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Abstract

In this paper, we shall develop a fuzzy treatment for uncertain Markov decision
processes which allow for a fluctuating transition matrix at each step in time. The
decision model with uncertain transition matrices is described by the use of fuzzy
sets in which we find a Pareto optimal policy maximizing the infinite horizon fuzzy
expected discounted reward over all stationary policies under some partial order.
The Pareto optimal policies are characterized by maximal solutions of an optimal
equation including efficient set-functions. As a numerical example, the machine
maintenance problem is considered.
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1. Introduction |

In a real application of Markov decision processes (MDP, in short, cf.[1, 5, 7, 13, 16] ),
we often encounter the case where the required data is not known precisely and perfectly.
In fact, in many instances, the required data in MDPs must be estimated through the
measurement of various phenomena, so that it naturally includes imprecision or ambiguity
of the observing system. Also, it requires to be more “robust” in the sense that it is
reasonably efficient in approximations. '

In order to deal with these uncertain data and flexible requirements, Kruce et al.[8] have
used a fuzzy set representation for homogeneous Markov chains with uncertain transition
matrices, in which ergodic theorems are obtained in fuzzy environment.

In this paper, we shall develop a fuzzy treatment for uncertain MDPs which allow for
fluctuating transition matrices at each step in time. The MDPs with uncertain transi-
tion matrices are described by the use of fuzzy sets, in which we find a Pareto optimal
policy maximizing the infinite horizon fuzzy expected discounted reward(FEDR) over all
stationary policies under some partial order relation.

Associated with each stationary policy is a corresponding contractive operator on fuzzy
numbers, whose fixed point represents the infinite horizon FEDR. Moreover, the Parcto
optimal policies are characterized by maximal solutions of an optimal equation including
efficient set-functions. As a numerical example, the machine maintenance problem is
considered.

Recently, applying Hartfiel’s[3, 4] interval method for Markov chains, Kurano et al.[10]
have introduced a decision model, called a controlled Markov set-chain, which is robust
for rough approximation of transition matrices in MDPs.

Our fuzzy decision model examined in this paper includes a controlled Markov set-chain
as a special case. So, the results obtained here can be thought of as a fuzzy extension
of those in [10]. For the optimization of fuzzy dynamic system, refer to [9, 18]. The
non-discounted reward problem for a controlled Markov set-chain was developed in [6, 11].
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This paper is organized as follows: In Section 2, we shall give some notation on fuzzy
sets and interval arithmetics and obtain the preliminary lemmas. In Section 3, we describe
a nonhomogeneous MDPs by the use of fuzzy sets and specify the optimization problem.
In Section 4, the infinite horizon FEDR from a stationary policy is given as a fixed point of

a corresponding operator, which is used to obtain the optimality equation and characterize
a Pareto optimal policy in Section 5.

2. Notation and preliminary lemmas

Let R, R® and R™*" be set of real numbers, real n-dimensional column vectors and real
n X n matrices, respectively. Also denote by Ry, R% and R}*", the subsets of entrywise
non-negative elements in R, R” and R™™", respectively. We provide R, R" and R™*" with
the componentwise relation < and <. For any set X, we will denote a fuzzy set @ on X
by its membership function @ : X — [0,1]. Denote by F(X) the set of all fuzzy sets on
X. For the theory of fuzzy sets, refer to Zadeh[19] and Novak[15]. The a-cut (a € [0, 1])
of the fuzzy set @ € F(X) is defined as

o ={r € X |a(z) > o} (>0) and G :=cl{z € X |a(z) > 0},
where cl denote the closure of the set. For any interval Y in R, a € F(Y) is called a fuzzy
number on Y if a has the following properties (i) — (iv):
(i) @ is normal, i.e., there exists an zy € Y with a(z,) = 1;

(i) @ is convex, ie., alaz + (1 — a)y) > a(z) Aa(y) for all z,y € Y and a € [0, 1], where
a Ab = min{a,b}; : ‘

(iii) @ is upper semi-continuous;
(iv) @ is a compact subset of Y.

Denote by F.(Y) the set of all fuzzy numbers on V. Let C(Y') be the set of all closed
and bounded intervals in Y. We note that @ € F,(Y) means @, € C(Y) for all « € [0, 1].
Let F.(Y)" be the set of all n-dimensional column vectors whose elements are in F,(Y),
le.,

fC(Y)n = {ﬂ = (al,ﬂg, - ,iZn)’ l U; € fc(Y) (1 <1 < Tb)},
where d' denotes the transpose of a vector d.
Let S:={1,2,... ,n} and P(S) the set of all probability distributions on S, that is,

P(S) == A{p=(P1,p2,---»pa) [ P; 20 (1 <G <),y pj=1}
Jj=1

From any p = (D1, D2, - .- ,0n)" € Fe([0,1])", we will construct the fuzzy set [p] = [D1, D2, - - - , Dn]
on P(S) by the following:

(2.1) [Bl(p) = ggjign{ﬁj(pj)} for any p = (p1,p2,... ,0s) € P(9).

The above definition will be extended to the case of stochastic matrices. Let P(S/S) be
the set of all stochastic matrices on S, that is,

P(S/8) = {Q = (g5) | &5 2 0, iqij =1(1<i<n)}

J=1
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_ For any G = @ Gzr- - >Gim) € F([0,1)" (1 < 4 < ), we define the fuzzy set
Q =[G, G, - - - ,qn) on P(S/S) as follows:

(2.2) Q(Q) := min {{@)(a)},

where Q = (q1,02,- - »qn) € P(S/5), & = (qin, Gz, - - - »Gin) € P(S) and [g;] is the fuzzy
set on P(S) defined by (2.1).

In order to describe the structural properties on the fuzzy sets defined in (2.1) and
(2.2), we need the concept of intervals of matrices. For the detail, refer to [4, 10, 14]. For
any nonnegative vector ¢ = (g,,¢,;-- - ,gn) and § = (q;,3p, - .- ,7,) € R? with ¢ <G, we
define the interval (g,g) C P(S) by

(2.3) (@0 ={p=(pr,p2,---,pa) €P(S) | ¢ <P <T}

Similarly, for @ = (g ), Q= (g;;) € RY*™ with @ < Q,

(2:4) (QQ)=1{QeP(5/9)|Q<Q<Q}

Lemma 2.1 ([4]). For any Q,Q— e RY™ with @ < Q and (C_Q_,@) # 0, (Q_,@) is a
polyhedral convex set in the vector space R™*".

For any @ € F.([0,1]), noting G, € C([0,1]) (0 < a < 1), it will be denoted by
o = [min g, max d,). The structural property of the fuzzy sets defined in (2.1) and (2.2)
is given, whose proof is done by using Lemma 2.1.

Lemma 2.2. For any g; € F([0,1])* (1 £i < n), let Q =[G, @, - ,0n) be a fuzzy set
on P(S/S) defined by (1.2). Then, the a-cut of @ (0 < a < 1) is a polyhedral convex
subset of P(S/S) and given by
(25) éa = (Qa:zjo)’ where Q_a = (min(zjij)a) and @a = (ma’x(cjij)a)‘
Proof. Since §; € F.([0, 1]), the a-cut (gi;)a belongs to C([0,1]). By (2.1) and (2.2), we
observe that

@o=1{Q = (g5) € P(5/S) | 4 € @y)a 1 S 1,5 <)},
which implies that (2.5) holds. Thus, by Lemma 2.1, Q. has the required property. [

If u = ([ay, b1, [a2, b2}, - - - » [@n, bn])’ € C(R4)", w will be denoted by u = [a, b], where
a = (a1,02,. .. ,an), b= (b1,bz,... ,bs) and [a,b] = {r € R? | a < z < b}. For any

)’y a,b| =
u € C(R,)™ and Q,Q— € R with @ < @ and ( , @) # 0, we define their product by

(2.6) (@, Qu={Qu| Qe (Q Q) ucu}

Lemma 2.3 (Lemma 1.4 in [10]).
(@,Q)u € C(Ry)" for all u € C(Ry)™
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The following arithmetical notation is used in the sequel. Let Q = (91,92, ,Gn) be
a fuzzy set on P(S/S) with g; € F([0,1])* (1 < i < n). Then, for & = (U1, Ug,... ,0Uy) €
F(Ry)", Qu € F(R%) is defined as follows:

(2.7) (Qu)(z) = max {Q(Q)AT(w)}, for z€R", where

z=Qu

QE73'(;‘;"/.S'),uE]Rl’l‘~

(2.8) u(u) = 1211151;{@(%)} with  u = (uy,u,... ,u,) € R”.
- Lemma 2.4. For any u = (U, U, ... ,Uy) € F.(Ry)™, we have:

(i) (QU)a = Quti, for o< [0,1];
(il) Qu € F,(R,)".
Proof. By (2.7) we get (Q@)q = {Qu | q € Qu,u € Uy }. From (2.8) it holds u, €

C(R4)", so that (i) follows by the definition (2.6). Also, (ii) follows obviously from Lemma.
22and 2.3. O

_The addition and the scalar multiplication on F,(R;) are defined as follows: For
a,b € F,(R;) and A € Ry, define

@+b)(z):= sup {a(z) Ablzs)},

zl,m2€R+
z]+zro=x

~ v falz/x) fA>0
Aa(z) = { Toy(z) if A= 0 (z € Ry),

where I, is the indicator of a set A. It is easily shown that, for a € [0, 1],
@4+ D)a =Ga+ba and  (A@)e = \da,

where the operation on sets is defined ordinary as A+ B := {z+y |z € A,y € B}
and A = {Az | z € A} for A,B C R;. The above operations are extended to those on
F(Ry)"™ as follows: For @ = (uUy,Us, ... ,Un), U = (U1, 0a,...,0,) € F(Ry)",

G+ = (T + 01,0+ 02y . ,Un + ) and NG = (N, Mg, .. . , Aiin)'.

For a = (a1,as,...,0,) € RY, Itey = (Ias}s Las}s -+ 5 Jan}) € Fe(Ry)™ and Ipgy + U is
described simply by a + %. The Hausdorff metric on C(R, ) is denoted by 4, i.e.,

5([a,b],[c,d]) :=|a—c|V]b—d| for [a,b],[c,d] €C(R,),
where z V y = max{z, y} for z,y € R. This metric can be extended to F,(R,)" by

5(@,9) = max Sup 3((W)as (%)a)

for u = (Uy,Ug, ... ,Us)', V= (V1,02,...,Un) € Fe(Ry)" Then, it is known(c.f.[12]) that
the metric space (F.(R4)",d) is complete.
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3. The fuzzy description of MDPs

In order to deal with the vague data and flexible requirements for nonhomogenuous MDPs
we shall use a fuzzy set representation.

Let S and A be finite sets denoted by S = {1,2,... ,n} and A = {1,2,... ,k}. Our
sequential decision model consists of four objects: '

(S, A, {Gi;(a) € F.([0,1)), i,5 € S, a € A},r),

where r = (4, a) is a function on S x A with r > 0. We interpret S as the set of states of
some system and A as the set of actions available at each state. We denote by F' the set
of all functions from S to A. For any f € F, we define the fuzzy set Q(f) on P(S/S) as
follows:

(3.1) Q) =1a0(f),@(f),- - ,@(f)] where

(3:2) G(f) = (@ (f(0),@(f@),... . @(f(1) A <i<n).

Note that the basic notations of (3.1) and (3.2) are defined in (2.1) and (2.2).

A policy 7 is a sequence (f1, fo,...) of functions with f; € F' (t > 1). Let Il be the
class of policies. We denote by f* the policy (hi, he,...) with hy = f for all £ > 1 and
some f € F. Such a policy is called stationary and denoted simply by f € F. The set of
all stationary policies will be denoted by Ilz.

For any f € F, let r(f) be an n-dimensional column vector whose i-th element is
r(i, f(i)). Applying Zadeh’s extension principle(cf.[15]), the fuzzy expected total dis-
counted reward up to time T from a policy 7 is a element of F(R,)" and defined as
follows:

(3.3) | QZT(W) = (JT(].,TF),’LZT(Z?T), . ,JT(n, 7)) and
(3.4) Pr(i,)() = max{ min Q(f)(Q)} forall z € Ry, 1<i<n,

where the maximum is taken over

(3.5) {Q1,Q2,...,Qr | = (r(f) +BQir(fo) + -+ BrQ1Qs - Qrr(fr+1))is
Qe P(S/S) (1<t<T)}

and B is a discounted factor with 0 < 8 < 1.

Lemma 3.1 For any policy m € I, we have:
() Yr(r) € Fo(Ry)™ for all T > 1;
(ii) {JT(W)} is a Caushy sequence.

Proof. We show that, for example, (i) holds for T'= 2. By (3.3) - (3.5),
(Gr(L, ™) ey $r(2, T - -, Yr(n, m)a)

= {r(f) + BQir(f2) + B2Q1Qar(f3) | Qi € Q(f)ay 1 <i <2}
= r(f1) + BQ(F)alr(f2) + BQ(f2)ar(f2))-
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Therefore, Lemma 2.2 and 2.3 it follows that

("ZT(LW)MQZT(Z 7T)OH s 7777;T(n7 W)a)l € C(R+)n7

which implies (i) for 7' = 2. By the same method as the case of T = 2, we can prove (i)
for any 7. Also, (ii) follows easily from the properties of the Hausdorff metric and the
existence of the discount factor # (0 < 8 < 1). O

By Lemma 3.1, we can define the infinite horizon fuzzy expected discounted reward(FEDR)
from a policy 7 by

B = Jim D).
Here, we will give a partial order < on C(R.) by the definition: For [a,b], [¢,d] € C(R,),

[a,b] < [c,d] if a<cand b<d,
[a,b] < [c,d] if [a,b] < [c,d] and [a, ]  [c, d].

This partial order < on C(R;.) is extended to that of F,(R,), called a fuzzy max order,
as follows: For u, v € F.(R,),

u=<v if Uy < Uy forall ael0,1],
u<v if uxvand U#£7.

Also, as a further extension, the partial order on F.(R, )™ is given by the definition: For

u = (ﬁlaﬂ% s ;ﬂn)la v = (:51)527 s 75n)l € fC(R—i—)na
{Lﬁ;ﬁ if ﬂzﬁﬁzforaﬂ z=1,2,,n,
u<v if uxvand u#v

Our problem is to maximize the ¥(w) over all = € II with respect to the partial order <.
The following lemma is used in the sequel whose proof is easily done.

- Lemma 3.2 Let a sequence {u,} C F.(R.)" be such that u, < Uy < ---, and
limy—y00 U, = u for some u € F.(R,)"™. Then, it holds that u, < u.

4. Stationary policies and operators

In this section, the infinite horizon FEDR. from a stationary policy is given as a unique fixed
point of a corresponding operator. Associated with each function f € F'is a corresponding
operator U(f) : F.(Ry)™ — F.(R;)™ defined as follows: For w € F.(R.)",

(4.1) Urt = r(f) + BQ(f)%,

where the arithmetics in (4.1) are defined in (2.7). Note that from Lemma 1.4 U, is
well-defined.

For any policy 7 = (fi, fa,...), let 778 = (fi1, fig2,...) for each [ > 1. The sequence
{1r(m)}2_; is recursively described. '

Lemma 4.1 For any policy m = (f1, f,...), we have

(4.2) Yr(m) = UpUs, -+ Uf,zZT_l(w‘l) for each [ > 1.
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Proof. From (3.3)-(3.5), we get, for each o € [0, 1],

z52(75”)«:: = (r(f1) + BQA(f)r(f2))e = r(fi) + ﬁ@(fl)a'r(fg), from Lemma 2.4 (i),

Since ¢ (7~1) = r(f2), (4.2) holds for 7 =2 and | = 1. By induction on T" and k, we can
easily proved (4.2). O
Lemma 4.2. Let f € F. Then we have:
(i) Uy is a contraction with modulus §, i.e.,
§(Usu,Usv) < Bé(u,v) for u,v € Fe(Ry)",
(ii) U; is monotone, i.e., u < v implies Usu < Uyv.

Proof. For any Ti,% € .7N-"C(R+)", from the property of the Hausdorff metric, it holds
§(Usu, Usv) < B8(Q(f)%, Q(f)v). Using Lemma 2.4 (i), we get

5((Q()W)ar (@(F)B)a) = 6(Q(F)aBia, Q(F)aTa) < 6(ia Ta) (0 < @ < 1),
So, we have §(Usu, Usv) < B6(u, v), which implies (i). Also, (ii) follows obviously. U

By Lemma 3.1, ¢¥r(f) = Uﬂz;p,l(f) for all T > 2. As T — oo in the above, (f) is a

fixed point of Us. Thus, the following characterization of 1;( f), formulated as a theorem,
are immediate.

Theorem 4.1. Forany f € F, 12( f) is a unique solution of the following fuzzy equation:

(4.3) 4=Usi, e F(Ry)"

Applying Lemma 2.4 (i), (4.3) can be rewritten by the following a-cut interval equation:
(4.4) o = 1(f) + BQ(falia; 0< @ <1,

where u, = ((ﬂl)a, (U2)as - - - ,('ﬁn)a)' € C(Ry)™ and @(f)a = <Qa’§a> with @ < @a.'
By a contraction of Uy, the following holds.

Corollary 4.1. For any f € F and % € F,(Ry)", 9(f) = lim Ul
—$00
As a simple example, we consider a fuzzy treatment for a machine maintenance problem
dealt with in ([13], p.1, p.17-18).

An example (a machine maintenance problem). A machine can be operated syn-
chronously, say, once an hour. At each period there are two states; one is operating(state
1), and the other is in failure(state 2). If the machine fails, it can be restored to perfect
functioning by repair. At each period, if the machine is running, we earn the return of §
3.00 per period; the fuzzy set of probability of being in state 1 at the next step is (0.6,
0.7, 0.8) and that of the probability of moving to state 2 is (0.2, 0.3, 0.4), where for any
0<a<b<ec< 1, the fuzzy number (a,b,c) on [0, 1] is defined by

[ (z=a)/(b—a)VvO if 0<z <L),
(“””C)(x)‘{ Em—c)/(b—c)VO f b<z<l
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If the machine is in failure, we have two actions to repair the failed machine; one is a
usual repair, denoted by 1, that yields the cost of $ 1.00(that is, a return of —$1.00) with
the fuzzy set (0.3, 0.4, 0.5) of the probability moving in state 1 and the fuzzy set (0.5,
0.6, 0.7) of the probability being in state 2; another is a rapid repair, denoted by 2, that
requires the cost of $2.00(that is, a return of —$2.00) with the fuzzy set (0.5, 0.6, 0.7) of
the probability moving in state 1 and the fuzzy set (0.3, 0.4, 0.5) of the probability being

in state 2.

For the model considered, S = {1,2} and there exists two stationary policies, F' =

{f1, fo} with f1(2) = 1 and f2(2) = 2, where f; denotes a policy of the usual repair and
f2 a policy of the rapid repair. The state transition diagrams of two policies are shown in

Figure 1.

(0.6,0.7,0.8)  (0.2,0.3,0.4)

(0.5,0.6,0.7)

(0.3,0.4,0.5)

(a) Usual repair f;
(0.3,0.4,0.5)

(0.5,0.6,0.7)
(b) Rapid repair f,

Figure.1l Transition diagrams.

We easily observe that

3 ~ (0.6,0.7,0.8) (0.2,0.3,0.4)
rih) = (41) and Q(f) = ((0.3,0.4,0.5) (0.5,0.6,0.7))’

Now, applying Theorem 4.1, we can obtain the infinite horizon FEDR as a unique solution

of (4.4). We observe that

Q(fl)a =

0.3+0.1a 0.5+0.1a 0.5—0.1a 0.7-0.1x

~ <(0.6+0.1a 0.2+0.1a> (O.S—O.la 0.4~0.1a>>

which is a convex hull of

06+0.1a 04-0.1a 0.8~0.10 0.2+0.1x
0.3+01a 0.7-01a/’\05—-01a 05+0.1cx
06+0.1a 04-0.1c 0.8~-0.1a 02+40.lcx
0.5-01a 0.5+ 0.1cv) "\ 03+4+01a 0.7-0.l1«
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So, putting @Z(fl)a = ([2¢, 2], [%,v2]), the a-cut interval equations (4.4) with 8 = 0.9
become:

2% = 3 +0.9{(0.62¢ + 0.4z + 0.1a(z$ — z5)) A (0.82% + 0.225 + 0.1a(—=z¢ + z%))},
y® =3+ 0.9{(0.6y% + 0.4y + 0.1a(y® — %)) V (0.8yf + 0.2y5 + 0.1a(~yf +y5))},
2% = —1+0.9{(0.52z¢ + 0.52% + 0.1a(z§ — %)) A (0.3z¢ + 0.725 + 0.1a(zf — 25)) },

ys = —1+ 0.9{(0.5y§ + 0.5y5 + 0.1a(ys — v9)) Vv (0.3y¢ + 0.7y5 + 0.1a(—yf + y))}-

After a simple calculation, we find

~ 750 + 360a; 1470 — 360c. 1350 4 360c 1070 — 360a.\
¥(fi)a = ([ 73 73 L 73 ’ 73 ])’

which leads to

750 1110 1470

B(h) = (( 350 710 }0_70)),.

AR TR TR PR TR
5. Pareto optimality

Here, we confine our attention to the class of stationary policies, which simplifies our
discussion in the sequel. A policy f* € Il is called Pareto optimal if there does not exist
f € Iy such that (f*) < ¥(f). In this section, we derive the optimal equation, by which
Pareto optimal policies are characterized.

The following important result is crucial to the development in the characterization of
Pareto optimality.

Lemma 5.1. For any f,g € F, suppose that

(5.1) wn {3} usw.
Then, it holds that
(52) i {3}

Proof. Suppose that 9 (f) {5} UQLZ(]"). Then, we have from Lemma 4.2 (ii) that

o {5 uan < vk (22,

<
So, taking the limit in the above as | — oo, (5.2) follows from Lemma 3.2. [

Let D be an arbitrary subset of F.(R,)". A point @ € D is called an efficient element
of D with respect to < on F,(Ry )" if and only if it holds that there does not exist v € D
such that & < . We denote by eff(D) the set of all elements of D efficient with respect
to < on F(Ry)" For any @ € F,(Ry)", let U(w) := eff{Usu | f € F}). Note that
U(u) C F(Ry)™

Here, we consider the following fuzzy equation including efficient set-functions U(-) on
Fe(Ry)™

(5.3) . GeU@), e F(R)™
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The equation (5.3) is called an optimality equation, by which Pareto optimal policies are
characterlzed A solution of (5 3) u, is called maximal if there does not exist any solution

%' of (5.3) such that @ < &. Pareto optimal policies are characterized by maximal
solutions of the optimality equation (5.3).

Theorem 5.1. A policy f is Pareto optimal if and only if a fixed point of the corresponding
Uy, ¥(f), is a maximal solution to the optimal equation (5.3).

Proof. The proof of “only if "part is easily obtained from Lemma 5.1. In order to prove
“if ”part, suppose that ¥(f) is a maximal solution of (5.3) but f is not Pareto optimal.
Then, there exists f(!) € F such that Q/J(f) < w(f(1 ).

Now, suppose that fg[}( D) ¢ eff(y(f* ))). This assumption assures that there exists
f@ € F satistying $(f®) < Uf(z)¢(f (1), which implies from (5.1) that ¢(f®) < $(f?).
By repeating this method successively, we come to the conclusion that there exists f WeF

such that (f) < %(f®) and 4 (f () satisfies (5.3), which contradicts that ¢(f) is maximal,
as required. [

Remark. For vector-valued discounted MDPs, Furukawa[2] and White[17] had derived
the optimality equation including efficient set-function on R™, by that Pareto optimal
policies are characterized. The form of the optimal equation (5.3) is corresponding to a
fuzzy version of MDPs.

For the machine maintenance problem given in Section 4, we find that

750 1110 1470) (349 709 1069)>’
737 737 73 7 737 737 73

~ ~ 750 1110 1470, ,350 710 1070\’
Udh) =900 = (755 75 0 (7 7373 )

which satisfies Uz, (f1) < 9(f1). Thus, ¥(f1) € eff({Upp(f1) | f € F), so that from
Theorem 5.1 f is Pareto optimal. In fact, we can find, by solving (4.4) for f,, that

- 930 1380 1830, ,430 880 1330.\’ ~ ~
) = (G 5 50 G 50 o)) » and BU8) < B(f).

Ufz'{;(fl) = ((
Recall that

-
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