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Abstract

Leveraging the factored structure of the world leads to efficient algorithms for reinforcement learning that allows agents
to abstract states, explore the world and discover skills. However, all these methods require access to a factored rep-
resentation a priori. Typically, these representations are hand-specified and it remains an open problem how this rep-
resentation can be learned directly from data. Therefore, applying these methods to problems with high-dimensional
observations is not yet practical. In this work, we take a step toward factored representation in reinforcement learning.
We introduce Action Controllable Factorization (ACF), a contrastive learning approach that focuses on disentangling
independently controllable latent variables. These are variables the agent can affect directly without affecting others. The
core idea of ACF is to leverage action sparsity: actions typically affect only a subset of variables, while the rest evolve
under the environment’s dynamics, yielding informative data for contrastive training. ACF recovers the ground-truth
controllable factors directly from pixel observations on three benchmarks with known factored structure—TAXI and
MINIGRID-DOORKEY—consistently outperforming baseline disentanglement algorithms.
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1 Motivation

Classical work in factored RL shows that, if the underlying Markov decision process (MDP) can be decomposed into
state-variable factors with sparse dependencies, one can achieve exponential gains in both model learning and 3Planning
[Boutilier et al., 1995, Guestrin et al., 2003]. Indeed, factored variants of PAC-RL algorithms such as factored E° [Kearns
and Koller, 1999] and Factored RMax [Guestrin et al., 2002, Brafman and Tennenholtz, 2002], provably exploit these
structures for faster convergence, and subsequent methods even learn the dependency graph online [Strehl et al., 2007,
Diuk et al., 2009]. More recently, factored representations have proven useful for world modeling [Wang et al., 2022, Pitis
et al., 2020, 2022], exploration [Wang et al., 2023, Seitzer et al., 2021], and skill discovery [Vigorito and Barto, 2010, Wang
et al., 2024, Chuck et al., 2024, 2025]. Crucially, all these gains depend on having access to a hand-specified factored
representation. In this work, we introduce ACF, a contrastive learning algorithm that address this representation gap by
leveraging an agent’s actions to disentangle independently controllable factors directly from pixels.

2 ACF: Action Controllable Factorization

Setting We assume that the agent does not have access to the ground truth factored state space S. Instead, it gets
high-dimensional observations that are generated by an unknown decoder o : S — X C R¢%. Hence, we are concerned
with learning from the observed samples of T'(z’ | z,a) an encoder fy : X — Z, where Z factorizes as Z = Z; x --- X
Zk, that identifies the underlying factors. Moreover, in many problems, the agent’s actions have sparse effects on the
environment: just a few factors are controlled, while others just follow their natural transition, unaffected by the agent.
To help the agent understand its environment, we assume that the agent has a special action a, that corresponds to a no-op
(or observe) action that allows the agent to observe the natural evolution of the environment without intervening.

Transition Dynamics Let U(s,a) = S x A — P([1,2,..., K]) be the set of variables affected by action a in state s. We
assume the transition dynamics factorize as T'(s' | s,a) = [[;cq(s,0) T(5} | 8,0) [ 00 (5,0) T(8 | $,00), where T (s} | s, a0)
represents the natural (or observational) dynamics.

Algorithm We parameterize the encoder by f;(x) — z, with parameters ¢, and, more importantly, we parameterize
the transition function as the sum of energy functions (unnormalized probability densities) such that T'(z" | z,a)

exp (Zfil Ey (%, a, z)), with ¢ € [K] and parameters 6. This sum of energies reflects the factorized structure where each

energy represent the transition dynamics of latent variable z;.

In order to estimate these energy functions from data and learn a Markov representation suitable for RL [Allen et al.,
2021]. Hence, we estimate the inverse dynamics model and forward dynamics model by training a multiclass classifier
and InfoNCE [Oord et al., 2018], respectively.
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However, these two alone do not ensure that the representation will align with the controllable factors.

Factorizing the Controllable Variables We formalize our intuition and exploit the sparsity of the actions’ effects to
learn a latent representation Z that identifies the controllable factors. The core idea is to contrast the effect of an
action, the distribution T'(x’ | z,a), against the natural dynamics T'(z’ | x,ao), where a¢ is the no-op action. We
T (z'|x,a) T(s|s,a)
T(z'|z,a0) T'(s’|s,a0)
when executed in s. Therefore, this ratio is invariant to the representation and provides a signal to separate a con-
trolled factor from the rest. In practice, we estimate these ratios from observed transitions using Noise Contrastive
Estimation (NCE; Gutmann and Hyvérinen [2010], Hyvéarinen et al. [2019]) and leveraging our energy parameterization:
logrq (2, 2) :=logra(fe(2'), fo(x)) ==, Eo(z, a,z) — Eg(z], ao, 2).

Therefore, we train our energy functions to match the observed ratios by training |A| — 1 binary classifiers computed by
o(logre(2', 2)) where o is the sigmoid function. We use the transitions of other actions as negative samples and minimize
the following binary cross-entropy loss:

Lr(0,0) = > [a' =allogo (logre + Cu) + [0 # a]log (1 — o (logre + Ca))
a’€A

leverage the fact that, logr,(z',x) = log = log = logr,(s’,s), where s; is the factor affected by a

m(al2)

with {, := log —
(aolz)
account for the policy used to collect the data. In practice, we estimate the policy from the dataset and use the estimate

and [-] is indicator functions that is 1 when the condition holds, and ¢, are correction weights to



-0.96 -0.69 -0.25 021 0.70 097

U8 ou s =" =200 NS o K
LA b b e e ]
AT FE LRI [0 ™

TE L e B b M
SR TN [

I A BN NN AR SH RS R M= "
LETENT AR THE TR T LT
’ lIL IIL Ilbmllt ||L ||L be
CUEHL LRI L B %) P
ST ETECE T T FL A [

T E L BRI R LS

(a) Taxi Environment (b) Minigrid DoorKey Environment

Figure 1: Latent traversals: By traversing the values of each latent variable we can observe the disentanglement effect on
the observations.

to compute the loss. The core assumption of ACF is that variables are independently controllable, that is, for every state
variable s;, there exists a context s € S and action ¢ € A, where the action effect is sufficiently different from the natural
dynamics of the variable (a effect). In the following section, we will show empirically cases where this might not hold
but our algorithm still manages to identify some of these variables.

3 Results and Discussion

We empirically evaluate ACF in classical RL test domains. We consider a visual variation of the classical Taxi domain [Di-
etterich, 2000] and visual Minigrid DoorKey [Chevalier-Boisvert et al., 2023]'. We compare ACF with GCL (Generalized
Contrastive Learning; Hyvirinen et al. [2019]) that can be seen as a vanilla contrastive-based disentanglement algorithm,
and DMS (Disentanglement via Mechanism Sparsity; Lachapelle et al. [2022]), a VAE-based [Kingma and Welling, 2014]
method that explicitly maximizes sparsity in state dependencies and action effects to drive disentanglement, and MSA
(Markov State Abstractions; Allen et al. [2021]), a contrastive-based algorithm that leverages both forward and inverse
dynamics to learn Markovian representations but does not explicitly optimize for disentanglement.

To measure disentanglement, we consider test datasets of pairs of {(s’, 2")}; where s is the ground truth representation
and z is the corresponding learned latent representation. Then, we fit factor-wise regressors (parameterized by feed-
forward networks), h;;(z;) — s;. The performance of h;; is limited by the amount of information z; contains about
s;, therefore we measure the quality of the learned regressor using the coefficient of determination R?. Table 1 show
the results of the mean diagonal of the R? matrices and the maximum off-diagonal value. Moreover, Figure 1 show
qualitative latent factor traversals.

Method Doorkey Taxi

Mean diagonal T Max off-diagonal | Mean diagonal ¥ Max off-diagonal |
acf 0.5651-0.042 0.25040.021 0.698-+0.084 0.251+0.044
dms 0.301+0.029 0.250+0.028 0.309+0.058 0.153+0.027
gcl 0.459+0.067 0.22740.076 0.6064-0.054 0.281+0.034
markov 0.169+0.116 0.115+0.085 0.37340.049 0.178+0.058

Table 1: Qualitative Results: Perfect disentanglement would be 1 for the mean diagonal value and minimal off-diagonal.

While these domains are simple from an RL perspective, we can see that they are challenging for the factorization task.
Moreover, we see that ACF outperforms all the baselines disentangling the intended factors. However, ACF works
for disentangling one-step controllable factors. Future work must focus in improving factor discovery by considering
longer-term effects and control. Moreover, not all factors are always controllable but they might be relevant for a task,
hence, including factors affecting the reward signal is also an important direction.

'We use Minigrid JAX [Bradbury et al., 2018] re-implementation [Pignatelli et al., 2024].
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