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Abstract

The majority of the work in the area of Markov decision processes has focused on expected values of rewards in the
objective function and expected costs in the constraints. Although severa methods have been proposed to model risk-
sensitive utility functions and constraints, they are only applicable to certain classes of utility functions and alow limited
expressiveness in the constraints. We propose a construction that extends the standard linear programming formulation of
MDPs by augmenting it with additional optimization variables, which allows us to compute the higher order moments of
thetotal costs (and/or reward). This greatly increases the expressive power of the model, and supports reasoning about the
probability distributions of the total costs (reward). Consequently, this allows us to formulate more interesting constraints
and to model a wide range of utility functions. In particular, in this work we show how to formulate the constraint that
bounds the probability of the total incurred costs falling within a given range. Constraints of that type arise, for example,
when one needs to bound the probability of overutilizing a consumable resource. Our construction, which greatly increases
the expressive power of our model, unfortunately comes at the cost of significantly increasing the size and the complexity of
the optimization program. On the other hand, it allows one to choose how many higher order moments of the costs (and/or
reward) are modeled as a means of balancing accuracy against computational effort.

1 Introduction

Markov processes are widely used to model stochastic environments, due to their expressiveness and analytical tractability.

In particular, unconstrained (e.g. [3, 4, 8, 15]) as well as constrained (e.g. [1, 2]) Markov decision processes have gained

significant popularity in the Al and OR communities as tools for devising optimal policies under uncertainty. The vast

majority of the work in the area has focused on optimization criteria and constraints that are based on the expected values
of the rewards and costs. However, such risk-neutral approaches are not always applicable and expressive enough, * thus
precipitating the need for extending the MDP framework to model risk-sensitive utility functionsand constraints.

Severa approaches|[9, 12, 13] to modeling risk-sensitive utility functions have been proposed that work by transforming
risk-sensitive problemsinto equival ent risk-neutral problems, which can then be solved by dynamic programming. However,
this transformation only works for a certain class of utility functions. Namely, this has been done for exponential utility
functions that are characteristic of agents that have “constant local risk aversion” [14] or obey the “delta property” [9],
which says that a decision maker’s risk sensitivity is independent of his current wealth. This approximation has a number
of very nice analytical properties, but is generally considered somewhat unrealistic [9]. Our work attempts to address this
issue via approximate modeling of a more general class of utility functions.

As with utility functions, there has been a significant amount of work on risk-sensitive constraints in MDPs. These
methods typically work by constraining or including in the objective function the variance of the costs [6, 7, 10, 18, 19] or
reasoning about sample-path costs in the case of per unit-time problem formulations [2, 16, 17]. However, in some cases,
reasoning about the variance only is also not expressive enough (see [5] for a more detailed discussion).

We propose amethod that allows explicit reasoning about the probability distributions of the total reward in the objective
function and the distribution of costs in constraints, thus allowing us to represent a wide class of interesting optimization
criteriaand constraints. In this work, we describe a method for handling probabilistic constraints, but the approach is also
directly applicable to risk-sensitive objective functions. We focus on transient (or episodic) Markov processes [11] and

1As pointed out, for example, by Ross and Chen in the telecommunication domain [16].



base our approach on the standard occupancy-measure linear programming formulation of constrained Markov decision
processes (CMDPs). We augment the classical program with additional optimization variables, which allows us to compute
the higher order moments of the total incurred costs for stationary Markov policies. This enables us to reason about the
probability distributions of the total costs, and consequently, to express more interesting constraints such as bounding the
probability that the total costs fall within a given range (or exceed athreshold).

It is important to note that, in general, arbitrary utility functions and arbitrary constraints do not obey the Markov
property, which means that stationary Markov (history-independent) policies are not guaranteed to be optimal under such
utility functions and constraints. However, given the practical difficulty of implementing non stationary history-dependent
policies, in thiswork we limit the search to the class of stationary Markov policies, i.e. we are interested in finding the best
policy that satisfies the given constraints and maximizes the given utility function, among the class of stationary history-
independent policies.

2 Preliminaries

We formulate our optimization problem as a stationary, discrete-time, fully-observable constrained Markov decision pro-
cess. In this section, we review some well-known facts from the theory of standard [3, 15] and constrained [1] fully-
observable Markov decision processes.

A standard constrained Markov decision process (CMDP) can be defined asatuple (S, A, P, a, r, ¢), where S isafinite
set of states, A isafiniteset of actions, P = [P£] : Sx S x A — [0, 1] definesthe transition function (P is the probability
that the agent will go to state j if it executesaction a in state i), @ = [«;] : S — [0, 1] isthe initial probability distribution
over the state space, r = [r4] : S x A — R defines the reward function (agent receives areward of r;, for executing action
aingated),andc = [¢;] : S — R arethe costs.?

A solution to a CMDP is a policy that prescribes a procedure for selecting an action that typically maximizes some
measure of performance (based on the rewardsr), while satisfying constraints (based on the costs ¢). A stationary Markov
policy 7 can be described as a mapping of states to probability distributions over actions: = [r;,] : S x A — [0,1]. We
address the problem of finding optimal stationary Markov policies, under probabilistic constraints (defined in section 3).

For a Markov system, the initial probability distribution «, the transition probabilities, and the policy together com-
pletely determine the evolution of the system in a stochastic sense:

p(t+1)=Pp(t), p(0)=a, (1)

where p(t) = [pi(t)] is the probability distribution of the system at time ¢, and P = P(xr) = [P;;] is the probability
transition matrix induced by the policy (P;; = Y, i P2).

In this work we focus our attention on discrete-time transient (or episodic) problems, where there is no predefined
number of time steps that the agent spends in the system, but it cannot stay there forever. Given a finite state space, this
assumption implies that there have to exist some state-action pairs {, a} for which E]. Pi <1

For most of the analysis in this paper we use the expected total reward as the policy evaluation criterion: V(w, ) =
Yoico >, pi(t) Yo, miaTia, Which, for atransient system with bounded rewards, convergesto afinite value.

A standard CMDP where constraints are imposed on the expected total costs, and the expected total reward is being
maximized can be formulated as the following linear program [1, 15]:

maxz Z TiaTia 2o Tia = i 2a Tia Py = 0
i a

Y iCi Yy Tia <Co, Ti >0, 2
where Cy isthe upper bound on the expected total incurred cost, and the optimization variables x ;, are called the occupancy
measure of apolicy and be interpreted as the expected total number of times action a is executed in state i.

3 Problem Description

Given astandard constrained MDP model (S, A, P, a, r, ¢), wewould liketo find apolicy that maximizesthetotal expected
reward, while satisfying the constraints on the probability of that the cost exceed agiven upper bound, i.e. P[C' > C'¢] < po,

2The costs are said to be incurred for visiting states rather than executing actions, but all results can be trivially extended to the latter case. Also note
that most interesting problems involve several costs, and while we make the simplification that there is only one cost incurred for visiting a state, thisis
done purely for notational brevity. All results presented in this work are directly applicable (and most useful) for problems with several costs.



where C' isthetotal cost. In other words, we need to solve the following optimization problem:

max )3 riaria Ry i ©
where the optimization variables z ;, have the standard interpretation of the expected total humber of times action a is
executed in state 7. If P[C' > C] could be expressed as a simple function of x = [z,], the problem would be solved, as
one could simply plug the expression into the above program. Unfortunately, things are not as wonderful, and the above
dependency is significantly more complex.

A simplelinear approximationto the above program (when costs are non-negative) can be obtained by using the Markov

inequality:
CO Z 2@: Tia, (4)

which allows one to express P(C' > () as alinear function of the occupancy measure x. Our investigation [5] of
this approximation showed, unsurprisingly, that this linear approximation is computationally cheap but usually leads to
suboptimal policies, because the Markov inequality provides a very rough upper bound on the probability that the total cost
exceed agiven limit Cy. The purpose of thiswork is to improve this approximation.

To this end, we are going to come up with a system of coordinatesy, such that the constraint P[C' > C'o] < po can be
expressed as a simple function of y, so that the expression can be plugged into the optimization program (eg. 3). However,
one has to note that there are only |S||.A| free parametersin the system, so not all optimization variablesy are going to be
independent and additional constraints might have to be imposed.

As mentioned earlier, the method presented in this paper works for more general problemsthan (eq. 3), which we use
as an interesting example to illustrate the approach. Section 7 comments on other problems that this method applies to.

P(CZCO)S

0

4 Calculating the Probability of Exceeding Cost Bounds

To find the probability of exceeding the cost bounds, it would be very helpful to know the probability density function (pdf)
fc(C). 3 Then, the probability of exceeding the cost bounds could be expressed simply as P[C' > C¢] = fooj fe(C)dC
Unfortunately, f¢(C) isnot easily available. However, it is awell-known fact that under some conditions the moments
of arandom variable completely specify its distribution.* The £ moment of arandom variable z is defined as the expected
vaueof zF: E¥ = [*  f,(x)z*dz. Oneway to computethe pdf £, (z), given the moments E¥ isviaan inverse Legendre
transform.® Indeed, the Legendre polynomias P;(z) = 2,11, df;l (2 — 1)! form a complete orthogonal set on the interval
[—1,1]: f_ll PPy, = 2z+15lm Therefore, a function on that interval [—1, 1] can be approximated as a weighted sum of

Legendre polynomials: f(z) = 3,2, biPi(z), where P;(z) isthe ™ Legendre polynomial, and b, is a constant coefficient,
obtained by multiplying the polynomiashby f(z), integrating over [—1, 1], and using the orthogonality condition:

21 + 1
/ f(@)Pi(z)dz = ZauE ©®)
Redlizingthat [ f(z)P;(z)dx isjust alinear combination of several moments E¥, we get:
= ZzaklEsz(x)a (6)
=0 k

where in the second summation, the index k runs over all powers of : present in ;. Therefore, for anz € [—1, 1], we can
express the probability that « is greater than some x ¢ as alinear function of the moments:

Plz > z0] / fe(z)dz = / Z ZaklE;jPl(;r)dm = Zwk(mg)Ei, @)
k

o =0 k

SNote that, in general, for an MDP with finite state and action spaces, the total costs have a discrete distribution. However, we make no assumptions
about the continuity of the pdf f-(C'), and our analysis carries through for both continuous and discrete density functions; in the latter case, £(C') can
be represented as a sum of Dirac delta functions: fo(C) = 3, pr0(z — pi)-

4This is true when the power series of the moments that specifies the characteristic function converges, which holds in our case due to the transient
nature of the Markov process and the fact that costs are finite.

5A more common and natural way involves inverting the characteristic function of « via a Fourier transform, but the method does not work for this
problem.



where ¢y, (zo) = >, au fl,lo Py(x)dz, in which the index I runs over all polynomialsthat include the & ™ power of z.

Therefore, if wenormalize C' to beintheinterval [—1, 1] (section 6 discussesin more detail the necessary transformation
for a transient system), we could use the above method to express P[C' > C] as a linear function of the moments EE,.
Now, if we could come up with a system of coordinatesy, such that the moments E £, could be expressed viay, we might
be able to formulate a manageabl e approximation to (eg. 3). However, it isimportant to note that unless we use an infinite
number of moments, the resulting program will be an approximation to the original one.

5 Computing the Moments

As mentioned in the previous section, the properties of the pdf of the total cost are not immediately obvious, as the total
cost is a sum of a random number of dependent random variables. We do, however, know how the system evolves with
time, i.e. given the initial probability distribution, a policy, and the corresponding transition probabilities over states, we
know the probability that the systemisin state i at time ¢ —it issimply (Pt )is whereP = P( ) = [Pi;] isthe probability

transition matrix induced by the policy (PZ] = >, miaPy}). Inother words, we know the probability distribution for the
random variablesn;(t) = {0, 1}, wheren;(t) = 1 if statez isvisited at time ¢, and O otherwise.

Let us also define for every state arandom variable N; = >~;°  n;(t) that specifies the total number of times state i is
visited. Then, the moments Eé of C can be expressed aslinear functions of the crossmoments E;, . ;. = (N;, Ni, - -- Ni,. )
(the expected value of the product) as follows:

E%:Z(ZCiND:Z Zcz i
= <(ZC@ z) ZZCZCJ NN ZZCZCJE” (8)
- 5
EC - Z Z 2021022 : czk i192...0%

i1 iz

Let us now compute the first moments E; = (3°,°, ni(t)) = Yoo (ni(t)). Recalling that n;(t) = {0,1}, and, therefore,
its mean equal's the probability that n;(¢) is 1:®

E; =Y Phi(t)] =) (Pa); = (I-P) 'a);, )

where T is the identity matrix, and 3;°, P! = (I — P)~! holds, because lim; .., P = 0 for our transient system.
Multiplying by (I — P), we get:

Ei — Z f)jiEj = Q; (10)
J
Note that the above is exactly the “conservation of probability” constraint in (eq. 3). Indeed, since Ej =3, Piimi, and
zio = E;mq, thetwo areidentical. Let us now compute the second momentsin asimilar fashion:

o0

By =) = (3 ) (3 mst)) = 32 3 (st 1)
to=0

t1=0 t1=01t2=0

]
—Zantantz +22n2t1n3tz Z

t1=01ta=1t; to=01t1=to t=0

(11)

Once again recalling that n;(t) are binary variables, and since the system can only be in one state at a particular time, the
mean of their product is:

P[ni(tl),nj(tQ)], If tl 75 t2

dij Plni(t1)], ift, = to, (12)

(ni(t)n;(t2)) = {

6Hereafter we use the notation P[z] for binary variables as ashorthand for P[z = 1], and Pz, y] for P[(z = 1) A (y = 1)]



where Pin;(t1),n;(t2)] is the probability that state  is visited at time ¢; and state j is visited at time ¢t,. Also, since the
system is Markovian, for t; < t,, we have:

Plni(t1),n;(t2)] = Plni(t2)n (4)1Plng (t1)] = (P ) 35 Plni(ty)] (13)

Substituting, we obtain:

Eij = i i (ﬁtz_tl nz tl ]+ Z Z Ptl t2 ’I’L] t2 Z(SZ]P 1 t1 ]

t1=0to=t1 to=0t1=t2
- o BAL - paty (14)
= Z P[?’Ll(tl)] Z (P )ij + Z P[’I’L]'(tQ)] Z P — 6” ZP ng tl
t1=0 At=0 to=0 At=0

=(I1-P);;'E; + (I-P);'E; — 0;;E;

Unfortunately, as can be seen from the above expression, the second moments cannot be tied to the first moments via a
linear function. Therefore, we cannot use the moments as the optimization variables directly. Instead, we are going to work
with the following asymmetric terms where the order of indexes of M correspondsto an temporal ordering of thetermsin
the sums:

M,:Z(n ZaJ i]

t=0 J
_ py—1 (15)
M;j = Z Z (ni(t1)n;(t2)) Z Z Plnj(tz)Ini(t1)]P[ni(t1)] = Mi(I—P);;
t1=0ta=t1 t1=0t2=t1
Miliz---ik—lik :Mil---ik—l (I - P)z;l,lzk

We will refer to the above terms as the asymmetric moments (although they do not correspond to moments of any real
variables). Clearly, al of the k™ order asymmetric moments can be expressed as a linear function of the asymmetric
moments of order k¥ — 1 by moving the (I — P) term to the left-hand side. For example, for the second moments this step
can be easily done by rewriting (eg. 15) in matrix form:

M’ = D(M;)(I-P)7}, (16)

whereM" = [M;;] isthe matrix of second order asymmetric moments, and D (1 ;) isadiagonal matrix, with values of the
first order moment A/; on the diagonal. Multiplying by (I — P) ontheright, weget M"” — M"P = D(M;). Similarly, for
the other moments we get:

Mi — ZMJ?JZ = Q;
J

M;; — Z My Py = 6;5 M; (17)
%

Mi1i2~~~ik—1ik - E Miliz---ik—lpik—lj = 6i1ikMi1i2---ik—1
J

Furthermore, it can be seen that the true moments of order £ can be expressed as linear functions of the asymmetric
moments of orders 1 through &:

E; =M;, E;j = M;;+ Mj; — 6;M;
Eijk =Mji + Mirj + My + Mg + Myij + Myji — 035 Mg, — 035 My — 0 Myj — 0an M ji— (18)
0k Mji — 8 Mij + 831 M;
Indeed, for the first moments, there is only one state index and therefore the first asymmetric moment equals the

true moment. For the second moments, both M ;; and Mj; include the term (¢, = ¢»), and thus we have to subtract
Doty Dotat, (nilt1)nj(t2)) = i M;. The expressions for other moments are obtained in asimilar manner.



The last step that remains in formulating the optimization program is to substitute the transition probabilities ﬁij =
>, Pijmia and to define the actual optimization variables. This is where we hit a problem that breaks the linearity of the
program. Recall that for the standard CMDP, the optimization variables are defined as « ;, = F;m;, = M;m;, and havethe
interpretation of the expected total number of times action a is executed in state <. As mentioned earlier, this allows one to
express the first-order constraint from (eq. 17) as alinear function of z ;,. Indeed, since ), m;, = 1, thefirst moments are
smply M; =", ®i,, and recalling that ;, = E;m;, = M;m;,, we havefor thefirst order constraint:

Mi _ZMjﬁji = Z.Z’m —ZMjZPjina = ina _Zzpjimja (19)
J @ J a a i a

Unfortunately, the same trick does not work for the higher order constraints. If we were to define similar variables for
the higher-order moments (ex. «;;, = M;;7;,), we could, of course, rewrite (eq. 17) as linear functions of these variables.
However, by doing this, we would introduce too many free parameters into the program. To retain the original desired
interpretation of the variables, we would also have to add constraints to ensure that the policy 7 implied by the higher-order
variablesis the same as the one computed from the first-order z ;,. Clearly, these new constraints would be quadratic:

Tjar _ Tijar _  _ Tjax (20)

Ljas Lijas Tjas

Hence, it appears that thereis no easy way to avoid the quadratic expressions (1 ;;;,) in the constraints on the moments:
BRI BT
a J a
M;; — Z My, Z Pyimra = 0ij M;
zgk - Z Mz]l Z 'F)lkﬂ-l(l - 6szzJ (21)

1112...lk 1Zk § lelz...zk 1 E Zk ljﬂ-lk 1a _6lllk]\/[lllz...zk 1
Tia®i0 = Ti0Lia

We are therefore left with an optimization program in « ;, and the asymmetric moments (M ;;, M;;, Myji, - . .) that has: a
linear objectivefunction ", >~ x;47iq, @aconstraint on the probability of the total cost exceeding a given threshold, which
islinear in the moments E (eg. 7), which arelinear in M (eg. 18), and a system of quadratic constraints that synchronizes
the moments (eq. 21).

6 An Example

As an example of the use of the method presented in the previous sections, let us consider atoy problem, for which we can
analytically computethe distribution of thetotal cost, and formulate a constrained optimization program for it using the first
three moments of the total cost. In this section we present a more careful derivation of the optimization program, paying
more attention to some steps that were just briefly described in section 4. We also present a preliminary empirical analysis
that shows how closely our model approximates the true cumulative probability distribution function of the total cost. The
purpose of the latter is to serve as a rough indication of the accuracy of our approach, which we cannot yet directly report
on, as at the time of writing we do not have the optimization implemented yet.

Consider the problem depicted in figure 1(a). In this problem, there are two states, one of which (i = 2) isasink state.
If the agent startsin state 1 (o = [1, 0]), the total received reward is the same as the total incurred cost, and both equal the
total number of visits to state 1. The obvious optimal policy for the unconstrained problemis to always execute action 1 in
state 1 (w = [1,0, 1,0]). If we set the upper bound on the cost as C', = 10, the unconstrained optimal policy has about a
30% chance of exceeding that bound. As we decrease the acceptable probability of exceeding the cost bound, the policies
should become more conservative, i.e. they should prescribe higher probabilities of executing action 2 in state 1.

In order to apply the Legendre approximation from section 4, one has to ensure that the total cost C' is in the range
[—1,1]. Clearly, thisis not generally the case for our problem. Therefore, to satisfy this condition, we apply atransformation
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Figure 1. (a) — simple problem with two states and two actions; (b) — the actual cdf of the total cost and the cdf computed
from a third-degree L agrange approximation of the pdf of the cost; (c) — relative error of the approximationin (b).

S = 2C/Caz — 1 With Cpq, = 50 (areasonable approximation, as P[C' > 50] = 0.004).” Figure 1(b) showstheresulting
cumulative distribution function Fs(.S) for the unconstrained optimal policy and the cdf computed from a third-degree
approximation of the pdf f(.S). Figure 1(c) showstherelative error of the third-degree approximation and servesto show that
we can expect to get areasonably good approximation of the cdf using just the first three moments. Note that the pdf for this
problem is discrete (thus, harder to approximate with continuous Legendre polynomials), but we can still get a reasonably
good approximation of the cdf, which is what we really care about, as our goal isto estimate P(S > S¢) = 1 — Fs(So).
Let us now compute a third-order approximationto f s(S) for an arbitrary policy by computing the coefficients b, (eg. 5):
bo = %Eg b = %E§ by = —ZEng ?Eg, by = —%E}g+ %Eg. (22)

Notice that here we have to use the moments of S € [—1, 1]. However, the constraintsin (eg. 21) operate on moments
of C, and since our optimization variables are going to be the moments of C' € [0, C' 5,42, We have to be able to express the
former viathe latter. This can be easily done by solving the following linear system of equationsfor E s:

Crmas 1 1 1
Eg :/ fC(C)dC = §Cmaz/ fS(S)dS = ECmMJEg"
0 -1 (23)

1 1 1
Bt = £ Crao(Bs + ), EZ = 2Cp 00 (BS +2B5 + E3), B = —Cp00(ES + 3ES + 3Eg + E3)

_4 maz 8 maz 16 maz

Now, the probability of exceeding the cost boundsis simply P[C > Cy] = fcco’"‘”‘ fo(C)dC = Chaz/2 f;o fo(S)dS,

where Sg = 2Cy/Crnasz — 1.

7 Conclusions

In this paper we have introduced a method for approximately reasoning about the probability distributions of rewards and
costs in Markov decision processes. The main three sources of approximation error in our method are: 1) the use of
L egendre polynomials to approximate the true pdf, 2) the use of afinite number of moments (the more moments are used,
the better the approximation), and 3) truncation of the costs at some upper bound C' ... (the lower the mass of the remaining
cost [ Cfc(C), the better the approximation).

We demonstrated the approach on a specific problem that boundsthe probability that the total cost exceeds a given upper
bound. However, it is easy to see that the method alows one to model a wide range of risk-sensitive objective functions
and constraints. Indeed, one can just as easily approximate the distribution of the total (normalized) reward and express the
expected value of the utility function as (similarly to (eg. 7)):

Elu(R)] = / u(R) fr(R)AR = / S S auBSu(RP(R)AR = 3 6.}, (24)
-1 —1li—0 & k

where ¢, = >, aw fil u(R)P;(R)dR, u(R) is the utility of getting reward R, and f g (R) is the distribution of the total
reward. Then, the approximation methods of sections 4 and 5 are directly applicable. Of course, the above relies on the fact

"For atransient system with bounded rewards limg, 00 P[C > Co] = 0. Thus one can always compute or estimate a reasonable G2 for which
P[C > Cmaz] isarbitrary small.



that there either exists a natural upper bound on the largest possible utility value of a policy, or that there exists an upper
bound R, such that the weighted tail of the utility distribution [’ émw fr(R)u(R)dR issufficiently small.

Even though our construction yields more complex optimization programsthan the standard constrained M DP approach,
it is more expressive than the standard risk-neutral CM DP techniques, because our formulation allows one to reason about
the probability distributions instead of the expected values of the total cost and rewards. Our ongoing efforts in extending
this work include several directions such as looking at ways of efficiently encoding and implementing the optimization
program, more careful investigation of the complexity and convergence properties of the model (as more moments are
used), exploring heuristics for choosing an appropriate number of moments, and a formal analysis of properties of the
problem and the corresponding solutions.
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