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Abstract: This paper considers a risk-averse Markov decision process (MDP) with non-risk constraints
as a dynamic optimization framework to ensure robustness against unfavorable outcomes in high-
stakes sequential decision-making situations such as disaster response. In this regard, strong duality
is proved while making no assumptions on the problem’s convexity. This is necessary for some
real-world issues, e.g., in the case of deprivation costs in the context of disaster relief, where convexity
cannot be ensured. Our theoretical results imply that the problem can be exactly solved in a dual
domain where it becomes convex. Based on our duality results, an augmented Lagrangian-based
constraint handling mechanism is also developed for risk-averse reinforcement learning algorithms.
The mechanism is proved to be theoretically convergent. Finally, we have also empirically established
the convergence of the mechanism using a multi-stage disaster response relief allocation problem
while using a fixed negative reward scheme as a benchmark.
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1. Introduction

In certain sequential decision-making situations, e.g., disaster response or highly
disruption-prone supply chains [1-4], decision outcomes are not only highly uncertain
because of the gradual revelation of uncertainty, but their worst effects cannot be tolerated.
To be robust against these worst-case outcomes, we need to use constraints to eliminate
those decisions from the feasible solution space that may lead to them, while for additional
robustness, we must use a dynamic risk-averse objective as a representation of decision
makers’ risk-averseness (a behavioral consideration). In the literature, constraints are
specifically used for robust decision-making, especially in the safe reinforcement learning
domain [5-7], while the use of a risk-averse objective function is also prevalent for deci-
sion robustness [8-12]. Recently, the simultaneous use of constraints and risk aversion is
also regarded as an effective approach for robust decision-making [1,13,14]. This leads
us towards multi-stage risk-averse constrained optimization models. Studies have used
stochastic dual dynamic programming (SDDP) for the solution of these kinds of mod-
els [9,15]. However, SDDP assumes the problem’s convexity and a finite number of random
scenarios for its optimal convergence, which is restrictive as many real-world problems
are non-convex, e.g., humanitarian relief allocation with deprivation costs [16], requiring
multi-stage solution approaches which can handle non-convexities. Although [17] did
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not presume the problem’s convexity while using disciplined convex—concave program-
ming for multi-stage risk-averse constrained optimization, optimal convergence was not
established either theoretically or empirically. In this regard, as a model-free machine
learning-based framework [18,19], reinforcement learning (RL) can be a better solution
approach to non-convex problems. It has shown state-of-the-art performance in various
real-world domains, e.g., cloud computing [20], finance [21,22], transportation [23,24], en-
ergy [25,20], inventory management [27,28], manufacturing or production scheduling [29],
and routing [30]. However, in all of the above applications, robust and high-stack decision-
making is not required, and thus expectation-based unconstrained RL is used. As we are
considering high-stakes decision-making under uncertainty, risk-averse RL algorithms
with constraint-handling abilities are required.

In this context, when it comes to constrained RL, besides other approaches such as
mapping any action chosen by the policy to a constraint satisfying one which may need
domain knowledge for its implementation [31], the most common and, so far, the best
approach for solving constrained MDP is via Lagrangian dual (or augmented Lagrangian
dual) optimization [32,33]. In this method, a constrained multi-stage optimization problem
is converted into a min-max unconstrained problem, which is then solved by traditional
RL algorithms. Besides its advantages, such as allowing non-convex constraints and not
requiring any prior knowledge, it has theoretical guarantees for convergence as well. In this
regard, it was proven that constrained MDPs have zero duality gap with no assumption on
the problem’s convexity [34]. This result explains the performance of these primal-dual
methods, such as primal-dual policy optimization (PPO) [35] and Lyapunove-based policy
learning [36]. However, in all these methods, cumulative constraints are considered, the
satisfaction of which does not mean the satisfaction of instantaneous constraints [37]. This
is why an augmented Lagrangian-based mechanism for constrained RL has recently been
developed for instantaneously constrained MDPs by [37], which extended the theoretical
results from [34]. However, all of the above-constrained RL developments are in the
realm of expectation-based RL [12,38], while no research has been performed on handling
constraints in risk-averse RL. The reason behind this paucity of research is that the risk-
averse RL is in its embryonic stage itself [12], adding constraints to it is the next stage of
investigation, which no one has entered yet.

Research Contributions

Therefore, we have initiated the new research domain of constrained risk-averse RL to
ensure optimal convergence of multi-stage risk-averse constrained mathematical programs,
which can be easily reformulated into their version of a stochastic decision-making process,
namely risk-averse Markov decision processes with constraints [39,40]. In doing so, we will
not make any assumption on the problem’s convexity. However, some not-so-restrictive
assumptions are made on the constraints and risk-averse objective. All the constraints
used in this research are non-risk constraints. For the risk-averse MDPs with cumulative
expectation-based constraints, we will assume those conditional spectral risk measures
that satisfy conditions related to the derivative and integral of their risk-aversion function,
given on page 7-9. Furthermore, for the incorporation of deterministic instantaneous
constraints, the translation invariance property of coherent risk measures is made as
one additional assumption on conditional spectral risk measures. This development will
help the solution of real-world problems in many domains which are not yet considered
solvable. For example, in humanitarian logistics, deprivation cost is an important metric
for measuring human suffering due to deprivation from necessities. However, many
researchers do not consider this cost to make the models tractable [41]. Despite the need
for accurate and robust decision-making, no model in the disaster management literature
has yet combined constrained optimization, risk aversion, and deprivation costs. This is
due to the computational intractability issue which is solved by this research [42].

The main contributions of our research are summarized as follows:



Mathematics 2024, 12, 1954

30f29

High-stake sequential
decision-making (e.g.,
disaster relief allocation)

Numerical simulation on a
relief allocation multi-stage
optimization problem for
empirical validation

e  To prove the strong duality of spectral risk-averse MDPs with expectation-based cumu-
lative and/or deterministic instantaneous constraints without making any assumption
on the problem’s convexity.

e To propose a constraint handling mechanism for risk-averse reinforcement learning
based on the strong duality results.

e  To theoretically and empirically establish the convergence of the proposed constraint
handling mechanism.

For ease of understanding, the graphical representation of this research is shown in
Figure 1. Subsequently, we will first specify the preliminaries and mathematical notations in
Section 2, which will be crucial for understanding our theoretical results in Sections 3 and 4
for risk-averse MDPs with cumulative and instantaneous constraints, respectively. Based
on the results, we will develop a constraint-handling mechanism in Section 5 where we will
also prove the convergence of this newly developed approach. After this, in Section 6, we
will empirically validate the convergence of the proposed mechanism using a multi-stage
risk-averse constrained optimization problem. Findings will be discussed in Section 7, and
finally, we will conclude in Section 8.

MARKOV PROPERTY
ey —

Non-risk constraints and Constrained risk-averse

Multi-stage nisk-averse N - &
dynamic spectral risk-measures Markov decision process

constrained optimization

Augmented Lagmgian Strong duality holds with
constraint handling cumulative expectation-based
mechanism for risk-averse constraints and/or
reinforcement leaming instantaneous deterministic
constraints

Theoretical guarantees for
the mechanism's optimal
convergence

Figure 1. Graphical representation of this research.

2. Preliminaries

Let T be the index set of time periods(with indices starting from one) in a finite or
infinite horizon MDP, then the key elements of the MDP are as follows:

2.1. Action Space

a; € A C R"Vt € T is the feasible action RL agent can take in the period t € T which
belongs to the action space A C R" with n being the action dimension or the number of
decision or control variables (continuous or discrete). It is assumed to be compact.

2.2. State Space

st € S C R™Vt € TU{|T|+ 1} is the state belonging to the state space S C R™
with m being the state dimension or the number of state variables (continuous or discrete).
Similar to action space, it is also assumed to be compact. The state variables specify the
state of the MDP in a particular period.

2.3. Policy Space

Here, 7t € P is the feasible policy in the arbitrary policy space P. P forms a measure
space (A C R",B(A C R"),P) with B(A C R") being a collection of Boral sets of the
action space A € R".
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2.4. Reward and Constraint Functions

There are cost functions g;; = gi(st € S,a; € A), Vi € PU{0},t € T producing cost
signals which are received by the RL agent in each period. These are the mappings from
the current time’s state s; € S C R™ and the current time’s action a; € A C R”" to the real
number line R. These costs are considered to be random variables either due to stochastic
policy 7t € P and/or uncertainty in the MDP environment dynamics. In this regard, P is the
index set (with indices starting from one) of these cumulative or instantaneous constraint
cost functions in a particular period t € T, and the subscript “0” in (2) is regarded as the
index of the reward function.

2.5. Discount Factor

7 € (0,1) is the discount factor which is assumed to be in the open interval (0, 1). This
specifies the importance of the future rewards in the value of the current period’s state. The
greater its value, the more important are the future rewards for the current state’s value.

2.6. Reference Equations

Before diving into the theory, we will first mention three Equations (1)—(3), which will
be referred to further in this paper.

ViiteP)=E Z('ytlgit)l, VieP (1)
teT
My(mt € P) = M[gm + M {goz +...+ M [gom”] = M[So,uﬂ} 2)

where E[.] and M[.] represents expectation and conditional (conditioned on the realized
trajectory up to the current state in an MDP) spectral risk measure operators, respectively,
and the corresponding two equations, Equations (1) and (2), are the cumulative expectation
and dynamic risk measure functions, respectively. In both Functions (1) and (2), periodic
costs git = gi(st € S,ar € A), Vi € P,t € T are used, which are discussed above in
Section 2.4.

Another compact notation for the dual risk-averse objective we will use in Theorem 2
is as follows:

go1+ Y (Angin) + M| go2 + Y (Anngin) + ... + M

ieP iepP

Qo + l;(/\mgm)] H 3)

where, corresponding to every instantaneous constraint cost function g;;, Vi € P,t € T and
Aip € R\RT,Vi € P,t € T are the components of the Lagrangian vector A’ for the dual
of “Problem 2”, referred to as “Dual 2” in Section “Strong Duality for “Problem 2””, on
page 13.

Lastly, we defined M(S, A) as the set of all measures defined onset of ordered pairs
of states and actions (S x A), and T as occupation measures’ set originated from feasible
policy space P as

T = {p(s €S,acA)e M(S, Alp(seS,ac A)=(1 —V)Z(thlpn(st =seS,ap=ac A))} 4)

teT

where pr (s =s € S,a; = a € A) is given as (A4) in Appendix A.

To initiate the field of constrained risk-averse RL, we will prove the following;:

“Risk-averse MDPs with dynamic spectral risk objective and expectation-based cu-
mulative constraints have zero duality gap in generic policy space P (as Theorem 1, in
Section “Strong Duality for “Problem 1”7, on page 6). Based on this Theorem 1, risk-averse
MDPs with deterministic instantaneous constraints also have zero duality gap (as Theorem
2, in Section “Strong Duality for “Problem 2””, on page 12) without any assumption on the
problem’s convexity.”
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These results imply that these two classes of problems can be solved perfectly in the
domain of dual variables where the space becomes convex (in terms of dual variables).

3. Risk-Averse Markov Decision Processes with Cumulative Constraints

In the literature [17], constrained risk-averse MDP refers to the MDP where both the
objective function and constraints are risk-averse. However, we will use a varied version of
it in which risk constraints [17] are substituted with cumulative expectation constraint(s) (9),
which is the same as the cumulative constraints in constrained MDP [34]. The mathematical
program for this varied version is as follows, which we will refer to as “Problem 1”:

maxMy(7t € P) ()
neP
Subject to the following;:
ste1 ~pr(SCR"st € SCR™, 0, € ACR™), VteT (6)
ag~meP, VteT (7)
s1 ~ po(S € R™) (8)
Vi(meP)<0, VieP 9)

where in “Problem 1”7 above, (5)—(8) are nested risk-averse objective, transition function
set, policy inference, and initial state being sampled from its probability distribution,
respectively.

Strong Duality for “Problem 1”

Let A be the Lagrangian vector, with its components A; € R\R™, Vi € P as Lagrangian
multipliers corresponding to all the cumulative constraints (9) in “Problem 1” above. Then,
the following (10) is the Lagrangian function:

L(m e P,{A; e R\RT,Vi € P}) = Mo( € P)+ )_(Ai(Vi( € P))) (10)
iepP

With fixed Lagrangian multipliers A; € R\R™, Vi € P, if the Lagrangian function (10)
is maximized over the policy space P, then it will become the dual function, which forms a
constrained optimization problem with (6)-(8). The solution of it provides an upper bound
(for a maximization, or lower bound for a minimization problem) on the optimal value of
“Problem 1” (primal problem).

In addition to optimizing (maximizing) policy space P, if we also optimize (minimize)
it over its Lagrangian multipliers A; € R\R™T, Vi € P (dual variables) as in (11) below, the
resulting min-max optimization problem will be the dual problem of “Problem 1”, which
we will refer to later as “Dual 1”. Upon its solution, we will have the tightest (best) upper
bound on the optimal solution of “Problem 1” [17]:

D* = ; L(me P, {} €R\R*, VieP 1
/\,-ERC]IZQIIfViePTEa% ( {2 \ 1) (11)

Subject to the following: (6)—(8).

In general, solving “Dual 1” does not result in the solution of “Problem 1” as there
may not be any relation between the optimal values of both problems. However, if strong
duality for “Problem 1” holds, i.e., the duality gap A between “Problem 1” (primal) and
“Dual 1”7 (dual) is zero, then the optimal value of “Problem 1” P* will be equal to that of
the “Dual 1”7 D*, i.e., P* = D*. In Theorem 1 below, we will prove just that (with certain
assumptions on the risk-aversion function in (5) given in Theorem 1’s proof)for both finite
and infinite planning horizons with a discount factor ¢ € (0, 1) using perturbation theory.
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We define the perturbation function associated with “Problem 1” for any value of
perturbation components ¢;, Vi € P of the perturbation vector ¢ as follows, which we will
refer to as “The Perturbation function”:

P(&) £ maxMy(rt € P) (12)
neP

Subject to the following: (6)—(8)

Vi(meP)<¢g, VieP (13)

Proposition 1. If we assume the Slater’s condition for “Problem 1”, and concavity of “The
Perturbation function”, then strong duality will hold for “Problem 1”.

Theorem 1. If the costs gj, Vi € PU{0},t € Tare bounded with the satisfaction of Slater’s
condition for “Problem 1”, then strong duality holds for “Problem 1”.

The above theorem will be proved by connecting the strong duality of “Problem 1”
with the convexity of “The Perturbation function” as follows in “Proposition 1” and further.

Proof. “Proposition 1” has been proven by [43] in Corollary 30.2.2, and as Slater’s condition
holds by the assumption of Theorem 1, the only thing to prove here is the concavity of “The
Perturbation function”, i.e., for any two perturbation vectors ¢!,& € Rl and p € (0,1),
the following holds

P(ue'+(1-we) = up(g) + A —wP(e2), ¥ue (o) (14)

In the case when either perturbation ¢&',&? € RIPI makes “The Perturbation func-
tion” infeasible, then either P(¢') = —oo or P(¢?) = —oo and, consequently, “The Per-
turbation function” is trivially concave. However, if the problem remains feasible for
these perturbations Cl,é‘z c RIP ‘, then these perturbations have their respective opti-
mal policies, 711 € P and mp € P, respectively, which can achieve values of respective
perturbation functions such that P(¢!) = TS%MO(H € P) = My(m € P) is subject to

Vi(my € P) < ¢L, Vi = P and (6)-(8) and P(¢?) = mg%Mo(n €P) = My(m € P) is

subject to Vj(mp € P) < CZ-Z, Vi = P and (6)—(8).

Now, for proving the concavity of “The Perturbation function”, it is sufficient to
show that a policy 7, € P, Vu € (0,1) will exist which will satisfy V;(rr, € P) < u} +
(1—u)&% Vi € P,y € (0,1), and My(r, € P) = uMo(m € P) + (1 — u)Mo(mp € P),
Vu € (0,1) holds, so the policy 71, € P, Vu € (0,1) is not only feasible but (15) naturally
follows (which will result in the implication of (14)):

P(ue' + (1= )&%) = Mo(my € P) = uMo(m € P) + (1 - w)Mo(ma € P) = uP (') + (1 - w)P(&), ¥ € (0,1) (15)

So, we will prove the existence of such a policy 71, € P, Vu € (0,1) for “Problem 1” to
prove its strong duality.

Expectation-Based Constraints

The manipulations of expectation-based constraints (9) we followed in this theorem
are from [34]. However, due to notational differences, we have included all of these manip-
ulations in terms of our notation in Appendix A for the readers’ ease of understanding.

Risk-Averse Objective

Now, for the spectral risk-averse objective, we can rewrite My(7r € P) in (5) as follows:
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My(t € P) = / (go (P(Rds (d”j € D”j))) ). ('yt_lg()t) Pr (d”j € D”j)>dslda1dszda2 -..dsjpdayr (16)
(SXIA)‘Tl e

In (16) above, R% (d'"i € D) = ¥ (y'~1got), which is the mapping from a trajectory
teT
d'"i € DI to its discounted sum of rewards. F(.) is the cumulative probability distribution

function that maps the discounted sum of rewards ) (’yt_l gOt) (associated with a certain
teT

trajectory d'"/ € D'J) to the closed interval [0,1]. ¢(.) is the risk aversion function (in a
spectral risk measure, which depends on the decision maker’s risk-aversion) mapping the
output of F(.) to the interval [0, 1]. ¢(.) and, its single variable and cross derivatives of all
orders (with respect to any state and decision variables) is assumed to exist and be piecewise
C® function in terms of all state and decision variables. In the end, p (d""/ € D'/) is the
probability of a particular trajectory d'"/ € D'/, given a policy © € P and |T| being the
cardinality of the set T (number of periods in the planning horizon).

Since the cost functions gop; are bounded (by the assumption of Theorem 1), the
dominance convergence theorem (DCT) will hold, allowing us to reverse the order of
integration and summation in (16). With the use of conditional probabilities and Markov’s
property of the MDPs, we can rewrite (16) above as follows:

t—1 E( R (4t ¢ Dt u|Su—1,4u—1)Pr\Au|Su T
My(mreP)=1), ! (SX,f4)T| (‘P< ( (a7 € )))gOtueTr\I{l} Pl tiyprltas ol (a151)>

et d51d01d52d{12 N dS|T‘dlZ‘T‘

(17)

In (17), p(su|sy—1,a,—1) represents the probability of state s,, given the previous state
sy—1 and action a,_1. pr(ay|s,) is the probability of the action a, given s, and 7t € P are
current state and policy, respectively, and po(s1) is the probability of the initial state s;.

Now let ' '
fi = (p(F (Rds (d”] € D”]))> (18)
f2 = 8ot H (p(sulsu—1,au—1)pr(aulsu))po(s1)pr(ai|st) (19)
ueT\{1}

Then, (17) above can be written as follows:

My(reP) =Y |4 / (fifo)dsidardsydas ... dsipdayr |, ¥ie P (20)

teT
(S><A)m

Now, using integration by part formula, we can write (20) as follows:

Mo(r € P) = Z ('Ytl / / (f1/f2d51 —/ (fl’/f2d51)dsl)da1d52da2...dslelT) (21)
S

teT SiT-1 41 \ S S

By applying integration by part formula recursively on the second term each time it
is being generated upon the application of integration by part formula, we can write the
above expression as follows:
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()" ATV fodsy + (=17 ATV [ fodsidsy
S 2

S
+(=1)*TACD [ pdsidsids; + (—1)*LAEY [ fodsydsydsdsy
3

S S
My(meP)=Y [+ / / +(=1)°" 16D [ fodsidsidsidsidsy + ... daydsyday . . . dspidajy) (22)
teT SITI-1 A7) 85
+H(=D)VAEY [ f(dsy)" + (<) [ (ﬁ" J fz(dsl)")dsl
Sn S (S]ES)”

If we continue the application of integration by part formula recursively infinite times,
we will have the following expression if we assume that an infinite derivative exists for the

risk aversion function f; (concerning s1)and [ | f1" [ f2(ds1)" |dsy — 0 as n — oo (which
S S

holds in the case of CVaR and mean-CVaR given their piecewise constant risk aversion

functions f; (which will have zero infinite derivatives for each piecewise component after

the splitting of the integration interval), while for the rest of spectral risk measures, it may

or may not hold depending on the risk aversion function itself along with the cumulative

probability distribution function [44]):

()" AT fodsy + (1> AT [ fodsidsy
N S2

+(-1)*TACY [ fodsidsidsy + (1) AGTY [ fodsidsydsids,
My(rt € P) / / s? st ) daydsyday . . .ds|pda 23
tezr ’)/ +(—1)571f1(571) f f2d51d51d51d51d51 4+ ...+ (_1)(7171 fl ”71 f fz(dsl)n 1952852 IT‘ IT‘ ( )

SITI=1 AIT| Gn

S5
+(=D)"A" [ fz(dsl)nﬂ+~~~+(—1)°°f1°°s.£ fa(ds)™

Sn+l

As a side note, it is important to search and develop risk-aversion functions for which
we can write (23) for (22), which will be the direction of our future research.
Letc = —1 and hl = f fzdSl, hz = f fzdsldsl, h3 = f f2d51d51d51, ...... , hn =
S S2 S3

ffZ(dS1)”, ...... , heo :Sjo‘o f2<d51)°°

Now, to integrate all the individual terms with respect to the first action a;, the
expression (23) can be written as follows:

o (A ) day + > 1f(f12 Vi) dayday + ¢ 1f( i) day
471./ (f14 lh4)d’11 +CS 1] (fls 1h5)du1+
Mo(reP)=Y |+ / 14 o iy on
) n— 1
teT (SxA)T1 (n— J{ fl )dﬁu +c J{(fl ,,Jrl)dal—}—..,

+c°°£ (f1(°° )dm

In the above expression, the termsf (f1 hl)dal,f (fl(z_l)hz)dal f (f1(3 h3)da1,
o f (f1 oo)dal can be expanded individually (similar to the expansion of (20))
A

by recursive application of integration by part formula (infinite times) given the
derivatives of all orders of function f; are well-defined (with respect to 41) and

f APV [ (day)™ | day — 0,p € {1,2,...,00} as m — oo, where, in f;P~D™),
Am
( p — 1) is the order of f; derivative with respect to s1, and m is the order of f; derivative
with respect to a;.
After the expansion of these terms, we will have similar terms (as the individual terms
present in (23)). The integrals (with respect to other states and actions, e.g., s, a,53,43 .. .)
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of these resulting terms can be expanded similarly by using the mechanism of recursive
by-part integration as used above with s; and a;.

Let
fa= / gor [ (p(sulsu—1,au—1)pr(aulsu)po(s1)pr(arls1)) | dsidardsoday . .. dsgdar, (25)
(SXA)‘T‘ ueT\{1}
After recursive integration (with the application of by-part integration formula recur-
sively infinite times) with respect to states and actions in all the time periods s1, a1, s2, 42, 53,
as,...,s|7|, a7 and given the fact that all the resulting multiple integral terms will always
have an integral with respect to each state and action sy, 41,52, 42,53,43, . .. /S|T|, A1), W€
will have the expression for My(7 € P) in the following form:
MU(TE S P) =
dd...ddd...df S ,
1 Fordss . sy dandiny - dary (l{ .. j{ Sf .. -gf3ds1 ...dsiday .. .daydsy ... dsyday .. .day .. .dsp) ... dsipday .. .dum> (26)
B dd...ddd...df
th 'Y[ ! +62d51d52...dS‘T‘dmdﬂz...du‘ﬂ <:Sff3dsl...dsldal...daldsz...dszdaz...duz...dsm...dsmdam...dam +...

te dd...ddd...df,
" d51d52 “en dsmduldaz “es dﬂ‘ﬂ

S [ [ [ fadsi .. .dsiday .. .davds, .. .dsyday .. .day ... dsp) ... dspdayg ... dayg,
A AS N

Note that, in (26), 575, 1 s sy
with respect to each other as they may have derivatives of different orders with respect to
various states and actions. Here, the multiple integral terms in (26) have one integral (with
respect to all state and action variables s1,a1,52,42,53,43, .. ., S|T|/ a|T|) less than that of the
expression resulting after the application of the by-part integration formula recursively
infinite times on (f; f2) in (20) since one integral (with respect to each state and action
variable) will be consumed by the expression of f3(25). As we have performed while moving
from (A2) to (A3) in Appendix A, the expression (25) can be reduced to the following;:

(in each term after ¢y, co, ..., cy) are different

fa= / got 11 (p(sulsu—1,au—1)pr(aulsu)po(s1)pr(ails1)) | dsi...dsiday ... da; (27)
(SxA) ue{xeT|x>1,x<t}
Let
fa= [ (gOt Y (Y lpa(si=s€S,a=ac A)))dsda =
SxA teT 28
; 1 (28)
— [ (g()t(l — L (Y lpa(si=seSa=ac A)))dsda
(1=Y)sxa teT
From DCT and (A4) in Appendix A, we can write the following form of (26) above
(similar to (A5) in Appendix A) by interchanging positions of integrals and summation.
My(mreP) =a d51ds:%i.;;‘id;avlﬁaiﬁ' i (J{ B J\ g .- g fadsy...dsiday ... dardsy .. .dsyday ...day ... dsg) ... dspda A..dam)
+c2 d51dSz?‘?‘.é;‘i:i;a.léaifl. T ;4' .. ,{ ! . .g'f4d51 ..dsiday ... daydsy .. dsyday .. day ... dsip .. .dsipdayy . dagy |+ (29)
“+cn ds1d52ddds"j~[‘ija1d:2fl - dﬂ‘ﬂ A . j{ !‘ . -:S[f4d51 . d51dﬂ] .. .dmdSz .. .dSzdaz .. .dﬂz .. .dS‘ﬂ - dsmdam . dﬂ‘ﬂ

Let f5 and the Equation of occupancy measure (A6) in Appendix A above, we can
write the following:

fs = / (g()t(l -9y (,thlpn(St =seS,ap=a¢€ A)))dsda = / (goto(s € S,a € A))dsda,Yie P  (30)
SxA teT Soa
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Then, we can write (29) naturally as follows, which is the objective of the “The
Perturbation function”:

1 dd...ddd...df, e
My(m€P) =0 1= dsydsy ..ds| dardas .- da (!{ M gf_r,dsl...dﬁdal ...daydsy ... dsyday ... day...dsp|...dsipdag ...da‘ﬂ)
1 dd...ddd...df
+C21 . d51d52 dS‘T‘daldaz,_,du‘T‘ J‘!““.jgnhsffsdsl.”dﬁdal ...dﬂldSZ.A.dSZdﬂz..‘dﬂz.‘.dS‘T‘ ...dsmdam dﬂ\ﬂ) +... (31)
1 dd...ddd...d
+Cn fl [‘..':/f“:s[---:!f5d51...dsldu]...duldSZ...dSZdllz...dﬂz...dS‘T‘...dslT‘dll‘T‘...dﬂlT‘>

- dS1dSz dsmdmdaz...dam A

Concavity of the Perturbation Function

From (A7) in Appendix A and (31), “The Perturbation function” itself can be written in
its mathematical program below (given that (31) is to be optimized over the set of feasible
occupation measures 7T):

P(¢) £ maxMy(m € P) = max My(m € P) (32)
neP o()ET
Subject to: (6)—(8)
- . | (Gup(s € S,a€ Apdsda< vieP (33)
SxA

With the only consideration being the risk-averse objective, the occupation measure
set 7 (in (4)) being convex and compact (compact means closed and bounded) is directly
followed by Theorem 3.1 in [45], which makes us able to write the following:

pu(s€S,acA)=pup(se€S,ac A)+(1—u)pa(s€S,ac A),Vue(0,1) (34)

Now, for the feasible two policies, 711 € P and mp € P, which are optimal for the
perturbation vectors &' and ¢?, respectively, considered above, let their corresponding
two occupation measures be p1(s € S,a € A) and p(s € S,a € A), respectively. Then,
from the convexity of the set 7, there must be a feasible policy 7r, € P whose occupation
measure is given by p,(s,a). From (A7) in Appendix A, linearity of constraint integrals
and constraint satisfaction by p;(s € S,a € A) and py(s € S,a € A) with slacks &}, Vi € P
and Ciz, Vi € P, respectively, p,(s € S,a € A) will satisfy the constraints with slack ycjl.l +
(1-wiEzvieP,uc(0,1).

From (A7) in Appendix A and (34), we can write the following:

J Gipu(s € S,ac A))dsda= [ (gi(ppi(s € S,ac A)+ (1 —pu)pa(s € S,a € A)))dsda

SxA SxA (35)
= ;4 f gitp1(s € S,a e A))dsda+ (1 —p) [ (gitp2(s € S,a € A))dsda,Vi € P

SxA

For the risk-averse objective, let fa = [ (gotp1(s € S,a € A))dsda and fr =

Sx

[ (8otp2(s € S,a € A))dsda. Also, consider far = [ (gorpu(s € S,a € A))dsda. From
SxA SxA
(34) above, far = fa + (1 —p)fz, and we can write, for “The Perturbation Function”
objective, P(ué! + (1 — p)&?), corresponding to the perturbation vector ug' + (1 — u)¢? as
the following:
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P(pg' + (1 - p)e?)
o 1; dsldsz‘.jfi‘.d.s.‘i:i;a.l'd.zijﬁl.'dalT\ <{...J{g...!fg,ldsl,,,dsldul.,_daldsz...dszdaz...daz...dsm...dsmdum ~--d“m)
> I i g dS1dszt.i(.i"aisi‘itli;ailégifl. .dam (J{ . ,{1 g .- 'g‘fg}AdS‘l ...dsiday .. .daydsy .. .dsyday ... day ... ds\p) .. .dsipdayr) . dayry |+
+c,,ﬁ dsldsz??.é;i?;ﬂ'lﬁgl_ — (J{n~J{£~.£f,§pdsl...dsldal...daldsz...dszdaz...duz odsyp) ... dsypydayy ... day, (36)
€17 i p” dS]dsztflfi"d's"'i‘li;a']'d'bijﬁll | .. j! .. .:S[(yfél +(1- y)fg)dsl -..dsiday .. .day ... dsp ... dsipdag ...dam>
- - dsldszL.ifl"és“jfja‘légl..dum {,,.Afg...g(yfgl +( 7y)fgz>ds1 oodsiday ... day ... dsg, ... dsipdayg) .. .dapg | + ..
—&-c,,m dsldszL_i(_i,.d.s.‘i{f;a.l;j.{ifl_ i J{ . J{‘! .. .g(yf@ +(1- y)fgz>dsl <o.dsiday ... day ... dsip) ... dsipday) ... dayg

From (31) and the linearity of the integrals, (36) above can be written as follows:
P(pe" + (1= W&) = pMo(m € P) + (1= p)Mo (7, € P) (37)
Since My (7 € P) = P(¢') and My(7, € P) = P(¢?), the following holds

P(u'e! + (1= we?) = uP(e") + (1= wP(&2), ¥ € (0,1) (39)

which means that “The Perturbation function” is concave, which then implies, from “Propo-
sition 17, that strong duality holds for “Problem 1”. [

4. Risk-Averse Markov Decision Processes with Instantaneous Constraints

Derived from “Problem 1”, the problem class that we will consider in this section
consists of deterministic instantaneous constraints (40) instead of cumulative expectation
constraints (9). This problem will be referred to as “Problem 2”, and its mathematical
program is given as follows:

maxMo(m € P) (39)
nepP

Subiject to the following: (6)—(8)
v ley <0, ViePteT (40)

The assumption of deterministic constraints is justified in many real-world contexts.
Not only do risk constraints [5] make the problem complex, but they are unnecessary in
many real-world problems due to the very reason for the constraint utilization itself (in
the presence of risk-averseness), which is to completely eliminate extreme realizations of
certain stochastic variables regardless of risk-averseness or decision makers’ behavioral
aspects. In addition, if the robustification of feasible solution space is required using box
uncertainty sets, it will make the constraints deterministic in a robust counterpart program.

Strong Duality for “Problem 2”

Now based on Theorem 1 in Section 3, we will prove two theorems (Theorems 2 and 3)
for proving strong duality for the “Problem 2” above. Based on these theorems, we will
develop a constraint handling mechanism in Section 5 for solving “Problem 2”, where we
will also perform a theoretical convergence analysis of this algorithm in Section 5.5.

In this regard, we will first assume the following, which we will refer to as “ Assumption 1"

Assumption 1. The feasible policy space P of “Problem 2” has a non-empty relative interior
(Slater’s condition holds), and if Y. (v'~1g;) <0, Vi € P holds for any feasible policy t € P,
teT

then v'~1g; <0, Vi € P,t = T also holds for that policy.
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Now, on the basis of our above assumption, we will prove the following:
Theorem 2. Under Assumption 1, strong duality holds for “Problem 2”.

Proof. Naturally, for any policy 7 € P, the condition ’)/tilgit <0, Vi € P,t = T implies
condition Y (7~ 1gi(st,ar)) <0, Vi € P, and from Assumption1, ¥ (y'"1g;y) <0, Vi€ P
teT teT

implies 'yt’l git <0, Vi € P,t = T, which means the following proposition holds

“Y (y"1gi) <0, Vi€ Pifandonly if g;; <0, Vi € P, t = T”.
teT
Let A’ be the Lagrangian vector, with its components A;; € R\R™,Vi € P,t € T, then

the dual of “Problem 2”, which we will refer to as “Dual 2”, is as follows:

n max (MO(T( eP)+ ), Z('yt_l)tjtgit)> (41)

mi
At €R\RY, VieP,teT meP teTieP

Subject to the following: (6)—(8)

It is important to note here that A (with its components A;, Vi € P) is the Lagrangian
vector for “Problem 1” while A’ is the Lagrangian vector for the “Problem 2” with its
components A;; € R\RT,Vie P,t € T.

As Theorem 1 implies

P* =D* = min  maxL(m,A) =
A eR\RT, ViePteP

gl max (M0<" €P)+ L (Vi € P”))’ ve

(42)

If we consider all the constraint cost functions gj;, Vi € P,t € T in (9) as deterministic
and the risk measure M in (5) satisfies translation invariance (a property of coherent risk
measures [46]), we can write (42) above as follows (referring to (3)), which can also be
regarded as the min—max objective in “Dual 1” in (11):

pP* = ] M . . 43
ety max (Mgo)pi7]) @)

As a side note, the reason for making the above form of the dual objective of “Problem 1”
is because, during RL training (for optimization of “Problem 2”), our model-free decision-
making agent (heuristic) will obtain go; + Y- (Atgit), Vt € T as values of reward signals

iepP

from the MDP environment (in each time period) and from that value, the RL agent has to
stay within the feasible solution region (constraint satisfaction) in addition to maximizing
the objective function.

Let 7* € P be the optimal policy for “Problem 2”, then given Lagrangian multipliers
Air € R\RT, Vi € P,t € T of its dual, we will write the following (by construction given
the translation invariance of the dynamic risk measure M[.]):

o fgoiair] 2 (M[soiair|]) 2

(44)
<M {'Ytlthgit 50, ﬂ*D + ¥ ¥ (Vg ) = P*

teTieP

From the above, we can make the following implication:

min max M{ 1Pl D > p* 45
A ER\R, VieP,teTneP( SoPLuITI] ) = (45)
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*

Suppose A}, Vi € P,t € T are the optimal Lagrangian multipliers in“Dual 2”, then we
can write as follows given Theorem 1:

max(M [gmpm:m AL, ViEe Dt e TD =p* (46)

eP

As a result, the following directly follows from the above:

min max M{ 1Pl 1. D<P* 47
/\,»[eR\RtVieP,teTneP( So:|p| 1T | ) = (47)

Hence, from (45) and (47), the strong duality condition is satisfied for “Problem 2”.[]

Due to time-varying Lagrangian multipliers A;; € R\R™, Vi € P,t € T, with the
increase in the number of time periods, the number of Lagrangian multipliers will grow,
and, because this, memory complexity may become the point of concern. Also, for infinite
time horizon problems, time-varying Lagrangian multipliers become infeasible. To counter
this effect, we will prove Theorem 3 below.

Note: It is worth noting that the time invariance of Lagrangian multipliers (in the
context of Problem 2) directly follows from the fact that we have used Ajy = A;, Vit € T
while proving Theorem 2 from Theorem 1 (on page 15) when we moved from (42) to (43).
However, if we start from the statement of Theorem 2, we need to prove the time invariance
of Lagrangian multipliers A;; € R\R™, Vi € P,t € T in “Dual 2”, which we will perform in
Theorem 3 below (which is a redundant theoretical result).

Theorem 3. Suppose ({A}, Vi€ P,t € T}, w* € P) to be the optimal solution for “Dual 2"
and suppose ({A¥ € R\R™, Vi € P}, 7T* € P) to be the optimal solution for the following Dual
mathematical program having instantaneous constraint cost functions g, Vi € P,t € T and
time-invariant Lagrangian multipliers A; € R\R™, Vi € P:

min max (Mo(rc €P)+ Z ('ytl 2 (Ai'ytflgit) ) ) (48)

M ER\RT, ViePeP feT icp

Subject to the following: (6)—(8)
Now, suppose that in “Dual 2”7, A;; = A},Vi € P,t € T, under Assumption 1,
({Air = A}, Vie P,t € T}, * € P) is also optimal for “Problem 2” or “Dual 2.

Proof. By definition (under Assumption 1), for policy 7t € P, satisfying instantaneous
constraints v/ ~1g;; < 0, Vi € P,t = T implies that 1 € P will also satisfy cumulative
constraints Y (y'"1g;) <0, Vi € P.

teT

Then, by assuming under closed loop dynamics, s;41 ~ pz(.|st,at), Vt € T and
ar ~ 1(s), Vt € T, that ¥ (7' "1gi) <0, Vi € Pimplies 7/ ~1g; <0, Vi € P,t = T (under
teT

Assumption 1), and“Problem 1” shares the same feasible domain with “Dual 2” given the
dynamic risk measure’s translation invariance property on the objective (39) and the fact
that constraint cost functions gj;, Vi € P,t € T are deterministic. From Theorem 1, strong
duality will hold for the problem given above (in the statement of Theorem 3), which then
implies with Theorem 2 that the optimal solution for the above-motioned problem, which
has time-invariant Lagrangian multipliers, is also the optimal solution for “Dual 2”. O

Note: It is important to mention that there can be optimal solutions ({A;; € R\R™,
Vie P,t € T}, " € P) for “Dual 2”, which has time variant Lagrangian multipliers in ad-
dition to the optimal solution (A} € R\R", 77" € P), which has time-invariant Lagrangian
multipliers as given by Theorem 3 above.
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5. Augmented Lagrangian-Based Constraint Handling Mechanism

In this section, based on Theorems 1 and 2, we will develop a risk-averse RL constraint-
handling algorithm (Algorithm 1) for optimizing “Problem 2” (risk-averse MDP with
instantaneous deterministic constraints). In the end, we will also theoretically prove its
convergence. However, to take advantage of Algorithm 1, “Assumption 1” must be satisfied
during its execution because Theorem 2 is based on the assumption. While the assumption
can be automatically satisfied in the case of some problems, we ensure its satisfaction
during the execution of Algorithm 1 by utilizing a so-called “Clipping method” proposed
by [47]. This method is described as follows.

5.1. Clipping Method

In this method, values of constraints for the states where constraints are not violated
are reduced to zero, i.e., if constraints are satisfied, then we will consider the constraint
violation penalty as zero. For an illustration of the technique, consider a set of instantaneous
constraints 7' ~1g;; < 0, Vi € P,t € T as (40) in “Problem 2”. Then, to form a reward
signal, ’)’tilgit/ Vi € P,t = T will only be added as a constraint violation penalty to the
reward value ’yt_l got, Vt € T if it is greater than zero; otherwise, it will not be added or
considered zero. This can be performed by using functions or mappings which map R™*
to R" while mapping R~ to zero, e.g., ReLU (' "1got), Vi € P,t = T (in the case of which
ReLU(x) = x, Vx € RT U {0}; otherwise, ReLU(x) = 0, Vx € R™). Other non-negative
activation functions like SoftPlus and Segmoid can also be used [47].

5.2. Surrogate Objective

As RL is mostly used for non-convex multi-stage optimization, in order to handle
constraints in this setting, it is better to use augmented Lagrangian instead of the Lagrangian
formulation [48], which we will use in our constraint-handling algorithm by first designing
a surrogate objective and then a surrogate reward function, from the augmented Lagrangian
formulation of “Problem 2”.

Let A; € R\R™, Vi € P be the Lagrangian multipliers, which are invariant to time,
and {; € R, Vi € P be the time-invariant quadratic penalty coefficients corresponding
to each of the instantaneous constraints (40) in “Problem 2”. Based on the strong duality
result for “Problem 2” (Theorem 2) and the Lagrangian-based objective (41) of “Dual 2”
(with time-invariant Lagrangian multipliers), the augmented Lagrangian-based surrogate
objective for “Problem 2” with clipping method (which will be directly optimized by an RL
algorithm) is as follows:

4

S(m € P,{Ai, Vi€ P}, {¢;,Vie P}) =M [2 (v”gm +9' 1Y (AiReLU(g31)) — (7”)22 (;ReLu(git)z)ﬂ (49)

teT icP icP

5.3. Reward Function

Correspondingly, the instantaneous reward function (stage-wise objective component)
is given as follows, where the first term is the discounted reward function while the
second and third terms are the discounted linear and quadratic penalty terms for constraint
violations, respectively, which will discourage the agent from violating hard constraints.

2 ‘
si(st € S,a1 € Aysppr € 8) =7 g+ Y (AiReLU (gir)) — (7t71) Y. <€l ReLU(git)2> (50)

ieP ieP 2
In the above Equations (49) and (50), the ReLU function is used for the implementation
of the clipping method described above to realize Assumption 1 during the execution of

the risk-averse RL algorithm.
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5.4. Developed Mechanism

Based on the surrogate reward function (50) above and [47], we have designed ”Algo-
rithm 1” for the solution of “Problem 2” in the presence of only deterministic instantaneous
constraints as follows.

Algorithm 1: Augmented Lagrangian-based constrained risk-averse RL

Take u; € [1,00) and dual assent step size A € R", and initialize AY € R\R", Vi € P and
VeRt,viep
Initialize RL policy ¥ € P
Fore =0,1,...,E (where, E defines the number of iterations in which Lagrangian
multipliers and quadratic penalty coefficients need to be updated)

n® = arg maxS(m € P,{A; € R\R*, Vi € P},{{; € RT,Vi € P})

meeP

1
2
3
4

/\?+1 < fotep (/\f - A( L (v Relu(gir))

teT

)]

6 End

In the above algorithm, A¢™! « fye, <)\f — A( Y (7" 'Relu(gi)) ng)> is the
teT
mapping fseep(.) : R — R such that fiep(x) = 0if x > 0 and fsep(x) = xif x < 0.

¢ = arg maxS(mw € P,{A; € R\RT, Vi € P},{{; € R, Vi € P}) is the optimization of
neP

unconstrained surrogate objective function for “Problem 2”, which will be solved by

the proposed risk-averse RL. Then, we will update Lagrangian multipliers via dual as-

sent in dual-domain )\f“ — fotep ()\f — A( Y (7" 'Relu(git)) |7re>) , while in tandem,
terT

we will also update the quadratic penalty coefficient {¢+! « uz(° such that the penalty
from both Lagrangian and quadratic penalty terms will increase with every update of
A € R\RT, Vi € Pand, {; € RT, Vi € P. For ease of understanding, the block diagram of
the workings of the risk-averse actor—critic algorithm [12] with the proposed augmented
lagrangian-based constraint handling mechanism is shown in Figure 2. Here, the upper
shaded religion contains all the learning components inside the actor—critic algorithml
while the shaded region at the bottom contains the proposed constraint handling mech-
anism, which updates the Lagrangian multipliers and quadratic penalty factors (inside
the environment) after every fixed number of risk-averse actor—critic algorithm’s training
iterations. For elucidation on conditionally elicitable dynamic risk measure and scoring
function mentioned in the following diagram, readers are referred to [12].

~

Actor
(feed-back policy)

Actor loss
Replay Memory
(trajectories)
State value <

Critic loss
(scoring function)

LEARNING

Ney transition
AR

Current state N il
Environment e action

Lagrangian multipliers and
quadratic penalty coefficients (before update

Lagrangian multiplicrs and
quadratic penalty coefficients (updated)

Lagrangian multipliers and quadratic penalty update
mechanism

DUAL ASCENT

Figure 2. Block diagram of risk-averse actor—critic algorithm with proposed augmented Lagrangian-
based constraint handling mechanism.
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5.5. Theoretical Results for Convergence

Now, we will perform the above algorithm’s convergence analysis by proving Theorem 4,
but first, we will prove a proposition as follows, which will be used in proving Theorem 4:

Proposition 2. Consider following two optimization problems such that both of these have
time-invariant Lagrangian multipliers A; € R\R™',Vi € P, and {; € R", as follows under
“Assumption 1"

Problem A:
di(Ai, Vi € P) = maxM {gO:\PLl:\T\} (51)
weP

Subiject to the following: (6)—(8)
Ai=Ay, VteT (52)
Problem B:

d2({\;, Vi € P},{C;, Vi€ P}) = mg%s(n € P,{A;, Vi € P},{¢;, Vi € P}) (53)

Subject to the following: (6)—(8)

Let us fix Lagrangian multipliers for all the constraints, except the constrainti € P, to
any value /'\f: € R\R". Vi’ € P\i (where these fixed values can be different for “Problem A”
and “Problem B”) such that the Lagrangian multiplier A; is the only dual variable in both
“Problem A” and “Problem B”.

Suppose A}* = argmind] ({/\i, ieP}, {/\{,, Vi’ € P\i}) and A¥ =

AER\RT
argmind?({/\i, i € P}, {/\{,, Vil e P\i}, {Ci,i€ P}) Also, let 7* € P be an optimal policy
A ER\RF
for “Problem 2” under which 'yt_lg it <0, Vi e P,t e T holds; then, the following relation
will also hold
dl({alr, ie Py, { M, vire P\i}) < @({a%, ie P}, {Al,vil € P\i}, {Gi i€ P}) < -
d2({Akr, i€ Py {A, Vi’ € P\i} (g i € P}) <dl({al, i€ P}, { M, ¥i € P\i})
Proof. As we know ; > 0, the following holds
a2 ({AiA] e R\RY, vi' € P\i}, {Gi € R, i € P}) < (55)

d?({/\i,)\{, € R\R™, Vi’ € P\i}, {Li=0ic P}) =dl (A,,A{, € R\R™, Vi’ € P\i)
We can imply the following from the above, where instead of A;, we used A}*:
2(( ierb il e i e n) <a(fa ierb wend) 69
Also, by definition
@({a, iep} (Al vi e P\if (G i PY) <d2({M, ie Ph{M,vi' e P\i}{¢=0,ieP}) (57)

By assuming 7t* € P isthe policy which is optimal for “Problem 2” and, thus, feasible,
we can write the following for “Problem A” and “Problem B” (given strong duality holds
for “Problem 2”):

({22, ie P} {a],vi'e P\i} {giieP}) >
S(rc* e P, {A, ie P}, {A{,, Vil € p\i},{g,-, ie p}) - (58)
Mo(r* € P) = dl({A}, i e P}, {A], v € P\i})
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From (56)—(58), we can write the following:

dt({alr, ie Py, {M, vir e P\i}) < @2({a%, i P}, {al,vi' € P\i}, {Gi i€ P}) <
d2({Ar, i€ P} AL, vi e P\i} {Gi € P}Y) <dl({AF, i€ P} {M,¥i € P\i})

Since we have taken no assumption on the constraint i € P (whose Lagrangian
multiplier (dual variable) is not fixed), the relation (59) above is true for all constraints
which are indexed on the set P, i.e.,

(59)

dl({Al, i€ Py (AL wire P\i}) <@ ({aZ, i€ P}, {Al, vi' e P\i} (G, i€ P}) <

d2({alr, i€ Py, {M, vi' € P\i} {gii € P}) <dl({al, i€ P}, {M, ¥ e P\i}), VieP (©0)

By direct implication from (60) above, we proved (54). O

Theorem 4. Suppose A7* = arg mind?({A;, Vi € P},{{;, Vi € P}) subject to: (6)~(8). n* € P
A ER\R+

is the optimal solution for “Problem 2" under which A1 gi <0, Vi e P,t =T, and the optimal

policy of “Problem B” is 7t2* (A¥*, Vi € P), thenas {; — oo, Vi € P, the following condition holds

HMO(n ) — Mo( 24 ()3* Vi € P))H2 50 61)

Proof. Again, let us fix Lagrangian multipliers for all the constraints to any value )\{, € R\R",
Vi’ € P\i excepti € P such that the Lagrangian multiplier A; € R\R™ for the constraint
i € P is the only dual variables, while ; can evolve.

Suppose there is a policy 72*(A?*, i € P) € P optimal for “Problem B” with some
¢i >0, i € P. Also, presume that the policy is infeasible for “Problem 1”:

v;( 2*(/\2*,16P))>0, ViePp (62)

Here, we will consider two cases to prove our proposition.
Consider the objective function M [80,1:\T\} of “Problem 1”. There are only two cases

possible for the constraint i € P:A?* < A1* or A?* > Al*.
Suppose A?* < Al* holds. As 712*(A?*, i € P) is the policy optimal for “Problem B”,
then the following expression can be written

dl({alr, i€ P}, { M, ¥i' € P\i}) > Mg,
M| go 17| 73* (AT, i € P)| + A[*Vi(md* (A *,zep))
M| go1:j7||7Te* (AZ*, i € P) | + AZ*Vi (5" (A%, i € P)) >
d2({AF, i€ P}, {al,vi' e P\i} (¢, i € P})

“(A2, i€ P)}

(63)

The result from case 1 contradicts Proposition 2 above.
Hence, it is proved that )LZZ* > )L}* for constraint i € P.
As we do not assume anything for constraint i € P, for any combination of the values

of {A] € R\R™, ¥i' € P\i}, A* > Al* holds Vi € P.
Given the above, let ; > 0, Vi € P such that the following holds

2 (A, vie )| - ¥ (gRew(&)

iepP

2 (/\12* Vi e P)) < M{gm:m ‘7‘[* € P} (64)
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For Proposition 2 and the strong duality of “Problem 2”, the following is implied

dﬁ({)\?*, Vie p}, (¢, Vie P}) = M[gorl:m ‘n* € p} (65)
and
/
M [gonm | (4, ¥i € )] - & (G ReLU(e | (4, vie P) ) >
ic
, . (66)
1\41[5;0,1”| 2 (A2, Vi € P)} + ¥ (A%* Y. ReLU(g;)|m2* (A2*, Vi € p)) —
, icP teT
Y (giReLU(git)z n2* (A2, Vi € p))
iep\ 2
From this, we can say that 712* (A?*,Vi € P) becomes suboptimal for “Problem B” as
i —(l, VieP.

The above implies that as {; — co, Vi € P, any infeasible policy for “Problem 2”be-
comes suboptimal for “Problem B”.

Hence, as {; — co Vi € P, ||Mo(7*) — MO(”sg*) — 0.0

I,

6. Numerical Example

In this section, we showcase the implications of our theoretical results. For this, all
the computational experiments were conducted with a 78.16 GB hard disk, 12.68 GB RAM,
Intel(R) Xeon(R) CPU @ 2.00GHz dual-core processor, Ubuntu operating system, and
Python 3.10. For deep learning implementation, feed-forward neural networks were used
for both actor and critic with two and six layers, respectively. They were implemented
in Pytorch and trained on the Tesla T4 (CUDA Version: 12.0) graphical processing unit
(GPU). In this regard, a non-convex, non-differentiable, multi-stage disaster response
relief allocation problem [49] with three affected areas was considered as a numerical
example, the detailed formulation of which is given in Appendix B. It was assumed that
all the affected areas have uniform demand stochasticity, and relief is supplied to them
from a capacitated local response center. Dynamic conditional value at risk (DCVaR) is
used as a risk-averse stochastic ordering for the stochastic objective. The problem has
an upper bound (constraint) on the deprivation level of the third affected area. This is
because this affected area is assumed to be relatively more vulnerable to disruption than
the rest [49,50]. These disruptions can be in the form of secondary disasters inside the
affected areas or logistical blockages hindering relief supply, which will have devastating
effects (increase in deprivation from life-sustaining resources) on the affected population.
So, as a preparation tactic against these disruptions, deprivation levels are kept low a
priori by using the constraint (A18) in Appendix B, the form of which is assumed to
be [ReLU(g},)|7] < 0, Vi € P, where g}, = s;wmﬂ —T,, Vi € P (given at the end of
Appendix B). Therefore, if we assume the quadratic penalty coefficient to be zero, the
classical Lagrangian dual method will be obtained [32,34-36]. In this regard, using our
formulation, we train the agent to be risk-averse in the face of uncertainty while also
requiring it to satisfy the hard constraint (A18) in the Appendix via Algorithm 1. All the
Lagrangian multipliers AY € R\R™, Vi € P and quadratic penalty factors ¥ € RT, Vi € P
are initialized as “0”. Before every dual ascent (with the dual ascent step size A = 0.005),
we find the locally optimal solution using a conditionally elicitable risk-averse actor—critic
algorithm from [12]. By setting u; = 1.1, we rapidly increase the quadratic penalty
coefficient {1 € R as the dual ascent iteration number grows. We update A; € R\R™"
and {7 € R* every 25 algorithmic epochs (each epoch has 666,675 MDP episodes) of the
risk-averse actor—critic algorithm. As we increase A; € R\R™" and {; € RT, we see that the
CVaR of episodic rewards converges, as shown in Figure 3a—c, and the constraint violations
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decrease until they vanish, as shown in Figure 4a—c), in the case of all values of risk-aversion
confidence levels (0.6, 0.8 and 0.99) considered in our simulations.

2
1.8
- 1.6
«
g 14
g 12
2
< 1
2
E" 0.8
0.6
0.4 -
0.2 { “ll -t
0 T T T T T T 1
0 2,000 4,000 6,000 8,000 10,000 12,000
Episode
(a)
0.6
0.5
"'% 04
2
g
© 03 4
b=
2
02 -
0.1
0 T T T T T 1
0 2,000 4,000 6,000 8,000 10,000 12,000
Episode
(b)
0.6
0.5
]
g 04
g0
&
2 03
=]
.g 0.2 ]
20
=
0.1
0 T T T T T T T T 1
0 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000
Episode

(©

Figure 3. Convergence curves of CVaR of episodic rewards with the augmented Lagrangian-based
constraint-handling approach using 0.6 (a), 0.8 (b), and 0.99 (c) risk-aversion confidence levels.
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Figure 4. Vanishing constraint violations as training progresses with the increase in the number of
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We also show constraint violations and convergence curves (with a risk-averse con-
fidence level of 0.99) when we used negative reward scheming during training. Here,
the fixed constraint violation penalty factor is multiplied by constraint violation and then
added to the reward function [51-53]. As we can see in Figure 5, for negative reward
scheming, in case of a larger fixed penalty factor of “10°”, the constraint violations vanish
to zero but, as shown in Figure 6, the CVaR episodic rewards converge to a higher cost (red
curve) relative to that of the augmented Lagrangian-based approach (blue curve). This is
because we are not optimizing over the fixed penalty factors, which makes these penalty
factors not the optimal Lagrangian coefficients of the dual problem. Consequently, the
optimal solution of the regularized unconstrained problem is different from that of the
primal problem. Also, larger constraint violation factors earlier in training may hinder
the RL agent’s exploration leading it to converge to the local optima of primal and/or
regularized unconstrained problem. On the other hand, in the case of a lower fixed penalty
factor of 10!, although the reward value converges to lower costs, as shown in Figure 7,
constraint violations do not reach zero, as shown in Figure 8. This issue is resolved by our
proposed constraint-handling mechanism where at the beginning of the training, the action
space is less constrained and the agent can freely learn, but as the training progresses, the
constraint violations gradually accentuate with the increase in the Lagrangian multipliers
and quadratic penalty factors in (49) and (50), respectively.
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Figure 5. Constraint violations during training with fixed penalty factor of “10°”.
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Figure 6. Convergence to a higher CVaR of episodic costs (red curve) with a fixed penalty factor of
“107” relative to that of the augmented Lagrangian-based approach (blue curve).
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Figure 7. Convergence curves of CVaR of episodic rewards in case of fixed constraint violation
penalty factor of “10~!” and the augmented Lagrangian-based approach.
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Figure 8. Constraint violations with fixed penalty factor of “10~1".

7. Discussion

Throughout this work, we have developed a duality theory for risk-averse reinforce-
ment learning problems with non-risk constraints. Specifically, in the case of an arbitrary
policy space, the duality gap is zero, and thus, the primal problem is perfectly solvable in
its dual domain, where it becomes convex in terms of dual variables. This is significant
as it establishes that the constrained problem and the regularized unconstrained problem
chase the same Prato optimal front and, therefore, are equivalent. However, despite these
theoretical results, these problems may be computationally intractable. This is due to the
requirement of the consideration of arbitrary policy in cases in which the evaluation of
the dual function becomes practically infeasible. In place of arbitrary policy spaces, linear
approximations or neural networks are used, which may cause weak duality or even widen
the duality gap. Despite this approximation issue, the theoretical results, the resulting algo-
rithm, and the empirical demonstrations provide a way to solve the constrained risk-averse
policy optimization problem without the need to conduct an exhaustive search over the
penalty weights (or factors) for constraint violation as was performed in [54-56].

Methodical Contribution of This Research

This research develops a model-free feed-back policy optimization method (Algorithm 1),
which makes it now possible to optimize non-convex versions of constrained risk-averse
multi-stage mathematical programs. This is useful for robust decision-making in high-
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stakes environments [13]. Previously, only linear or convex versions of these programs
weresolvable [8,9,17,42], but now convergence to the optimal solution is possible for non-
convex and non-smooth versions as well using our developed model-free method, which
we have empirically validated as well in Section 6. In addition, our method can also handle
constraints with state variables in them which cannot be handled by existing methods like
risk-averse stochastic dual dynamic programming [57].

8. Conclusions

In this work, we have combined two embryonic fields of constrained and risk-averse
RL. In this regard, a duality theory is developed for MDPs with non-risk cumulative and
instantaneous constraints, and spectral risk objectives. We have established strong duality
with certain assumptions on the risk measures given on page 7-9 (related to the derivative
and integral of the risk aversion function) and on page 13 (translation invariance of risk
measures). The assumptions are not so restrictive in the context of problems considered in
dynamic programming literature [5-7,23,58]. Based on these theoretical results, we have
proposed an augmented Lagrangian-based constraint handling mechanism for risk-averse
RL along with its theoretical guarantees and empirical demonstration for its viability. This
mechanism can be used with any risk-averse RL algorithm for the solution of risk-averse
MDPs with non-risk constraints.

However, our theoretical results do not imply that the proposed approach in Section 5
will always be able to solve all the considered classes of problems. This can be due to the
intractability of the dual function, making it impossible to evaluate and/or the fact that our
theoretical results are for a general policy space, which is impossible to consider realistically.
In place of general policy, exploration usually takes place in linear or neural networks-based
parameterized (restricted) (sub-) policy spaces, which makes the problem different from
the original one and, consequently, the duality gap might not be zero. Therefore, our future
direction of investigation will be to theoretically and/or empirically investigate how to
further improve the algorithm’s convergence behavior in case of different parameterizations
of the policy space. Lastly, the need for constraint satisfaction might come directly from
within the RL algorithm, e.g., in the case of trust region policy optimization [59], where the
divergence of the policy is constrained by a threshold. Therefore, strong duality must also
be investigated under these constraints.
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Appendix A
Expectation-Based Constraints

Although we have followed [34] for the manipulations of expectation-based constraints
in Theorem 1, we have given these manipulations in terms of our notations in this appendix
for the ease of readers.
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First, we will start forming an optimization program by first writing all the constraints
(9) in Section 3 indexed on the set P (not the risk-averse objective (5) in Section 3) in
“Problem 1” in their linear form as follows:

Viner) = | (
7|

Z (’Yt_lgit) P (dtfj c D“’j) > dsidaydsyda; . .. dS‘T‘dﬂ‘T‘, Vie P (A1)
(Sx.A)

teT

where py (d""/ € D7) is the probability of a particular trajectory d'"/ € D/ of the form
$1,01,82,82, - -, S|T|, 41|, §ilven a policy @ € P, and |T| being the cardinality of the set T
(number of periods in the planning horizon).

Since the cost functions g;;, Vi € P,t € T are bounded (by the assumption of Theo-
rem 1), the dominance convergence theorem (DCT) holds, allowing us to alter the order of
integral and summation in (A1). With the use of conditional probabilities and Markov’s
property of the MDP, we can rewrite (Al) as follows:

Yo <gi I1 (P(Susu1rﬂu1)Pn(au|5u))P0(Sl)P7t(a1|51)>
VimeP) =) (ST tueT\{l}

teT

,VieP (A2)
dsldaldszd@ e dS|T‘d£l|T‘

In (A2), p(su|s,—1,a,—1) represents the probability of state s, given the previous state
sy—1 and action a,_1. pr(ay|sy) is the probability of the action a, given that the current
state s, and policy 7 € P, and py(s1) is the probability of the initial state s;.

Since every integral concerning state—action pair (s;, 4, ) in (A2) results in unity for all
u > t, (by probabilityaxioms [60]), we can again rewrite the above expression as follows:

Vi(m € P) = Z r / <gitue{xeTI;[>1,x§t} (P(Su|suLﬂul)Pn(“u|Su)>P0(Sl)P7T(al51)) Viep (A3)

tet dSl e dStdtll e dat
From the dominance convergence theorem (DCT) and the fact that we can write (A4),
we compactly rewrite the above expressions (A3) as (A5) below:

pr(st € S,ar € A) = / ( 11 (p(su|su1,au1)pn(au|su))p0(sl)pn(a1|sl)) dsy...dsg_qday...da;_1 (A4)
(SxA)}!

ue{xeT|x>1,x<t}

Vi(meP)= / (g,-tZ('yt_lpn(st =seS,ap=ac A)))dsda,Vi e€P (A5
SeA teT

where gy = gi(st=se€S,as=ac A),andpr(ss=s€S,as=a€ A) =pr(s€ S,ac A)
is the probability of the occurrence of the state s € S and actiona € Ainaperiodt € T
given the policy 7t € P.

The occupation measure for the MDP (regardless of its objective or reward function)
can be written as

p(seS,acA)=(1- 7)2(7t71pn(st =seS,a=ac A)) (A6)
teT

From the previous two Equations (A5) and (A6), the following follows:

Vi(meP) = % / (gitp(s € S,a € A))dsda, Vie P (A7)
SxA
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Appendix B

In this appendix, the multi-stage optimization problem used for numerical simulation
is rigorously defined. This multi-stage optimization problem is for relief allocation among
a set of affected areas during disaster response and is adapted from the second nonlinear
program (NLP2) in [49].

The problem in the form of a diagram is shown as follows:

In scenario W< Q & time period t€7:
Blwt gﬁ Sian
[ 7]
AA|
N
Capacity (C) ~
[ 3.¥) 2
N N
e
[T [ J72 ]
LRC y3wt AA;
n
n
3wt
] -
[ 7]
AA;

Figure A1. Visual description of resource allocation problem in disaster response.

Before discussing the abstract mathematical programming model, we will first give its
notation as follows:

Sets:

K: Index set for affected areas (AAs)

K’: Index set for affected areas the terminal deprivation level of which is constrained

(): Index set for scenarios

T: Index set for periods (or stages)

Note: Size or cardinality of the above sets will be represented by placing vertical bars
around the name of the respective set, e.g., for the set of periods, its size will be represented
as |T|.

Indices:

k: Index in K

k': Index in K’

w: Index in )

t: Indexin T

Decision Variables:

Yikwt: Amount of relief resources being allocated from the LRC location to AA k € Kin
scenario w € () and period t € T.

State Variables:

Skwt: Deprivation level at AA k € K in scenario w € () and period t € T

Parameters:

ays: per unit accessibility-based delivery cost for transporting unit quantity of relief
resource from the LRC to AA k € Kin period ¢t € T in all scenarios

Dy.+: Demand for relief resource at AA k € K in scenario w € ) and period t € T, it
is considered as a stochastic variable



Mathematics 2024, 12, 1954

26 of 29

Skw1: Initial deprivation level (at the start of the planning horizon) at AA k € K and
period 1, for all w € O

C:Capacity (considered as flexible) of the LRC

pk: Deprivation parameter at AA k € K (used in ADC and TPC functions)

gx: Deprivation parameter at AA k € K (used in ADC and TPC functions)

Tk Threshold above which final robustified state variable values sy, 741, Vk € K,
w € Q) must not exceed to ensure population survival beyond the planning horizon.

Len: One time period’s length

weg: Weight for logistics cost for single objective formulation

wegy: Weight for deprivation cost for single objective formulation

wegs: Weight for TPC for single objective formulation

Functions:

H (sgwt): ADC function with state value of AA k € K in scenario w € Q) and period
teT

I(skwm +1) : TPC function with state value of AA k € K in scenario w € () at the end

of the planning horizon

Objectives:

Three objectives are considered corresponding to efficiency, effectiveness, and equity
criteria as discussed below. As an efficiency metric, logistics cost (LC) is used [16].

a Yw € O A8
ykw,,VkeKwtheTteZ%kg kt]/kwt (A8)

Secondly, the sum of AAs” ADCs for all time periods and relief items are considered,
as shown as follows:

min H(sgeot), Yw € Q (A9)
ykw,,VkeKwtheT;kg w

Thirdly, the sum of all AAs” TPCs for all time periods and relief items are considered,
as shown as follows:

min I(s , Yw e A10
yka,f,VkeK,weQ,teTk;( (Stwir}+1) (A10)

Here, deprivation cost function in (A9) at AA k € Kin period t € T is represented by
H (sgt) which is defined as a piecewise non-convex function as shown below:

ePk (ek 1) (efi) ket Skwt>0

H(skot) = {0, * <0 VkeKweOteT (A1)

TPC function in (A10) at AA k € K at the end of the planning horizon is represented
by I(ske|T| 1) which is also defined as a piecewise non-convex function as shown below:

B )
Pk (eTk —1) (ek ) kw|TIH1 Sk|T|+120

Iskoprie1) = 1o, s pp1<0 T, VkeEKweQ (A12)

Here, derivation cost (A9) is the effectiveness metric. TPC (A10) is used to ensure
AAs’ population survival beyond the planning horizon (in a particular scenario) to ensure
equity [61]. It depends on the deprivation amount at the end of the planning horizon.

Single Objective function:

In the above, there are three objectives, namely, logistics cost (A8), deprivation cost
(A9), and TPC (A10). To make the problem a single objective, we will use the weighted
sum method (WSM) by which the corresponding single objective is as follows:

eg1) Y (CktYkwr) Tweg2 ) Y H(swr) +wegs ) (Skw|T|+l)>r Vw € Q) (A13)

min (
Ykt YhkEKwEOLET {eT keK teT keK keK
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min
Yiwt VkEK,weQteT
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