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Abstract— Hierarchical  goal-conditioned reinforcement
learning (H-GCRL) provides a powerful framework for
tackling complex, long-horizon tasks by decomposing them
into structured subgoals. However, its practical adoption is
hindered by poor data efficiency and limited policy expressivity,
especially in offline or data-scarce regimes. In this work,
Normalizing flow-based hierarchical implicit Q-learning (NF-
HIQL), a novel framework that replaces unimodal gaussian
policies with expressive normalizing flow policies at both
the high- and low-levels of the hierarchy is introduced. This
design enables tractable log-likelihood computation, efficient
sampling, and the ability to model rich multimodal behaviors.
New theoretical guarantees are derived, including explicit
KL-divergence bounds for Real-valued non-volume preserving
(RealNVP) policies and PAC-style sample efficiency results,
showing that NF-HIQL preserves stability while improving
generalization. Empirically, NF-HIQL is evaluted across
diverse long-horizon tasks in locomotion, ball-dribbling, and
multi-step manipulation from OGBench. NF-HIQL consistently
outperforms prior goal-conditioned and hierarchical baselines,
demonstrating superior robustness under limited data and
highlighting the potential of flow-based architectures for
scalable, data-efficient hierarchical reinforcement learning.

I. INTRODUCTION

Generalization is a cornerstone of Reinforcement learning
(RL): it empowers agents to tackle new, unseen tasks and
adapt to ever-changing environments [1]. Despite remarkable
progress, deep RL agents now master continuous control
challenges like locomotion [2], dexterous object manipula-
tion [3], and robotic arm coordination [4], these successes
have mostly focused on short-horizon, low-level motor skills
executed in isolation. Real-world problems, by contrast,
demand hierarchical reasoning: agents must integrate percep-
tion, planning, and decision-making across multiple layers
of abstraction and compose primitive behaviors into long-
horizon strategies. H-GCRL provides a natural framework for
tackling complex, long-horizon tasks by decomposing them
into sequences of subgoals, each managed by a correspond-
ing low-level policy. This hierarchical structure allows agents
to reason over multiple timescales and compose simpler
behaviors into more sophisticated strategies. Recent advances
in offline Goal-conditioned RL (GCRL) [5] and hierarchical
extensions [6] demonstrate that it is possible to train such
agents using large, unlabeled datasets such as videos or
multi-task demonstrations by conditioning policies on de-
sired goals, even when explicit reward or action information
is missing.

However, collecting such diverse datasets is often infeasi-
ble due to high acquisition costs and safety concerns. This
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makes it essential to develop algorithms that generalize effec-
tively from limited data, leveraging structure and inductive
biases inherent in the task space.

To tackle the challenge of sample inefficiency [7], recent
approaches have primarily focused on leveraging powerful
generative models, which also provide the side benefit of
greater policy expressiveness. Diffusion models offer rich ex-
pressiveness and have shown promise in capturing complex
action distributions, but they are computationally expensive
due to the need to solve differential equations during training
and inference [8], [9]. Autoregressive models scale more
efficiently and allow parallel training, yet they often rely on
learning discrete representations of actions, which can intro-
duce quantization artifacts and complicate optimization [10].
In contrast, gaussian policies are lightweight and efficient to
train but lack the capacity to represent multimodal or struc-
tured behaviors, limiting their effectiveness in hierarchical or
goal-conditioned settings [11].

In this work, a novel approach is proposed that leverages
Normalizing flows (NFs), specifically the RealNVP archi-
tecture within the Hierarchical implicit Q-learning (HIQL)
framework to bridge this gap [12]. NFs strike a favorable
balance between expressivity and computational tractability
[13]. In particular, they provide exact likelihood evaluation,
which yields unbiased and lower-variance gradient estimates
during training, leading to more stable optimization and
improved sample efficiency compared to methods that rely
on approximate likelihoods such as MCMC-based or varia-
tional approaches (e.g., energy-based models), a property that
is especially advantageous in offline and data-constrained
regimes [14]. A natural question is why NFs are preferred
over diffusion models. In hierarchical offline RL, diffusion
policies face two key disadvantages: (i) multi-step itera-
tive denoising at inference, adding latency that compounds
at both hierarchical levels, and (ii) lack of exact log-
likelihoods, requiring variational bounds that introduce bias
into advantage-weighted regression. NFs offer single-pass
sampling with exact density evaluation, enabling unbiased
gradient computation and efficient inference at every hierar-
chical decision step. By integrating normalizing flows into
both the high-level and low-level policies of a hierarchical
framework, a more expressive and data-efficient alternative is
introduced to traditional policy representations. Furthermore,
a theoretical analysis is presented that the learned policies are
bounded in KL divergence and enjoy provable guarantees
on sample efficiency, pushing the boundaries of scalable and
robust long-horizon decision-making.

17738



II. RELATED WORK

This section provides an overview of recent advancements
in HGCRL and GCRL, with a particular focus on efforts
to improve sample efficiency, especially through the use of
generative models.

GCRL enables agents to learn a spectrum of tasks by
conditioning on a goal input, fostering generalization across
different outcomes [5]. A major challenge, however, is
sample inefficiency in sparse-reward settings. Relabeling
strategies like Hindsight experience replay (HER) [15] and
density-based goal sampling [16] address this by reusing
or prioritizing goals. Generative approaches also improve
efficiency, e.g., learning latent dynamics models for planning
[17], synthesizing goal-directed rollouts with GANs [18],
or incorporating planning into offline GCRL [19]. While
these methods generate additional data or plans, they rely
on accurate learned models or GAN training, which can
be brittle and hard to scale. In contrast, the proposed work
sidesteps explicit planning by leveraging expressive policy
models and hierarchical value-based learning to improve
efficiency directly.

Long-horizon goal-reaching tasks benefit from hierarchical
decomposition, where high-level subgoals improve learning
efficiency [20], [21]. HIQL [12] extends this by learning a
single goal-conditioned value function offline and deriving
both high- and low-level policies, with subgoals proposed
in latent space. This provides clearer learning signals and
outperforms prior offline GCRL methods. Theory also sup-
ports hierarchy as a way to reduce sample complexity
[22]. Yet, most HGCRL methods, including HIQL rely on
simple Gaussian policies, limiting their ability to capture
complex, multimodal behaviors, and neglect modern gener-
ative models. The proposed method addresses this by using
normalizing flows, enabling richer hierarchical policies while
retaining tractable training and efficient sampling.

Recent advances in generative modeling for RL have
introduced more expressive policy classes to improve
sample efficiency. Diffusion models, for instance, have
been applied to goal-conditioned settings: [23] proposed
a diffusion-based policy that achieves strong offline per-
formance via denoising-based inference. Generative Flow
Networks (GFlowNets) offer trajectory-level diversity, as in
Goal2FlowNets [24], which enhance generalization. How-
ever, both diffusion models and GFlowNets involve complex
training and sampling, leading to high computational costs.
Normalizing flows (NFs) provide a tractable alternative [25];
SAC-NF [26] demonstrated improved convergence and ex-
pressivity by replacing Gaussian policies with NFs.

However, existing applications of NFs have primarily fo-
cused on flat policy architectures. The proposed work bridges
this gap by integrating NFs into both the high-level and low-
level policies of the HIQL framework. This yields expres-
sive, multimodal policies at each level of hierarchy while
preserving the tractable training and efficient sampling that
NFs offer. In doing so, the method introduced enhances both
the generalization capacity and sample efficiency of HGCRL

in complex, long-horizon environments. Compared to goal-
conditioned imitation learning methods such as BESO [27],
which treat states as goals and learn policies conditioned
directly on state-space targets using diffusion models, our
approach leverages expressive normalizing flows to model
the distribution over goals. In addition to the inherent ad-
vantages of normalizing flows over diffusion models, this
formulation enables a broader abstraction level for the goal
representation beyond raw state-space targets.

I1I. BACKGROUND

The problem is framed as a Markov decision process
(MDP) [28] and a dataset D, defined by a tuple <
S, A, u, P,R,v >, where S represents the set of possible
states, A represents the set of possible actions, yu € P(S)
denotes an initial state distribution, P : S x A — S is
the state transition function that represents the conditional
probability P(s’|s,a) or deterministic function s’ = P(s, a),
and R : S x G — R represents the goal-conditioned
reward function. The dataset D consists of trajectories 7 =
(s0,a0,81,0a1,...,87). It is assumed that the goal space G
is identical to the state space, that is, G = S. The aim is to
learn a goal-conditioned policy 7(a | s, g) using D such that
the expected cumulative reward

T
J(ﬂ—) = Eng(g),T’Vp'"(T) lz ’YtR(Sh g)‘| (D
t=0
is maximized. The trajectory distribution under policy 7
is given by

T—1
p"(7) = p(so) H m(ay | 51,9) P(sev1 | se,ae),  (2)
t=0
where ~ denotes the discount factor and p(g) is the
distribution over goals.

IV. ALGORITHM

We consider a HGCRL setup following HIQL [12], where
a single value function V' (s, g) guides two policies: a high-
level subgoal policy 7" and a low-level action policy *.
The high-level policy proposes a future state (latent subgoal)
S¢+k given the current state s, and goal g, while the low-
level policy selects actions a; to reach it. In NF-HIQL,
both policies are modeled as conditional normalizing flows,
enabling exact density, gradient, and entropy computation
while supporting expressive, multimodal behaviors.

A. Flow-Based Policy Parameterization

Concretely as shown in Algorithm 1, each policy is defined
by an invertible function that maps a noise vector to an output
(subgoal or action). For example, the high-level policy is
given as follows:

u~N(0,1), 3)

St+k = fH(uﬂ St7g)7

where fp(-;s¢,9) is a neural-network flow conditioned
on (¢, g). In other words, latent noise u is sampled from
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a standard Gaussian and passed through fy to produce
a candidate subgoal s;ij. Similarly, the low-level policy
uses its own flow f, to map v ~ AN(0,I) (conditioned on
the current state and chosen subgoal) to an action: a; =
fe(vsse, seqn).

Because fy and f, are bijective with tractable Jaco-
bians, the log-density of an output can be computed exactly
via the change-of-variables formula. For instance, if v =

fi' (8148 81, 9), then

Ofu(u; st,9)
ou

log 7" (st | st,9) = log par (u) —log|det( )’ 4)

Here py(u) is the Gaussian base density (e.g. N(0, 1)),
and det(Ofp/0u) is the Jacobian determinant of the flow.
An analogous formula holds for the low-level policy: if v =
f[l(at; , Sty St1k ), then

log 7w (az | i, 500%) = log pe(v) —
Afe(v; Sz,St+k)) )
v '

In short, flow transforms endow the policy with an analytic
log-probability while providing high expressivity. By stack-
ing invertible layers, a simple base density is transformed
into a richer, potentially multimodal distribution. In this
work, RealNVP [14] serves as a universal approximator for
continuous densities, enabling policies that capture complex
multimodal action or subgoal distributions while supporting
efficient sampling and exact likelihood evaluation.

log|det(

B. Log-Probability, Entropy, and Advantage-Weighted Ob-
Jectives

Because the flow policies admit exact densities, the usual
advantage-weighted learning objectives can be written in the
closed form. As in HIQL, the high-level advantage is defined
as AM(s¢,804%,9) = V(St4k,9) — V(st,9) and the low-
level advantage as A’(s¢, as, Si41, Stok) = V (Se41, Sean) —
V(st, st+1)- Then the weighted maximum-likelihood (AWR-
style) objectives are:

« High-level objective:

J"(0r) = Edaa {eﬁAhy log 74, (st4k | 5&9)}- (6)
o Low-level objective:

JZ(F)L) = Edata [G’BAZ log ng(at | st,sH_k)] @)

Each expectation is over logged offline transitions (with
subgoals s;1, and actions a;) with weight exp(BA), so
that higher-advantage samples are upweighted. Substituting
the flow log-densities above makes both J* and J* fully
differentiable functions of the flow parameters 0g,0r. In
particular, the gradients take the simple form as follows:

VGH ‘]h = ]E[GBAh VGH 10g ﬂ-h(st+k ‘ St, g)]7 (8)
4
V@L JZ = E[eﬁA V@L logﬂj(at | Stast+k)]'

Since log 7" and log 7’ are given in closed form by the
flow (the only trainable part of log p(u) is constant), then

Vglogm = —Vy[log|det(df/0u)|]. Thus no policy sam-
pling or likelihood-ratio estimators are needed: the Jacobian
log-det gradient can be computed analytically for each data
point.

Because the flows yield exact densities, the policy en-
tropies can also be computed in closed form if desired. For
example,

H(r") = =B [log 7" (s)] 9)
= ~Euvpyllogpr(u) — log|det(D fr/Ou)]],
which can be estimated by sampling © ~ pg (all terms

inside are known). In short, all key quantities, log-likelihoods
and entropies are tractable and exact for the flow policies.

Algorithm 1 Offline HIQL with Normalizing Flow Policies

Require: Dataset D, Networks: value function Vj, (s, g),
target value function Vj (s,g), high-level policy
T (Seqk|st, 9), low-level policy 7§ (a¢|si, seqr), Hy-
per parameters: learning rates avy, g, «vp; temperature
g
while not converged do

// 1. Update Value Function using action-free IQL

Sample (s, $t41,¢g) from D

y < r(se,9) + Ve, (5141, 9)

Oy + 0v — av Ve, pr (y — Vo, (st,9))

/1 2. Update High-Level Policy (Normalizing Flow)

Sample (s, St4,9g) from D

Ah <~ ng (Si+k79) - ‘/GV (Stag)

Compute log 7). (s4 | s¢,g) via flow:

w= [ (Stiki5e,9)
log 7" = log prr(u) — log|det 8 fzr /Ou|
100 Ou < 0u +auV, |4 logn"
11: /I 3. Update Low-Level Policy (Normalizing Flow)
12: Sample (St, Aty St+1, 8t+k) from D
13: A ‘/gv (8t+1,8t+k) — VQV (St,8t+k)
14: Compute log 7T£L (at | st, St+k) via flow:
v=f; "(ar; st, St+k)
log 7° = log pe(v) — log|det 8 fe /|
14

155 0« 0 +aLVe, [eﬂA 1og7r‘*]
16: end while

R e A A o

C. Theoretical Guarantees

To complement the algorithmic design, NF-HIQL is sup-
ported by theoretical results on stability and efficiency.
First, an upper bound on the KL divergence between the
hierarchical policy and the behavior policy in D ensures the
learned policy stays close to the data distribution, mitigating
out-of-distribution actions and extrapolation error. Second, a
PAC-style sample efficiency bound shows that the hierarchi-
cal policies converge toward the advantage-weighted target
distribution used during training, with an explicit rate that
depends on the dataset size and policy class capacity. We
emphasize that these bounds characterize proximity to the
advantage-weighted target rather than to the globally optimal
policy; the gap to the true optimum additionally depends on
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Fig. 1: Evaluation environments: (a) AntMaze—medium-navigate (long-horizon maze navigation); (b) AntSoccer—medium-navigate (wall-
bounded dribbling and navigation); (c) AntSoccer—arena-navigate (open-field dribbling and navigation); (d) Cube—single-play (pick-and-
place from play data); (e) Scene—play (multi-object, multi-step sequencing from play) [29].

the offline data coverage and the value function approxi-
mation error €y . Together, these results establish NF-HIQL
as both stable and provably sample-efficient, reinforcing its
practicality for real-world settings with limited data. Full
technical proofs are provided in Appendix VII-A.

Lemma 2 (KL Divergence Bound). Let 7°(- | s) denote the
behavior policy and (- | s) the learned RealNVP policy
given state s. If the action space is bounded and the behavior
density is capped by a constant M < oo, then there exists a
constant B < oo (determined by the RealNVP architecture)
such that

KL(®(- | 5) || mo(- | 5)) < B+log M. (10)
Proof. See Appendix VII-A. O

Lemma 3 (PAC-Style Sample Efficiency). Let 7y, 7ty be
the policies learned by advantage-weighted Maximum Like-
lihood Estimation (MLE). With probability at least 1 — J,

J(ﬂ'*) — J(ﬁ'hye)

HpAmax,n [ Ch log(2/4)
< Shlmaxh [ 20 n
< ﬁ (498, () + 280y 25 22 )
HZAmax,Z g IOg(z/a)
A \/ 2 (4%"‘* (Fo) 280/ =5, )
+ev,
Proof. See Appendix VII-B. O

V. RESULTS

NF-HIIQL is evaluated on five OGBench tasks spanning
long-horizon locomotion, ball-dribbling, and multi-step ma-
nipulation: antmaze-medium-navigate, antsoccer-medium-
navigate, antsoccer-arena-navigate, cube-single-play, and
scene-play (Figure 1). We follow OGBench’s official envi-
ronment definitions, dataset splits, and multi-goal success-
rate protocol for offline goal-conditioned RL [29]. Each
algorithm is trained on the same offline dataset for IM
transitions with five random seeds on NVIDIA T4 GPUs.
Unless noted otherwise, we use the state-based benchmark
variants, adapted to the benchmark’s evaluation goals (five
per manipulation environment) when reporting success rates
and confidence intervals.

Comparisons include three representative offline GCRL
baselines from OGBench, GCIQL, CRL, and HIQL along
with the diffusion-based BESO [27], providing a strong refer-
ence set across navigation and manipulation. Two additional
flow-based variants are considered: NF-HIQL (hierarchical
flow policies at both levels) and NF-GCIQL (a flow policy
under the GCIQL objective). Consistent with the motivation
for expressive, multimodal policies, NF-HIQL outperforms
all baselines.

To assess sample efficiency, each experiment is conducted
in two regimes: (i) training on 100% of the available dataset
and (ii) training on exactly 50% of the same dataset (a
uniform halving of trajectories). These paired settings let
us quantify the sample-efficiency gap between flow-based
methods and unimodal counterparts.

NF-HIQL’s success rates under both regimes are re-
ported in Table I and Table II. With 100% data, NF-HIQL
matches or exceeds all baselines: it achieves 95+2% on
antmaze-medium-navigate (vs. HIQL 964+-1%, BESO
85+7%), and 734+1% on ant soccer—arena-navigate
(vs. HIQL 58+2%, BESO 56+2%), a 26% relative gain over
the strongest baseline.

The key distinction emerges at 50% data, where competing
methods degrade sharply while NF-HIQL remains robust.
On antsoccer-arena-navigate, NF-HIQL maintains
73+4% while HIQL collapses to 1+1% and BESO drops to
30+2%. In scene-play, NF-HIQL achieves 36+3% (6x
HIQL, 2.5x BESO). Across all tasks, NF-HIQL trained on
50% data often matches or exceeds baselines trained on the
full dataset, with gains most pronounced in multimodal tasks.
Detailed results are provided in the supplementary video.

Table III shows that using flows at both levels consistently
yields the best performance. The high-level-only variant out-
performs low-level-only on navigation (multimodal subgoal
distributions matter for planning), while low-level-only is
competitive on manipulation (expressive action distributions
aid fine motor control). Both levels together capture comple-
mentary benefits.

Table IV shows performance peaks at L=4 coupling lay-
ers, with diminishing returns beyond L=6 due to increased
optimization difficulty.

NF-HIQL adds ~18% training time over HIQL (4.0h vs.
3.4h for 1M transitions on NVIDIA T4), but inference is
~5x faster than BESO (single-pass vs. 10-50 denoising
steps). BESO training takes 6.2h.
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Environment BESO GCIQL CRL HIQL NF-GCIQL NF-HIQL
antmaze-medium-navigate 85 +7 71 +4 95 +1 96 +1 82 +3 95 +2
antsoccer-medium-navigate 12 +3 7 +1 341 13 +1 6 +4 14 +2
antsoccer—-arena-navigate 56 +2 50 +2 23 12 58 4o 30 +3 73 +1
cube-single-play 21 +2 68 +6 1942 1543 70 +1 37 +2
scene-play 81 +3 51 +4 19 +2 38 43 50 +2 40 +3

TABLE I: Overall success rate (%) across all the tasks — dataset size: 100% of the available offline dataset.

Environment BESO GCIQL CRL HIQL NF-GCIQL NF-HIQL
antmaze-medium-navigate 63 +6 24 +2 50 +2 58 +4 64 +3 72 +4
antsoccer-medium—-navigate 141 0 +o 0 +o 0 +o 7 +2 342
antsoccer—arena-navigate 30 +2 241 0 +o 1 +1 41 +4 73 +4
cube-single-play 4 +1 10 +6 6 +3 4 +2 40 +o 36 +4
scene-play 14 +2 8 +3 2 +2 6 +4 33 +4 36 +3

TABLE II: Overall success rate (%) across all the tasks — dataset size: 50% of the available offline dataset.
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Fig. 2: Success rate (%) across training steps on OGBench environments. NF-HIQL consistently outperforms baselines, showing faster
convergence and higher final success rates, particularly in complex manipulation tasks (cube-single-play, scene—play) and multi-

agent soccer settings.

Environment High-only ~ Low-only Both
antmaze-med-nav 90 +3 88 +2 95 12
antsoccer-arena-nav 60 +3 52 +4 73 +1
cube-single-play 28 +3 32 +4 37 +2
scene-play 34 +3 30 +4 40 +3

TABLE III: Ablation: normalizing flow at high-level only, low-
level only, or both levels (100% dataset). Using flows at both levels
consistently yields the best performance.

Environment L=2 L=4 L=6 L=8
antmaze-med-nav 87 +3 95 +2 94 +2 92 i3
antsoccer—arena-nav 5544 73 +1 7142 68 +3
cube-single-play 25+4 3742 35+3 3343

TABLE IV: Ablation: effect of flow depth (number of coupling
layers L). Performance peaks around L=4 and degrades slightly
with deeper flows, likely due to increased optimization difficulty.

VI. EXPERIMENTS

To validate NF-HIQL in real-world conditions, we de-
ployed it on an Elephant Robotics 6-DOF myCobot280 arm
with an adaptive gripper, running on a Jetson Nano Al

board (Fig. 3). Two pick-and-place scenarios of increasing
difficulty were tested: two-object and three-object sequential
manipulation.

The algorithm was trained under two configurations: 3000
and 1500 offline samples. In all settings, the robot achieved
100% task success. With full data, average end-effector-to-
target error stayed below 1.5 cm; with 50% data, errors
rose modestly to ~2.3 cm (two objects) and ~2.8 cm (three
objects), confirming robustness to reduced training data.

VII. CONCLUSION

This work introduced NF-HIQL, a normalizing flow—based
extension of HIQL that employs expressive multimodal
policies at both hierarchical levels. By replacing Gaussian
policies with tractable flows, NF-HIQL enhances expres-
sivity while maintaining stability through KL-divergence
bounds and PAC-style sample efficiency guarantees. Ex-
periments on OGBench show NF-HIQL consistently out-
performs prior goal-conditioned and hierarchical baselines,
including diffusion-based methods like BESO, especially in
data-limited regimes. Notably, NF-HIQL trained with only
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Fig. 3: Experimental setup with the 6 DOF myCobot 280 arm.

50% of the data matches or surpasses full-dataset baselines
across navigation, ball-dribbling, and manipulation tasks,
demonstrating strong robustness and efficiency.

Beyond simulation, we validated NF-HIQL on a real-
world robotic platform using the myCobot280 arm, where the
policy reliably executed multi-object pick-and-place tasks.
Even with limited offline data, the algorithm achieved 100%
task success with only modest increases in placement error,
further underscoring its practical applicability in resource-
constrained, real-world settings.

Overall, these results establish NF-HIQL as a scalable,
data-efficient approach to HGCRL. By combining the theo-
retical guarantees of HIQL with the representational power of
normalizing flows, NF-HIQL provides a compelling frame-
work for robust decision-making in both offline and real-
world scenarios. Future directions include extending this
framework to vision-based inputs, integrating with model-
based components for planning, and applying it to more
complex multi-agent and long-horizon robotic systems.
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APPENDIX

A. KL Bound for Advantage-Weighted RealNVP Policies

Lemma 1 (ReaNVP Lower Bound). Fix s € S and let
mo(a | s) be a RealNVP density on a with L inverse coupling
layers. Therefore, u = z1) = f, "' (a; s) and
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logmg(a | s) = logp-(u) +log‘det %‘,
= N(0,1).

(12)
p=(u)

Assume (i) bounded actions: ||a||2< Amax; (ii) per-layer
bounds: ||s¢(*)||cc< Se, ||te()l2< Ty and (iii) dy = |14
scaled coordinates. Then, for all such a,

logmo(a | s) > —B, 13)

L
d 1,
B := —log(27) + 5 Umax + ;deSz, (14)

2

Umax 1= exp( i Sg) (Amax + i Te)~
=1

=1

15)

Proof. Let 29 = and 2(*) = u. For any diagonal matrix
D, ||Dvl|2< ||D||2 ||v|l2 and for D = Diag(e™*¢) we have
[ D]l2= max; e=%¢3 < e5¢ by ||s¢]|cc< Se. Thus, using the
inverse update and the triangle inequality,

Hx(“l)Hg < eS‘||a:(£)|\2+eS@Tg. (16)

Iterating this inequality for £ =0, ...,

L
nmzwwﬁmNZ&mwﬁZnan<m
£=1

For the Gaussian base,

L —1 gives

d d 1
—logp-(u) = 5 log(2m) + 5 Jull2< 5 108(27) + 5 Unax- (18)

The inverse Jacobian of a RealNVP layer is block-triangular
with diagonal Diag(e°¢) on the scaled block, hence

Zsea

ax““)

(Z) > —dSy.

log ‘ det 22 (19)

Summing over layers yields

(D)

log ‘ det —‘ = Z log ‘ det 920 ) > — Z deSy. (20)
Combining the base and Jacobian bounds gives
logmg(a | s) = logp.(u) + log ‘ det %’
d
|: lOg(QTl' +5 Ummx] Zd[S/ (21)
=-B. (22)
O

Lemma 2 (KL Bound with Behavior Density Cap). Let

b(. | 5) be a behavior policy with w°(a | s) < M < oo
for all a,s. If mg(- | s) satisfies Lemma 1 with constant B,
then for every s,

KUYn®(- | s) || ma(- | 5)) = /Wb(a | s)[ —logmo(a | s)]da
H(wb,mg)
—/ﬂb(a | 5) - log 7"(a | 5)] da

H(mb)

< B+ log M.

(23)

Proof. By Lemma 1, —logmy(a | s) < B on the support
of w(- | ), so H(n® mp) < B. Since n°(a | s) < M ae.,
log 7*(a | s) < log M a.e., hence

- / n° log n’da

H(x") =

) (24)
> —/71 log M da
—log M.
Therefore KL(7?||7g) < B—(—log M) = B+log M. [

Lemma 3 (RealNVP Upper Bound on Log-Density). Un-
der the same assumptions as Lemma 1, and additionally
assuming ||s¢(-)||lco> Smin > 0 (i.e., the scale networks
are bounded away from zero), the log-density is also upper-
bounded:

logme(a | s) < BT, (25)

where BT := 25:1 de Sy depends on the same architectural
constants. Together with Lemma 1, this yields |logmg(a |
s)|< max(B, BT), establishing the two-sided boundedness
required by Assumption (A4) in the sample efficiency proof.

Proof. The Gaussian base density satisfies log p, (u) < 0 for
all u (since p, is a standard normal with maximum density
(27)~%? < 1 for d > 1). The log Jacobian determinant
is S0, > jer,(—se;). Since [s j|< Se, each term —sy,; <
Sy, so log|det(Ou/da)|< Ze 1 deSe. Comblmng log 779(@ |

s) = logp.(u) + log|det(du/0a)|< 0 4+ 2421 deSe =
D

Remark on B and network complexity. B grows with
the number of coupling layers L and the scale/translation
network bounds Sy,T;. Deeper or wider ReaNVP net-
works increase B, loosening the KL bound—reflecting an
expressivity—stability trade-off. In practice, bounded activa-
tions (e.g., tanh) keep B moderate. The bound depends
only on architectural constants, not on training data or loss.

B. Sample Efficiency for HIQL with Flow Policies

For each level L € {h, ¢}, let V be a shared value function
used to compute per-level advantages Ay (a,s). Define the
advantage-weights as wr,(a, s) = e?42(*5)_ Given an offline
dataset inducing a distribution d’ (s,a) at each level, the
training objective is Jo(m) = E(, o)~ar[wr(a, s) log7(a |
s)], under the following assumptions.

» Bounded rewards: |R(s, g)|< Rpnax and v € (0,1).

o Concentrability (coverage): For each level L, the
reference state occupancy dj is continuous w.r.t. the
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dataset occupancy df, with density ratio bounded by

Cp > 1:
sup L(s)

s di(s)

o Weight control: Weights are bounded, either because
of clipping: 0 < wy (a,s) < Wiax or A is bounded.

o Policy class capacity & bounded loss: For each L,
the log-density class 7, = {(s,a) — logn(a|s) : 7w €
IT;} has finite Rademacher complexity R,,, (Fr), and
|[logm(a | s)| < Br. A bound on per-level environment
advantages is also assumed: |A™ (s, a)|< Amax,L-

1) KL reduction.: For each s, define

<Cp. (26)

ZL(S) = /U)L(CL, S) pdala(a | 5) da,

qr(a|s) = we (g, 5) puwala | ) =
ZL (S)
Then
Ji(m|s) = /wL(a7 $) paaa(a | s) logm(a | s) da 28)
=7 (5) Eqp [IOg 7"]'
Adding and subtracting E,, log gr, gives
Ju(r | s) = Zu(s) (Eap logar — KL(az|m)).  (29)
Thus
Su/pJL(W/ | s) — J(w | s) = Zr(s) KL(qr||w).  (30)

Averaging over s ~ df,
sup Ji (') = Jo(m) = B, au[ Zo(s) KL(qe[lm)]. (3D

2) Weighted ERM Generalization Bounds: Let £, (a,s) =
—logm(a|s) €[0,Br] with 0 < w < Wyax. Define

L(7) := Elw 4], Ln(m) == %Zwl lr(ai,s:).  (32)
i=1

By symmetrization and Hoeffding’s inequality, with proba-
bility > 1 — 4,

sup [L(m) — Lo(m)] < 29,(Gr) + Winas By 1| "2BU/0)

, (33
welly, 2n ( )

where Gr, = {(s,a) — w(s,a) lx(s,a) : 7 € I} and

R,(GL) =E.0 [ sup 1 Z o wi br(ag, 5i):| ., (34

mell, M i1
with ¢; i.i.d. Rademacher variables.

3) Multiplier contraction (bounded weights).: For H =
{lr : m € My} and G, = {wly : € € H} with 0
w < Whax, the Ledoux—Talagrand contraction inequality
with ¢;(t) = a;t, a; = w;/Whax € [0,1] and for fixed
sample (z;) = (s;,a;), write

IN

1 n
Rn(GL | 2) = Eo& [st:rp - Zl oiw; éﬁ(zi)]
’ n (35)
1
= Whax Eo |:5171rp E Z [efe7) &T(zz):| 5

=1

The contraction inequality gives -

< Es |:Slip % ; il (zz):| .
(36)

Taking expectation over z yields R,,(Gr) < Winax Rn(H).
Therefore, with probability > 1 — §,

1 n
Eo |sup -~ Z aipi(lr(2i))
4 i=1

sup ‘L(Tf) - En(ﬂ')| S 2Wmax %n(]:L) +
T el 37)
W By 080/0)
2n

4) ERM = KL control.: Let T = argmax, ., T ().
Since

~ ~

Ji(qr) — Jo(7) <0, (38)
we obtain
Jular) = To(Fe) < 25up|To(m) = Te(m)l. (39)
From the KL reduction step,
Tilar) = Ju(ke) = Be | Z0(s) KLiaz [72)] . (40)

Using Z1,(s) < Wiax and the ERM bound,

~

log(1/6
BKL (g () | 72| ) 49 (F2)+ 280y B0 qany
5) Return gap from KL.: For any level L with effective
timescale Hy, and per-level policies 7} , 7r,, the performance-

difference lemma gives
1

J(ri) = J(wL) = - B o amnt [A™5(s,a)]. (42
1
Since [A™*|< Amax,z and TV(p,¢) <4/ 5 KL(pllg),
T 1 *
By [A75(5,0)] € Amaxz\[ 5 KL(n} 7). (43)
Applying Jensen to /- and concentrability,
HLAmax,L

J(ﬂ'i) - J(ﬂ'L) < \/% ESNdiKL(ﬂ—Z”ﬂ—L)' (44)

S P
6) Main Theorem:

Lemma 4 (PAC-style sample efficiency with explicit con-
stants). Let 7y, Ty be the learned per-level policies via
advantage-weighted MLE with conditional flows. Under As-
sumptions 1-4, with probability at least 1 — 9,

J(ﬂ'*) - J(ﬁ'hyg)

< HhAmax,h \/C’h (4mnh (fh) + QBh log(2/6)>

- 1—7 2 2np (45)
HZAmax L CZ 10g(2/6)
"/ —= (4R, 2B

T \/2 (%‘*(fl)”L V 2n )
+ev,

where ey is the uniform value-estimation error used to
compute Ay,

Proof. Apply Theory in VII-B.4 to bound EKL(qy|7yL),

then theory in VII-B.5 with ] := ¢; and w := 7 for
each level, and sum the two contributions. Add &y for the
value approximation. [
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