?aB - Py - Py + r?apP; - P + r?B2Py? )-V0
o
[tx + T’IX(D(P1 + ﬁpg)A1] [ﬁ + rﬁ(chl + ﬁPz]Az + 7’2(ch1 + ,BPz)Z - Vo

N — —
Step 3 According to equation (19), V5 can be used to find V3 and V]



Entropy 2020, 22, 955 10 of 16

- —
V?=A+r-P -V,
=A1 + 1Py - {zx + ra(aPy, + BP,) Aq] + [B + rB(aPy + BPs) Ay + r2(aPy + BP,)? - 170}
= (1+raP; +r2a2 - P,% + 12aBP; - Py) Ay + (rBPy + ar?B - P2 +12B2P; - P) Ay
+13 - Py - (aPy + BP)? - ‘70,

(24)

- —
V3.1 =Ay+r-PB-V,
—
=Ay+71-DPy-[(a+ra?Py +rafPy) A1 + (B + arBPy + rB*Py) Ay + r*(aPy + BP2)? - Vg (25)
= (I’Dépz + rZaZPZ - P+ 1’206[3 . P22)A1 + (1 +rBP + Déf’zﬁpg - P+ 7’2,82 . P22)A2)
H
r. Py (aPy + ,3P2)2 -V

We can known from Equat1on (19) that by substituting VO in Equation (24) and V1 in Equation (25)

into V3, the expression of V3 can be further obtained

N — —
Vs=aV)+pVi
=a[(1+4raP; + r2a2 - Py? + 1r2aBPy - Py) Ay + (rBPy + ar?B - P> + r2B%P; - Py) Ay +
3. Py (aPy + BP)%- 170} + B[(raPy + r?a?Py - P; + 1r?af - P22)A1+
(1 + V‘BPZ + Dérzﬁpz P1 + 7’2,32 Pz )Az) +7r3. P2(DCP1 + ﬁP2) ]
= (a+ra®Py + 123 - Pl + rZaZ,BPl Py, +rapPy + r2a25P2 P+ zxﬁz P,? )A1+ (26)
(raBPy + a®r2B - P> + r2af?Py - Py + B+ rB2Py + ar?B?Py - Py + 123 - P?) Agt
[ar® - Py - (aPy + BP,)? + Br3 - Py (aPy + BP,)?] - Vo
= [+ ra(aP; + BP) + r?a(aPy + BP2)?| A1 + [B + rB(aP + BP,) + r?B(aPy + BP2)?]-
Ay + rg(ocpl + ,sz)3 . ‘7

- = —
Finally, from the expressions of V; , V, and V3, it is not difficult to find the laws through

— —
observation. The value function Vj at time k and the value function V;., 1 at time k + 1 can be deduced
by the following Formulas (27) and (28) as shown.

- — —
Vi=aV2+pV}
[0( + TlX(O(Pl + ‘sz) +7r DC(IXP1 + ,sz) -+ Tk_llk(lxpl + ﬁpz)k_l]A1+ 27)
[B+rB(aPy + ﬁpz) + 72 B(aPy + BPy)*+ - - - + T 1B(aly + BPy) 1 Ayt
(ocPl + ﬁpz) Vo,
~ 0
Vil = a Vi, +ﬁ (o
= [a+ra(aPy + BPy) + - -+’ la(aPy + BP)* 1 + rka(aP) + BP2)K] A+ (28)

B+ rB(aPy 4 BPy) + + - - - + *1B(aP; 4 BPy)K1 4 r*B(aPy + BPy)K] A+
rk+1(0cP1 +ﬁp2>k+1 . ‘76 .

Subtract the two equations to calculate the value function difference between time k and k + 1 :
—

Vi1 — ‘7I)c

= [F*a(aPy + BP)F| Ay + FB(aPy + BP2)K| Ay + P41 (aPy + P+ - Vo —rk (aPy + BPy)E - Vg
— [Fa(@P) + BPy)¥| Ay + F*B(aPy + BPy)K] Az + [P*(aPy + BPy)E - (r(aPy + BP2) — E)] - Vo
=r*(aP; + P,k - {"‘Al + BAy + [r(aP; + BP>) — E] - ‘70}
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P; and P, are two probability transition matrices, « + = 1, thus, aP; + BP; is a probability
transition matrix and the k-th power of the probability transition matrix is still the probability matrix,
so (aPy + BP,)* is a probability transition matrix. Because of discount factor 0 < r < 1, then ¥
decreases monotonically with the increase of k. When k is large enough, 7* — 0. That is to say:

— — —
tm (Vi — Vi) = lim r*(aPy + BPy)* - {wA1 + BAy + [r(aPy + BPy) — E] - Vp} = 0.
—00 —

— —

So, for any given strategy pair (779, 711 ), V11 = Vi, in the CMDP system introduced in this paper,
the final value function V will converge. If the discount factor is larger, the convergence speed is
slower, the smaller the discount factor is, the faster the convergence speed is. [

5
Theorem 4. In the Cooperation Markov Decision Process system, the final value Vy of the value function is

—
independent of the initial value of V.

Proof. From Theorem 3, the value function at time can be expressed, and the expression (27) can be
further simplified to obtain:

Vi=a V4BV
= [« + ra(aPy + BPy) + r2a(aPy + BP2)? + - - + rFla(aPy + BPy)F 1A+
[B+ rB(aPy + BPy) + r*B(aPy + PPo)*+ - - - + rF1B(aPy + BPy)K 1 Ay + r* (aPy + BP2)* - Vo
= (A1 + BAy) + [r(aPy + BP2) - (Aq + BA2)] + [r2(aPy + BP2)? - (wA7 + BA2)]+
4o [T (P 4 BP)E T (0 Ay + BAR)] + P (aPy + BPy)F - ‘70
= [E+7(aPy + BPy) + r2(aPy + BPo)2 + - - - + ¥ L(aP + BP)* 1] - (a Ay + BAL)+
X (aP; + BPy)K - 170

Obviously, P; and P, are two probability transition matrices, « + f = 1, thus (aP; + BP) is a
probability transition matrix, Yk € N, (aP; + BP,)F is a probability transition matrix. r is the discount
factor and 0 < r < 1, then with the increase of k, the ¥ decreases monotonically. When k is large

-
enough, vk — 0, that lim 7 = 0, so lim rk(zxpl + ﬁPz)k - Vo = 0, we can conclude,
k—o0 k—o0

.
lim Vi = lim [E+ r(aPy + BP) + 12 (aPy + BPo) + - 4 1 (aPy + BP2)< ] - (wAy + BA2)+
—00

k—o0 .
rk(ocpl + ,sz)k -V
= lim [E+ r(aPy + BPy) + r2(aPy 4 BPy)% + - -+ 1 (aP) + BP)* 1] - (xA1 4 BAy).
—00

N
Therefore, the choice of the initial function Vi does not affect the convergence value of the final

—
value function V. O

4.3. Algorithm for Optimal Strategy Pairs in Cooperation Type CMDP System

From the theoretical results in Section 4.2, it can be known that under the strategy pair (7o, 711),
the V-function generated by the iteration of Equation (18) is recorded as V(") to form a stable
value. Similarly, according function V and improve (7o, 771) to obtain (71, 77;) by the following
greedy method.

Po(s,t,a,s',a")[Ro(s,t,a,¢,a) +7~V(”0'”1)(s’,t)]
Py(s, t,a,t',a")[Ry(s,t,a,t' ,a") + - V(ﬁo'ﬁl)(s, )] .

7T, (S, t) = arg mang(S,ﬂ,)eSXA (29)
(s, t) = argmaxﬂz‘(t/,a/)eSxA
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In order to obtain the algorithm of the optimal strategy pair (71, 71} ) in the Cooperation Markov
Decision Process system. We modeled the optimal strategy of a single agent. Let Formula (18) be the
iterative calculation formula of the “evolution module” part of the algorithm, Formula (29) be the
strategy improvement method of the “strategy improvement module” in the algorithm. According the
method of solving the single-agent Markov decision process system’s optimal strategy, this section
presents the algorithm for solving the optimal strategy of the joint type cooperation Markov decision
process system, the optimal strategy pair is (775, 715 ).

The detail code of Algorithm 1 can see in Appendix A. The execution process of the above
algorithm is shown in the following Figure 4:

01,0
Viosmmm

0 1 (=9 7})
[ (my ) Vo

Figure 4. Optimal Strategy Solution Algorithm Framework of CMDP System.

Algorithm 1 The Optimal Strategy Pairs

Input: input CMDP quintuple < S, A, {Agenty, Agent1}, {To, T1}, {Ro, R1} >: error parameter,
€ > 0 balance parameter 0 < & < 1, discount factor 0 < v < 1.

0 -1
Output: output Optimal strategy pair (70, 71}) = (70, 71} ), optimal value function Vi = Vk(ﬁ’n*).

1. Initialization V-function V{, V], take the initial value randomly. Such as V;1(s) = 0 (s € S);
suppose V; = aV + (1 — ) V};

0 -1
2. Use Equation (19) to greedy improvement strategy pair (70, 7} ): (V1(7T1/7T1) =W);
3.  Use the updated strategy pair (71}, 711 )in step 2 and Formula (18) to find the V-function V»;
4. Repeat steps 2, 3;
0 -1
5.  Step k + 1: assuming (71}, 71} ), Vk(ﬂk' ") has been obtained, at this step, do the following two

steps of calculation:

(@)  Evolutionary calculation of CMDP system: find V;_; by (772, 7111 ) and Formula (18),
(), )

when ||V, ; — Vi|| < ¢ defined V] (s,t) = Vi(s,t) ((s,t) € SxS).
(b)  Greedy computing (7, , 71}, ):

T y1 (5, 1) = argmaxaz(s,,a,)€SXAPo(s, t,a,s',a")[Ro(s, t,a,s,a")+y- VO(HO"’ ﬂ”‘)(s’, B,

T ka1 (s,t) = argmava( Py(s, t,a,t',a")[Ry(s,t,a,t ,a")+ - Vo(m”" n”‘)(s, ).

ta)eSx A

6. If n,? +1:7TI(<)’ n,% +1:7I]1, terminate calculation.
7.  Return result.
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5. An Application Example of Cooperation Markov Decision Process System

Reinforcement learning is one of the most concerned topic in artificial intelligence after deep
learning. Reinforcement learning agents interact with the environment and take actions that receive
feedback similar to learning strategies in medicine. In fact, many applications of reinforcement learning
in health care have to do with finding the best treatment strategy. Many reading learning software
also use intensive learning to provide customized learning materials and content for the tutoring
system to meet the specific needs of students. The recommendation system of e-commerce changes the
recommendation strategy in real time according to the feedback of users (ignore, click and buy).

The core problem of multi-agent system research is to seek to establish an effective cooperation
mechanism, so that multi-agent with simple function and independent function can complete
complex target tasks or solve complex problems through negotiation, coordination and cooperation.
In the multi-agent system, each agent learns and improves its own strategy by interacting with the
environment to obtain the reward value, so as to obtain the optimal strategy under the environment is
the process of multi-agent reinforcement learning. The transfer of multi-agent state depends on the
actions of all agents, and the joint actions determine the transfer of the whole system. The return of
each agent is not only related to its own actions, but also the actions of other agents will affect the
return of the current agent. If multi-agent are involved, there are three types of cooperative game,
competition game and mixed game combined between agents in the same environment.

The proposed joint multi-agent in this paper only analyzes the relationship between two
agents, two agents take interactive actions and complete cooperation to achieve the goal together.
When intelligence agent B observed intelligence agent A take an action, intelligence agent B will
perform an action. At the same time, the next action of agent A also depends on the agent B’s action.
Repeat the process of perform action above, the behavior of the two agents influence each other and
evolve and learn in the CMDP system of a given strategy pair to find a pair of optimal strategies finally.

Background: a couple found a gold bar not far from home at the same time, this gold bar needs
two people together, one carried one end to carry home, they want to carry the gold bar to home,
they need avoid the trap and then everyone arrives at the side of the gold bar, after lifting the gold
bar, they also have to bypass the obstacles in front of the home, finally, the gold bar is successfully
transported home.

The background is transformed into the environment as shown in the Figure 5, the simulation
is carried out on the figure. Two people are compared to two agents respectively. In addition,
the figure can only move up, down, or left, and each position can only accommodate one agent.
In this experiment, agents in the same environment, through mutual cooperation, the gold bars to the
designated location. The whole process is divided into the following three steps:

Step 1 Bypass the trap. When passing through the trap area, each position can only accommodate
one agent, two agents cannot be in the same position at the same time, so they need to interact
with each other which agent passe first. When agent B observes that agent A is going to pass
through the trap position, agent B cannot pass through the trap position.

Step 2 Reach the designated position. The two agents must reach the two ends of the gold bar to pick
up the gold bar, so the two agents can not reach the same place at the same time. When one of
the agents reaches one end of the gold bar, the other must walk to the other end of the gold bar
before the two agents can work together to pick up the gold bar.

Step 3 Delivery of gold bar. Because the gold bar has a certain length, in the process of transporting
the gold bar to the designated position, the two agents are at different positions. In the process
of transporting the gold bar, the two agents also need to consider how to bypass the obstacles
and the positions of the two agents. The two agents need to cooperate and interact to complete
the task.
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Home

Obstacle

I
Gold bar

Trap Trap

Agent Agent

Figure 5. The environment of two agents in this example.

In the process of gold bar transportation, through continuous exploration and trial and error in
the environment, the two intelligence agent will find the best way to move. Finally, the two agents
cooperate through the trap to reach the two ends of the gold bar, and then bypass the obstacles to
successfully transport the gold bar home. In such an example, each agent can only move up, down,
left, and right to adjacent positions in the environment, and the sum of the probabilities of moving to
all adjacent positions is equal to 1. The agent obtains certain benefits by moving the position. In order
to avoid falling into traps and avoiding obstacles, the probability and benefits of moving to the vicinity
of traps and obstacles are also relatively small compared to other locations. The goal is that through
constant trial and error and learning in the environment, the two agents can take an optimal way of
movement to get the most benefit. We express the probability and reward value of moving adjacent
positions in this problem with a square matrix, and the probability and reward value of the joint action
of two agents are the tensor product of two probability matrices and two reward matrices. Using the
algorithm 1 in this article, given an initial strategy, the system will obtain a value function under this
strategy. Under the value function at this time, the agent performs all joint actions and selects the
joint action that enables the system to obtain the highest reward value. Use this to modify the initial
strategy, and then obtain a new value function under the modified strategy. According to this method,
iteratively modify the strategy and value function, and finally evolve to learn a strategy that can obtain
the maximum reward value. That is, the optimal strategy.

Conversely, if the two agents do not cooperate in any of the steps described in the appeal, it is
difficult to successfully transport the gold bar home. Firstly, there will be a conflict when they bypass
the trap, both agents cannot simultaneously adopt their own optimal way to pass the trap position.
Secondly, after passing through the trap, then something happens that the two agents are on the same
side of the bar. After that, the two agents may not move in the same direction, which will also cause the
task to fail. So in such an instance, the interaction between two agents becomes extremely important.

6. Conclusions

This paper first proves the convergence of the value function of the monomer Markov decision
process system. Furthermore, a cooperation Markov decision process system of two agents is
introduced, which is suitable for an evolutionary learning system of cooperative (or antagonistic)
decision between two agents. The main difference between cooperation and confrontation lies in the
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way the value function is defined and the way of combination (or restriction). In this paper, only CMDP
system of cooperative type is considered. In this kind of learning model, agents alternately execute
behaviors, seek the optimal criterion with social value, find the optimal strategy (775, 775), and jointly
complete the target task. This paper presents an algorithm for finding the optimal strategy pair
(715, 17), whose fundamental task is to find a pair of optimal strategies to form an evolutionary
system CMDP ("01). Finally, the convergence of the value function in system CMDP is proved,
and the convergence value is not affected by the value of the initial value function. This paper only
introduces the cooperation Markov decision process system involving two agents, but many problems
in reality involve more agents. As the number of agents increases, the interaction between agents
in the system becomes more complex, and the difficulty of analysis also increases exponentially.
Based on the fact that deep learning has strong perceptual ability, but lacks certain decision-making
ability, while reinforcement learning has decision-making ability but short of doing anything about
perceptual problems. Therefore, combining the two and complementing each other’s advantages,
a new concept-deep reinforcement learning is proposed. so we will use the next deep reinforcement
learning method to study the properties of the cooperation Markov decision process system.

Author Contributions: Formal analysis, X.M.; Investigation, X.M. and D.X.; Methodology, X.M. and D.X,;
Software, X.M.; Writing—Original Draft, X.M.; Writing—Review & Editing, X.M., Z.F. and D.X. All authors
have read and agreed to the published version of the manuscript.

Funding: This research is funded by the National Natural Science Foundation of China under grant numbers Nos.
61762019, 61862051.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

The algorithm in the simulation experiment in Section 4.2 of this paper is completely suitable for
solving the problem of two agents. The specific implementation of the algorithm, the data and code of
all the experiments in the article can be found in the following link: https://github.com/moxiaoling/
Cooperation-Markov-Decision-Process-System.
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