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Abstract

Many problems in Reinforcement Learning (RL) seek an optimal policy with large
discrete multidimensional yet unordered action spaces; these include problems
in randomized allocation of resources such as placements of multiple security
resources and emergency response units, etc. A challenge in this setting is that
the underlying action space is categorical (discrete and unordered) and large, for
which existing RL methods do not perform well. Moreover, these problems require
validity of the realized action (allocation); this validity constraint is often difficult
to express compactly in a closed mathematical form. The allocation nature of the
problem also prefers stochastic optimal policies, if one exists. In this work, we
address these challenges by (1) applying a (state) conditional normalizing flow
to compactly represent the stochastic policy — the compactness arises due to the
network only producing one sampled action and the corresponding log probability
of the action, which is then used by an actor-critic method; and (2) employing
an invalid action rejection method (via a valid action oracle) to update the base
policy. The action rejection is enabled by a modified policy gradient that we derive.
Finally, we conduct extensive experiments to show the scalability of our approach
compared to prior methods and the ability to enforce arbitrary state-conditional
constraints on the support of the distribution of actions in any stat

1 Introduction

Adaptive resource allocation problems with multiple resource types (e.g., fire trucks, ambulances,
police vehicles) are ubiquitous in the real world [[13} 23| [32]]. One example is allocating security
resources and emergency response vehicles to different areas depending on incidents [23]]. There are
many other similar problems in aggregation systems for mobility/transportation, logistics etc [13]]. In
this paper, we are interested in addressing the multiple difficult challenges present in such adaptive
resource allocation problems: (a) Combinatorial action space, as the number of resource allocations
is combinatorial; (b) Categorical action space, as there is no ordering of resource allocations with
respect to the overall objective (as increasing or decreasing different resource types at different
locations can have different impact on overall objective) ; (c) Constraints on feasible allocations and
switching between allocations; and (d) Finally, uncertainty in demand for resources.

Existing research in RL for constrained action spaces has considered resource allocation problems
with a single type of resource, thereby introducing order in action space [[1]. In such ordered action
spaces, actions can be converted into continuous space and this allows for the usage of continuous
action RL methods (e.g., DDPG). In problems of interest in this paper, we are interested in problems
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with multiple resource types (e.g., fire truck, ambulance, police). These problems have a large action
space that is discrete and unordered (categorical) and there are constraints on feasible allocations
(e.g., no two police vehicles can be more than 3 km away, cannot move vehicles too far away from
time step to time step). Furthermore, such constraints are easy to validate by a validity oracle given
any allocation action, but are hard to represent as mathematical constraints on the support of the
distribution of actions (in each state) as they often require exponentially many inequalities [4} 35]].
An important consideration in allocation problems is randomized (stochastic) allocation arising from
issues of fair division of indivisible resources so that an allottee is not starved of resources forever [4]].
Thus, we aim to output stochastic optimal policies, if one exists.

Towards addressing such resource allocation problems at scale, we propose to employ generative
policies in RL. Specifically, we propose a new approach that incorporates discrete normalizing flow
policy in an actor-critic framework to explore and learn in the aforementioned constrained, categorical
and adaptive resource allocation problems. Prior RL approaches for large discrete multidimensional
action space include ones that assume a factored action space with independent dimensions, which
we call as the factored or marginal approach, since independence implies that any joint distribution
over actions can be represented as the product of marginal distributions over each action dimension.
Other approaches convert the selection of actions in multiple dimensions into a sequential selection
approach. Both these approaches are fundamentally limited in expressivity, which we reveal in detail
in our experiments. Next, we provide a formal description of the problem that we tackle.

Problem Statement: A Markov Decision Process (MDP) is represented by the tuple
hS; A;P;r; ;bgi, where an agent can be in any state St 2 S at a given time t. The agent takes
an action a; 2 A, causing the environment to transition to a new state S¢+1 with a probability
P:S A S & [0;1]. Subsequently, the agent receives arewardr : S A A R. In the
infinite-horizon setting, the discounted factor is 0 < < 1. The distribution of the initial state is bg.

In our work, we focus on a categorical action space, A. Categorical action spaces consist of discrete,
unordered actions with no inherent numerical relationship between them. We assume that for any
state S, there is a set of valid actions, denoted by C(S) ~ A. There is an oracle to answer whether an
action a 2 C(s), but the complex constraint over categorical space cannot be expressed succinctly
using closed form mathematical formula. Note that the constraint is not the same for every state. Our
objective is to learn a stochastic policy, ( jS), which generates a probability distribution over actions
for state S with support only over the valid actions C(S) in state S. We call the set of such stochastic
policies as valid policies © given the per state constraint C. We aim to maximize the long-term
expected rewards over valid policies, that is, max 5 ¢ J( ), where J is as follows:
h>< 4 i
J()=Es n[V(s; N whereV(s; )=E 'r (st;ar) jso = s; (1)
In addition, we also consider settings with partial observability where the agent observes 0¢ 2 O at
time t where the observation arises from the state S¢ with probability O : O S A [0; 1]. In this case,
the optimal policy is a stochastic policy, ( jh), where h is the history of observations till current
time. For partial observability, we consider an unconstrained setting, as the lack of knowledge of the
true state results in uncertainty about which constraint to enforce, which diverges from the focus in
this work but is an interesting future research direction to explore. Thus, with partial observability,
we search over stochastic policies  that maximize the long term return, that is, max > J( ). J( )
is the same as stated in Equation [T]but where the expectation is also over the observation probability
distribution in addition to the standard transition and stochastic policy probability distributions.

Contribution: We propose two key innovations to address the problem above. First, we present
a conditional Normalizing Flow-based [26] Policy Network, which leverages Argmax Flow [16]
to create a minimal representation of the policy for policy gradient algorithms. To the best of our
knowledge, this is the first use of discrete normalizing flow in RL. Second, we demonstrate how
to train the flow policies within the A2C framework. In particular, we need an estimate of the log
probability of the action sampled from the stochastic policy but Argmax Flow provides only a biased
lower bound via the evidence lower bound (ELBO). Thus, we design an effective sandwich estimator
for the log probability that is sandwiched between the ELBO lower bound and an upper bound
based on 2 divergence. Third, we propose a policy gradient approach which is able to reject invalid
actions (that do not satisfy constraints) referred to as Invalid Action Rejection Advantage Actor-Critic
(IAR-A2C). IAR-A2C queries the constraint oracle and ensures validity of actions in every state (in
fully observable setting) by rejecting all invalid actions. We derive a new policy gradient estimator



for IAR-A2C. Figure|[T|provides an overview of our architecture. Finally, our extensive experimental
results reveal that our approach outperforms prior baselines in different environments and settings.

2 Background

Normalizing Flows: Normalizing flows are a family of generative models that can provide both
efficient sampling and density estimation. Their main idea is to construct a series of invertible and
differentiable mappings that allow transforming a simple probability distribution into a more complex
one. Given V = Z = RY with densities pvy and pz respectively, normalizing flows [26] aim to learn
a bijective and differentiable transformation f : Z ¥ V. This deterministic transformation allows us
to evaluate the density at any point v 2 V based on the density of z 2 Z, as follows:

d
by (V) = pz(2) detd—j; v =1(2) @)

In this context, pz can be any density, though it is typically chosen as a standard Gaussian and
T is represented by a neural network. Consequently, normalizing flows offer a powerful tractable
framework for learning complex density functions. However, the density estimation presented in
Equation [2]is limited to continuous probability distributions. To enable the learning of probability
mass functions (P ) on categorical discrete data, such as natural language, Argmax Flow [16] proposed
to apply the argmax operation on the output of continuous flows. Let’s consider v 2 RP ™ and
x 2 f1;:::;MgP. The argmax operation is interpreted as a surjective flow layer v @ X, which
is determlmstlc in one direction (Xg = arg max,,Vq, written compactly as X = argmaxV) and
stochastic in the other (v q( jX)). With this interpretation, the argmax operation can be considered
a probabilistic right-inverse %n the latent variable model expressed by:

PX)= PXjv)p\)dv; P(Xjv)= (x=argmax(v)) 3)

where argmax is applied in the last dimension of V. In this scenario, the density model p(V) is
modeled using a normalizing flow. The learning process involves introducing a variational distribution
q(vjx), which models the probabilistic right-inverse for the argmax surjection, and optimizing the
evidence lower bound (ELBO), which is the RHS of the following inequality:

logP (X) E, q(jmyllogP (Xjv)+logp(v) logq(vix)] = E, qcjzyllogp(v) loga(vjx)] =L

The last equality holds under the constraint that the support of q(VvjX) is enforced to be only over
the region S = fv 2 RP M : x = argmaxvg which ensures that P (Xjv) = 1. From standard
variational inference results, log P (xX) L = KL(q(vjX)jjp(vjx)), which also approaches 0 as the
approximate posterior q(VjX) comes closer to the true posterior p(vjX) over the training time.

2 Upper Bound: Variational inference involves proposing a family of approximating distributions
and finding the family member that is closest to the posterior. Typically, the Kullback-Leibler (KL)
divergence KL(qjjp) is employed to measure closeness, where ((VjX) represents a variational family.
This approach yields ELBO of the evidence log P (X) as described above.

Instead of using KL divergence, the authors in [§] suggest an alternative of 2-divergence to measure
the closeness. As a result, they derived an upper bound of the evidence, known as CUBO: log P (x)

)
2109E, q(ju) P(:v) " Similar to the ELBO in Argmax Flow, CUBO can be further simplified

a(vjz)
under the constraint that the support of ( jX) is restricted to the rigion S:
1 p(v) 2
logP(xX) =I0gE, qju) ——= =L:2 ()
2 aCjz) q(vjx)

Also,L 2 logP(x) =1 5 log(1 + D 2(p(vjx))jjq(Vvjx))), hence the gap between the ELBO and
CUBO approaches 0 as the approximate posterior g( jX) becomes closer to the true posterior p( jX).

3 Flow-based Policy Gradient Algorithm with Invalid Action Rejection

We first present the Flow-based Policy Network, which leverages Argmax Flow to create a minimal
representation of the policy for policy gradient algorithms, and then construct flow policies within



Figure 1:0ur IAR-A2C framework . At each time step, an initial batch of action samples, along
with their log probabilities, are generated using the Flow Policy. Invalid actions from this batch are
rejected using an oracle. A single action is then uniformly sampled from the remaining valid ones,
and executed. This selected action and the valid action set are stored along with the resulting state
and reward. This collective experience is subsequently utilized to update the Flow Policy.

the A2C framework. Our exposition will present policies conditioned on state, but the framework
works for partial observability also by using the sequence of past observations as state. After this, for
the fully observable setting only, we introduce our novel policy gradient algorithm called IAR-A2C
that enforces state dependent constraints.

3.1 Flow-based Policy Network

In policy gradient algorithms for categorical actions, the standard approach is to model the entire
policy, denoted as( js), which allows us to sample actions and obtain their corresponding probabili-
ties. The policy is parameterized using a neural network where the network generates logits for each
action, and then converts these logits into probabilities. The size of the output layer matches that of
the action space, which can be prohibitively large for resource allocation problems of interest in this
paper. We posit that we can have a better policy representation, as it is suf cient to require samples
from the support set of the policy, representeday  (js) and probability value (al)js) > 0.

Based on this observation, our rst contribu-
tion is a compact policy representation using
Argmax Flow [L6], which we refer to as the
Flow Policy. Argmax Flow is a state-of-the-
art discrete normalizing ow model and it has
shown great capability of learning categorical
data such as in sentence generation. In our
context, Flow Policy will output the action (a

Figure 2: Composition of a conditional owSample of the ow policy) and its probabil-
p.w (zk js) and argmax transformation resulting iftY: instead of explicitly outputting the entire
the policy . (ajs). The ow maps from a base distribution and sampling from it as in prior
distributionp (zojs) by using a bijectiorF,,. The Work. Once trained, we can sample from the

diagram is adapted from Hoogeboom et/al] [16]. Argmax Flow and, more importantly, estimate
the probability of the sample. A normaliz-

ing ow model transforms a base distribution,
given by a random variablg, to the desired distribution. In our approach, the desired distribution is
the distribution given by policy . We adapt Argmax Flow approach for learning a stochastic policy.

Before diving into the speci cs of the Flow Policy, we rst discuss our rationale for choosing
the normalizing ow model over other contemporary deep generative models, such as Generative
Adversarial Networks (GANs)I2] and Diffusion Models[15,129]. GANs, categorized as implicit
generative models, do not allow for an estimation of the data's log probability. While prior research
has successfully devised an approach for exact log probability estimation with Diffusion Models, these



Algorithm 1. ELBO Optimization

1 Input: Invertible ow F,, = fy.x  ::: fyw.1, State encodeE , Posteriong |, rollout
2 SampleStates = f(s(V)gE,

3 for s 2 Statesdo

4 for j 1:n_elbo stepsdo

5

6

2(1:) = FW(zc(,j)),wherezéj) E (s)
B al) = argmax z(1)
7 for | 1:n_elbo stepsdo
8 z°n) = thresholg (ui")), wheref (uiM)gN_, g (jal);s)
o || 2im = R, 1zum)
10 Take a gradient ascending step of ELBO w.rtv and
1 L=2" N, logp (z;(j”)js) ¥, log det% logq (z'UMjali);s)
(- 1

models encounter the problem of slow sampling and expensive probability estimation, necessitating
the resolution of an ordinary differential equati@®]. In contrast, normalizing ow has low cost

for sampling and probability evaluation in our case, as we nd the simple ow model is suf cient to
learn a good policy. So normalizing ow is a natural choice to construct our policy.

We demonstrate how to construct the ow policy within the A2C framework. An illustration is
provided in Figure 2. To de ne the policy,(ajs), we rst encode the state that is then used to
de ne the base distributiomy. In accordance with standard practice, we setgcis a Gaussian
distribution with parameters de ned by the state encoder (a state-dependent neural network):
zo= (s)+ (s) where N (0;1). We write thisazzg E (S), where denotes the
weights of the state encoder. We then apply a series of invertible transformations given as functions
f« that de ne the ow, followed by the argmax operation (as de ned in background on Argmax ow).
Consequently, the nal sampled action is givendy argmax (fx  ::: f1(z0)). Eachfy isan
invertible neural networkq6] and we usé~,, = fy.k ::: fyu.1 to denote the composed function,
wherew; k is the weight of the network representifyg Thus, sampled acticm= argmax (Fy (2o))

forzg E (s). We use shorthand = ( ;w ) when needed. Also, we ugg = fy.k(zk 1) to
denote the output df,.x andp (zojs) to denote the probability densityaf N ( ; ).

We use a variational distributiap for the reverse mapping from a discrete action (conditional on
states) to a continuous output d¥,, (). The corresponding estimate of the log probability of the

sampled actiom, denoted by , is the evidence lower bound ELBO, computed as follows:

. h Xk @f ]
f @s)= L = Ex q (jas) logp (20]8) 1 109 detg logq (z«ja;s) (9)
= € 1

To ensure that our approximation closely approximates the evidence, we optimize ELBO progressively,
following the training scheme of Argmax ow, as shown in the subroutine Algorithm 1 used within
the outer A2C framework in Algorithm 2. The target distribution in this subroutine is given by actions
all) sampled from the current policy (line 6); thus, this subroutine aims to update the ow network
components (w ) to make the distribution of overall policy be closer to this target distribution and
to improve the posteriay estimate (ELBO update in line 11), which gets used in estimating the
log probability of action required by the outer A2C framework (shown later in Algorithm 2). The
various quantities needed for ELBO update are obtained in lines 8, 9 by paSsiback through
the invertible ow layers (using] for the discrete to continuous inverse map).

3.2 Policy Gradient with Invalid Action Rejection

We aim to use the ow-based policy within an A2C framework, illustrated in Figure 1; here we
describe the same along with how to enforce arbitrary state based constraint on actions. We propose a
sandwich estimator which combines ELBO and CUBO to obtain a low-bias estimatiog ofajs),

thus improving the convergence of policy gradient learning. Moreover, to tackle the challenge of
aforementioned complex constraints, our algorithm proceeds by sampling a number of actions from



the ow-based policy and then utilizing the constraint oracle to Iter the invalid actions. We then
provide theoretical results showing the adaptation of the policy gradient computation accordingly.

Sandwich estimator: The ELBOf* is a biased estimator tdg (ajs), butitis known in literatured]
thatf' is a consistent estimator (i.e., convergebotp (ajs) in the limit) and there are generative

methods based on this consistency property, sucB3sHowever, we aim to usg in the policy

gradient and stochastic gradient descent typically uses an unbiased gradient estimate (but not always,
see p]). Therefore, we propose to use a new technique which combines ELBO and CUBO to reduce
the bias, improving the convergence of our policy gradient based learning process. In particular, we
estimate an upper bound lofy (ajs) using the following CUBO:

. 1 P (20]s) d
fM@ajs)= L = = ZlogE as) © 6
( J ) 2 2 g zx g (zk jas) Vtzl det g;’v;kl q (ZK ja; S) ( )
We then use a weighted average of the upper and lower bounds as a low-bias estiomtéat),
denoted by#gp. = f +( )M where is a hyperparameter. We call this tsandwich

estimatorof log probability. We observed in our experiments that an adaptﬂ}e; f“) as a function
of the two bounds provides better results than a staﬁc% (see Appendix B.1 for more details).

Constraints: Since the agent only has oracle access to the constraints, existing safe exploration
approaches0, 24] are not directly applicable to this setting. If the agent queries the validity of all
actions, then it gains complete knowledge of the valid actiolfc&®t However, querying action
validity for the entire action space at each timestep can be time-consuming, particularly when the
action space is large, e.g., 1000 categories. We demonstrate this issue in our experiments.

To address this challenge of compleate-dependemonstraints in the full observation setting, we
propose a new policy gradient algorithm called Invalid Action Rejection Advantage Actor-Critic
(IAR-A2C). IAR-A2C operates by sampling a set of actions from the current ow-based policy
and then leveraging the constraint oracle to reject all invalid actions, enabling the agent to explore
safely with only valid actions. We then derive the policy gradient estimator for this algorithm. Recall
thatC(s) is the set of valid actions in staseand letC (s) be the set of invalid actions. We sample

an action from (ajs) (recall = ( ;w) when using Flow Palicy), rejecting any invalid action

till a valid action is obtained. Clearly, the effective polic§induced by this rejection produces

only valid actions. In fact, by renormalizing we obtaif(ajs) = P(% fora 2 C(s).
aj 2C (s) i

For the purpose of policy gradient, we need to obtain the gradient of the long term reward*with
J( )= Es n[V(s; 9]. We show that:

Theorem 1 With °de ned as above, b

U #
r J()=E.Q(siay log (ds) Q (sia)F zcz(c:: (;12)5)

(@)

In practice, analogous to standard approach in litera@etp reduce variance, we use the TD
error (an approximation of advantage) form instead of the Q function in Theorem 1. Then, given
the network , the empirical estimate of the rst gradient term is readily obtainable from trajectory
samples of °. To estimate the second term, for every st the trajectories, we samp®&actions

from (ajs) and rejectanya 2 C' (s) to getl S valid actionsa; :::; a. We then apply Lemma 1:

P P
|Demma1 i j2m " log (ajs) and & are unbiased estimates of azc(s) " (ajs) and
a2C (s) (ajs) respectively.
The full approach is shown in Algorithm 2, with the changes from standard A2C highlighted in red.

Recall that, = ( ;w) is the parameter of the ow-based policy networkis the parameter of the
critic, and is the parameter of the variational distribution netwqrkfor ELBO.

4 Related Work

Large discrete action spaceDulac-Arnold et al[10] attempt to solve this problem by embedding
discrete actions into a continuous space; however, this approach does not work for our unordered



Algorithm 2: 1AR-A2C
1 Initialize step count 1, Initialize episode countdf 1

2 repeat
3 Reset gradientd(; ) 0,d 0, Initialize experience set, tgt = t, get states,
4 repeat
5 Executea, according to policy °(a;js;) // De ned in Section 3.2
6 Get a number of valid and sampled actidnandS;
7 Receive reward; and new state;+;
8 Add new experience [f st;a;Si+1;rt0, and updaté  t+1
9 until terminals; ort  teart = tmax
0 for terminals;

10 R= V (st) for non-terminalk; // Bootstrap from last state

11 fori2ft 1;::tsarr gdo

12 R r+ R
13 18gp. (ajs)= I (ajs)+@ )N(ajsi) // Sandwich estimator
14 Accumulate gradients w.r..; ):d(; ) b
di; )+(R V(s) r; Bgp, (ajs) T o0 189p, (2 s)
15 Accumulate gradients w.r.t.: d d + @R V (s)%=@

16 Perform update of usingd , of usingd andof usingd

17 Execute ELBO updating by running Algorithm 1 withas input
18 E E+1

19 until E > E max

discrete space as we reveal by thorough comparison in our experiments. Another type of approach
relies on being able to represent a joint probability distribution over multi-dimensional discrete actions
using marginal probability distribution over each dimension (also called factored representation).
Tang and AgrawdI30] apply this approach to discretized continuous control problems to decrease the
learning complexity. Similarly, Delalleau et ] assumes independence among dimensions to model
each dimension independently. However, it is well-known in optimization and randomized allocation
literature @, 35 that dimension independence or marginal representation is not valid in the presence
of constraints on the support of the probability distribution. Another type of appr&I36]
converts the choice of multi-dimensional discrete action into a sequential choice of action across the
dimensions at each time step (using a LSTM based policy network), where the choice of action in
any dimension is conditioned on actions chosen for prior dimensions.

Safe actions.Our approach falls into the eld of constrained action space in RL. Situated in the
broader safe RL literaturel], 14], these works aim to constrain actions at each step for various
purposes, including safety. Notably, \de nothave an auxiliary cost that we wish to bound, thus,
frameworks based on Constrained MOR][cannot solve our problem. Also, our state dependent
constraints if written as inequalities can be extremely large and hence Lagrangian mgthbas [

pull constraints into the objective are infeasible. Most of the methods that we know for constrained
actions need the constraints to be written as mathematical inequalities and even then cannot handle
state dependent constraints. Although action maskKiipdoes offer a solution for state-dependent
constraints, it necessitates supplementary information in the form of masks. Thus, they do not
readily apply to our problen?0]. Some of these metho®[24] aim at differentiating through an
optimization; these methods are slow due to the presence of optimization in the forward pass and
some approaches to make them fagfrjvork only with linear constraints; all these approaches
scale poorly in the number of inequality constraints.

Normalizing ow policy. The application of normalizing ows in RL has been an emerging eld of
study with a focus on complex policy modeling, ef cient exploration, and control stabily41, 33].
Normalizing ow was integrated into the Soft Actor-Critic framework to enhance the modelling
expressivity beyond conventional conditional Gaussian policies and achieve more ef cient exploration
and higher reward<2[l, 33]. In robotic manipulation, Khader et al1§] proposed to improve the
control stability by a novel normalizing- ow control structure. However, these works primarily focus



on continuous actions. To the best of our knowledge, ours is the rst work that has successfully
incorporated a discrete ow, extending the scope of ow policies into discrete action spaces.

5 Experiments

Through our experiments, we aim to address two main research questions related to our primary
contributions: (1) Is the ow-based policy effective in representing categorical actions? (2) Does
IAR-A2C offer advantages in constrained action space with oracle constraints? We address these
two questions in Sections 5.1 and 5.2 accordingly. Following these, we present an ablation study that
examines the effectiveness of various modules in our approach.

We rst describe our set-up. We evaluate IAR-A2C against

prior works across a diverse set of environments, including low-

dimensional discrete control tasks such as CartPole and Acrghot [

the visually challenging Pistonball tas&]] with high-dimensional

image inputs and an extremely large action space (b@t049 cat-

egories), and an emergency resource allocation simulator in a city,

referred to as Emergency Resource Allocation (ERA). CartPole and

Acrobot are well-established environments. Pistonball is also aj__an— - .
dard environment where a series of pistons on a line needs to dgeire 3:Pistonball, goal is to
(up, down, or stay) to move a ball from right to left (Figure 3). Whig?ve the ball to the left border

the Pistonball environment was originally designed for a multi-agety °Perating the pistons.

setting with each piston controlled by a distinct agent, we recon g-

ure this as a single-agent control of all pistons. This modi cation presents a challenging task for the
central controller as the action space is exponentially large. We show results for Acrobot and three
versions of Pistonball: v1 witB°, v2 with 32, and v3 with3'0 actions. Results for CartPole are in

the appendix.

Finally, our custom environment, named ERA, simulates a city that is divided into different districts,
represented by a graph where nodes denote districts and edges signify connectivity between them. An
action is to allocate a limited number of resources to the nodes of the graph. A tuple including graph,
current allocation, and the emergency events is the state of the underlying MDP. The allocations
change every time step but an allocation action is subjembistraints namely that a resource can

only move to a neighboring node and resources must be located in proximity (e.g. within 2 hops on
the graph) as they collaborate to perform tasks. Emergency events arise at random on the nodes, and
the decision maker aims to minimize the costs associated with such events by attending to them as
quickly as possible. Moreover, we explore a partially observable scenario (with no constraints) in
which the optimal allocation is randomized, thus, the next node for a resource is sampled from the
probability distribution over neighboring nodes that the stochastic policy represents (see appendix
for set-up details). We show results for ve versions of ERA: ERA-Partial with 9 actions and partial
observability in unconstrained scenario, while v2 withactions, v3 with8® actions, v4 with9®

actions, and v5 witl0® actions in constrained scenario. The results for ERA-v1 are in Appendix C.

Benchmarks In the unconstrained setting, we compare our approach to Wol-DRBIGA2C [22],

factored representation (Factored, discussed in Section 4), and autoregressive approach (AR, discussed
in Section 4). Wol-DDPG is chosen as it is designed to handle large discrete action spaces without
relying on the dimension independence assumption. In the oracle constraints setting, we compare our
method to action masking (MASK]F], which determines the action mask by querying all actions
within the action space. As far as we know action masking is currently the only existing approach for
constraining action with oracle constraints, we also include a comparison with IAR-augmented AR
(AR+IAR) which is able to handle the constraints by utilizing our invalid action rejection technique,

as well as a comparison with Wol-DDPG to demonstrate the performance of a method that cannot
enforce the constraints.

5.1 Learning in Categorical Action Space without Constraints

In the Acrobot environments, we use A2C as the benchmark because this task is relatively simple and
A2C can easily learn the optimal policy. For the Pistonball environment, we consider both Wol-DDPG
and A2C as benchmarks. The results are displayed in Figure 4. We also conduct experiments on
CartPole and ERA-v5 with all constraints removed, which can be found in Appendix C.



Figure 4: Learning curves over time {a) Acrobot and(b) Pistonball-v[1-3] (without constraints).
All approaches are trained with 5 seeds, except for Wol-DDPG, trained with 3 seeds due to its
expensive training cost on Pistonball.

Figure 5: Learning curves iIBRA-v[2-5] (with constraints). All settings are trained with 5 seeds.

The results of Acrobot demonstrate that the ow-based policy
exhibits comparable performance to the optimal policy (A2C),
which also highlights the effectiveness of our sandwich estima-
tor forlog (ajs). In more challenging environments with high-
dimensional image observations and extremely large action
spaces, our model has comparable performance to Factored and
AR, while signi cantly outperforming A2C and Wol-DDPG.
Interestingly, we observe that Wol-DDPG struggles to learn
even in the simplest Pistonball environment, despite being de-
signed for large discrete action spaces. We hypothesize that
Wol-DDPG might function properly if the actions are discrete
yet ordered, as demonstrated in the quantized continuous con-

trol task presented in the Wol-DDPG paper [10]. PgrLtlirael 6: Lgﬁ;ng‘gpc;gg’fhs igkligi_ns

On ERA-Partial, we demonstrate the known fact that the opfigher return than Factored ap-

mal policy in environments with partial observability may bﬁroach.

a stochastic one2B]. We compare with the factored approac

(Figure 6). In this environment, the optimal stochastic policy

is a joint distribution that is not factorizable into a product of independent distributions over each
dimension. Thus, the factored approach cannot effectively represent the joint distribution due to its
independence assumption among dimensions. The experiment results show our approach signi cantly
outperforms the factored approach. We further present a smaller example in the appendix which
shows that the inability to represent an arbitrary joint distribution makes the factored approach
extremely suboptimal in partial observable settings.

5.2 Learning in Categorical Action Space with State-Dependent Constraints

We now address the second question about constraint enforcement by IAR-A2C. The results are in
Figure 5. We observe that our approach demonstrates better or comparable performance compared to
the benchmarks. AR is known as a strong baseline for environments with large discrete action space,
but surprisingly, it performs poorly. We hypothesize this is due to the case that the autoregressive
model does not have a sense of the constraints of the remaining dimensions when it outputs the
action for the rst dimension, thereby producing rst dimension actions that may be optimal without



constraints but are suboptimal with constraints. Detailed analysis and experimental evidence to
support our hypothesis are provided in Appendix D.

Also, action masking achieves its performance by querying

all actions of the entire action space, whereas our approach

only requires querying a batch of actions, which is substantially

smaller(e.g.64 versusl; 000for ERA-v5). Thus, while Fig-

ure 5 shows IAR-A2C taking more iteration for convergence,

the same gure when drawn with the x-axis as wall clock time

in Figure 7 (shown only for v4 here, others are in appendix C)

shows an order of magnitude faster convergence in wall clock

time. Another critical property of our approach is the guar-

anteed absence of constraint violations, similar to the action

masking method. However, while action masking demands )

the full knowledge of the validity of all actions, our methodr'gure 7: Learning curves for
merely requires the validity of the sampled actions withinV¥@ll clock time. Our approach
batch. Note that Wol-DDPG can and does violate constraif§1Verges much faster than action
during the learning process. Further details regarding the actiBASKing-

violation of Wol-DDPG are provided in the appendix C.

5.3 Ablation Study

We conduct ablation studies of IAR-
A2C on ERA-v4 to investigate the ef-
fect of various choices of modules and
estimators in our approach.

Policy Gradient: We compare the
performance of approaches using the
policy gradient provided by Theo-
rem 1 (gradient correction) and the
original policy gradient of A2C (stan-
dard policy gradient), while still ap-
@) (b) plying invalid action rejection. We

observe in Figure 8a that the number

Figure 8:(a) Ablation of gradient correction and sandwichof valid actions in the batch decreases

estimaton(b) Ablation of posterior type. rapidly, and the program may crash if
no valid actions are available.

Sandwich Estimator. We examine
the effects if we use only the ELBO estimator for log probability of action instead of our sandwich
estimator. We nd that the ELBO estimator is also prone to a reduction in valid actions in Figure 8a
and unstable learning as a consequence, similar to the observation when using the standard policy
gradient.

Posterior Type: The posterio(zja; s) can be modeled by a conditional Gaussian or a normalizing
ow. In our experiments, we discover that modelliggvith a ow posterior is crucial for learning, as
it can approximate the true posterior more effectively than a Gaussian, as seen in Figure 8b.

6 Conclusion and Limitations

We introduced a novel discrete normalizing ow based architecture and an action rejection approach
to enforce constraints on actions in order to handle categorical action spaces with state dependent
oracle constraints in RL. Our approach shows superior performance compared to available baselines,
and we analyzed the importance of critical modules of our approach. A limitation of our method is in
scenarios where the fraction of valid actions out of all actions is very small, and hence our sampling
based rejection will need a lot of samples to be effective, making training slower. This motivates
future work on improved sampling; further, better estimation of the log probability of actions is also

a promising research direction for improved performance.
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A Proofs and Derivation

A.1 Proof for Theorem 1

The following sequence of equations show that proof, relying on the fact tiajs) =

P(% We start with the standard policy gradient for any polidyshown in the rst
aj 2C (s) i )
line below, and then replaceé)ajs) = % in the second line, followed by standard
aj2C (s 1

manipulation of the log function.

h i
r J()=EoQ (s;ar log Yajs) (8)
h , i
“E.Q (s logP_ A9 )
h a; 2C(s) (ajs) X |
=EoQ 0(s;; ar log (ajs) Q 0(s;a)r log (a]s) (20)
p a;j 2C(s)
h . eie T (@js)]
=E.Q (s;ar log (as) Q '(s;a)PXL (11)

a2c(s) (&)
A.2 Proof for Lemma 1

L__@s)  for a2 C(s) T

Fix states and consider a functiof (a) = (ajs) _ hen,
0 otherwise

X .
E [F(a)l = ro(ajs)
a2C(s)
Pphus, if we obtain a sample average estimateHoff (a)] then it is an unbiased estimate for

azc(s) ' (ajs). ForS samples from with | being valid samples, the sample average estimate
for E [F(a)] is { 2" log  (]js).

1 fora2C(s)
P 0 otherwise
E [G(a)] = a2c (s) (ajs) and a sample avergae estimatd&ofG(a)] is 'S—

Similarly, for the next estimate, consider a functiGifa) = . Clearly, then

A.3 Soft Threshold Function

In Argmax Flow [L6], a threshold function was introduced to enforce the argmax constraints, i.e.
the variational distributiom(vjx) should have support limited t8(x) = fv 2 RP? X :x =
arg maxvg. The thresholding-baseyfvjx) was de ned by Alg. 3 in Argmax Flow. However, the

formula to evaluatelet dv=du is not given, which is essential when estimating ELBGnd CUBO
fu. We derive it here.

Let's follow the notations in Alg. 3 of Argmax Flow. Suppose index the one that we want to be
largest { is a xed index). The soft threshold function is given by

Vi = Ui log(l+e" ")

Note that the threshold = vx = ux (we cannot usgy to de nev itself, soT isuy). Then,

if j =i theny; = ui;g—ly*:l

if k6 j ork 6 i then2Y =

. _ . @y_ 1 i
if k= |then@_ e el

@y _ 1

. . Ui U
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Table A.1: Various Types of Alpha

Types of Remark
Static is xedto be 0.5
Trainable is a trainable parameter, updated by the policy gradient

Adaptive (f' ;%) s conditioned on the ELBO and the CUBO

detdv=du isaK K determinant, where only the elements on the diagonal and on the colismn
non-zero, other elements are zero. We can unfold the determinant by the i-th row. Finally, we have

¥ o ay_ ¥

detdv=du =
j=1i6i @P j=li6i

sigmoid(u;  u;)

B Experimental Details

B.1 Effect of the Sandwich Estimator's Weight

The value of plays a crucial role in estimating the log prob-
ability, which in turn impacts the performance of the model.
Various types of are presented in Table A.1. Through our
experiments, we have observed that an adaptiyields greater
stability and, in certain environments, leads to improved perfor-
mance. This is illustrated in Figure A.1, where the adaptive
exhibits superior performance compared to the static value of

B.2 Effect of Invertible Functions F,

We have explored different types of invertible functiby )

(called latent ow model) in our study, including af ne coupling™igure A.1: Performance with
bijections?, as well as more advanced models such as AR FI§fjaptive and static in ERA-

and Coupling Flow, as described in section B.1 of Argmé&’-

Flow [16]. The AR Flow and Coupling Flow methods offer

enhanced capabilities for modeling complex distributions, and

they have been successfully applied to language modeling tasks within the Argmax Flow framework.
However, through our experiments, we have observed that even a simple latent ow model is suf cient
for achieving good performance and exhibits faster convergence. We attribute this nding to the fact
that the increased parameterization in AR Flow requires a larger amount of training data to effectively
learn.

Table A.2: Optimization details

Environment n_envs Ir Optimizer batch size
CartPole 8 3e-4 RMSprop 256
Acrobot 8 3e-4 RMSprop 256
ERA-v5 w/o cstr 64 3e-4 RMSprop 512
Pistonball-v[1-3] w/o cstr 64 3e-4 RMSprop 512
ERA-V[1-5] w/ cstr 64 3e-4 RMSprop 256
Pistonball-v[1-2] w/ cstr 64 3e-4 RMSprop 512

B.3 Optimization Details

The total timesteps of training for each environment are determined based on the convergence of
our model and benchmarks. Typically, we train each setting using 5 different random seeds, unless

2\We exploit the implementation from: https://github.com/didriknielsen/survae_ ows
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@ (b)

Figure A.2:(a) Learning curves irCartPole andERA-V5 (without constraints){b) Learning curves
in ERA-v1 (with constraints).

Figure A.3: Learning curves ihoy-Partial.

otherwise speci ed. When evaluating the model's performance at a speci c timestep with a speci ¢
seed, we employ a separate set of 10 testing environments and report the mean return over these
environments. Further details can be found in Tables A.2. Notethexivs denotes the number of
environments running in paralldt, denotes the learning rate, abdtch size refers to the batch

size when we execute ELBO updating (Algorithm 1 in the main paper). Furthermore, we will make
the code used to reproduce these results publicly available.

B.4 Range of Considered hyperparameters
We conducted experiments varying the number of samples used for estihogtingjs), speci cally

considering the valuefsl; 2; 4; 8g, as well as the inclusion of reward normalization. We nd that
using2 or 4 samples generally leads to good performance across most of our experiments.

B.5 Network structure
Our implementation is built on Stable-Baselin&3][ In different environments, different state
encoders were exploited. We used MLP encoder for discrete control tasks and CNN encoder for

Pistonball task. In ERA environment, a customized state encoder was applied to handle the graph
state based on the implementation from [19].

B.6 Computational resources

Experiments were run on NVIDIA Quadro RTX 6000 GPUs, CUDA 11.0 with Python version 3.8.13
in Pytorch 1.11.

C Additional Experiment

In this section, we present additional experimental results obtained from our study.

16






	Introduction
	Background
	Flow-based Policy Gradient Algorithm with Invalid Action Rejection
	Flow-based Policy Network
	Policy Gradient with Invalid Action Rejection

	Related Work
	Experiments
	Learning in Categorical Action Space without Constraints
	Learning in Categorical Action Space with State-Dependent Constraints
	Ablation Study

	Conclusion and Limitations
	Proofs and Derivation
	Proof for Theorem 1
	Proof for Lemma 1
	Soft Threshold Function

	Experimental Details
	Effect of the Sandwich Estimator's Weight
	Effect of Invertible Functions
	Optimization Details
	Range of Considered hyperparameters
	Network structure
	Computational resources

	Additional Experiment
	AR in Constrained Scenario
	Details of Emergency Resource Allocation Environment

