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Abstract—Legged locomotion is not just about mobility; it
also encompasses crucial objectives such as energy efficiency,
safety, and user experience, which are vital for real-world
applications. However, key factors such as battery power
consumption and stepping noise are often inaccurately modeled
or missing in common simulators, leaving these aspects poorly
optimized or unaddressed by current sim-to-real methods.
Hand-designed proxies, such as mechanical power and foot
contact forces, have been used to address these challenges but
are often problem-specific and inaccurate.

In this paper, we propose a data-driven framework for
fine-tuning locomotion policies, targeting these hard-to-simulate
objectives. Our framework leverages real-world data to model
these objectives and incorporates the learned model into sim-
ulation for policy improvement. We demonstrate the effec-
tiveness of our framework on power saving for quadruped
locomotion, achieving a significant 24-28% net reduction in
total power consumption from the battery pack at various
speeds. In essence, our approach offers a versatile solu-
tion for optimizing hard-to-simulate objectives in quadruped
locomotion, providing an easy-to-adapt paradigm for con-
tinual improving with real-world knowledge. Project page
https://hard-to-sim.github.io/.

I. INTRODUCTION

Legged locomotion grants robots the ability to traverse
complex terrains, offering universal mobility [1]. Beyond the
goal of command following, broader considerations such as
energy efficiency, payload capacity, user-friendly interaction,
and safety are critical for extending their utility in industrial
and everyday environments [2], [3], [4], [5]. For quadruped
robots in particular, constraints such as limited battery life
per charge significantly impact the effectiveness of robots
in tasks like patrolling or rescue operations [6], [7], [8].
Moreover, issues like disruptive stepping noise can negatively
affect user experience [9], and motor overheating poses risks
to the robot’s operational lifespan [10].

The current successes of learning-based approaches heav-
ily depend on the sim-to-real transfer paradigm [11], [12],
where policies trained in simulations are directly applied
to real-world robots [13], [14], [15], [16], [17], [18], [19],
[20]. These methods leverage physics simulators like Isaac
Gym [21], MuJoCo [22], and Bullet [23], which mainly
focus on dynamics and kinematics. However, critical factors
like power consumption, stepping noise and safety features
are not available or inaccurately modeled. These factors are
hard to simulate due to the complexity of the underlying
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mechanisms. For instance, the intricate dynamics of Perma-
nent Magnet Synchronous Motors (PMSMs) pose significant
challenges in predicting total power consumption [24], [25].
Furthermore, the implementation of control strategies, such
as Field-Oriented Control (FOC), adds another layer of com-
plexity to accurately forecasting motor power requirements
[26], [27].

Traditional approaches have utilized hand-designed prox-
ies as reward functions for training policies, applying metrics
like mechanical power or foot contact forces to approximate
energy consumption or noise [28], [29], [30], [31], [16].
These methods demand expert knowledge and intensive
tuning, and their efficacy is limited by the accuracy of the
proxies used. In contrast, learning from real-world expe-
rience offers a more precise and efficient alternative for
optimizing these challenging objectives.

In this paper, we introduce a data-driven fine-tuning ap-
proach to optimize hard-to-simulate objectives in locomotion
policies. Our method begins with the collection of real-
world data using a pre-trained policy. We then develop
a measurement model to predict hard-to-simulate factors
from this data, which is integrated into the simulation as
a reward function. Our approach performs iterative policy
improvement through cycles of data collection and policy
updating.

We present experimental results demonstrating a signif-
icant 24-28% reduction in total power consumption from
the battery pack for quadruped locomotion. The task ob-
jective—minimizing power consumption while maintaining
locomotion performance—highlights the operational time
constraints faced by current low-cost quadruped robots [6],
[71, [32]. Despite the complexities of modeling total power
consumption [33], [27], our method effectively manages
these challenges, illustrating its potential to address demand-
ing objectives in quadruped locomotion.

We believe that our proposed framework could be applied
to a wide range of hard-to-simulate objectives. It utilizes
a data-driven measurement model, which is designed to
be objective-agnostic and has the potential to automatically
adapt to various challenging objectives. Technically, our
approach requires only minimal modifications to the existing
sim-to-real pipeline, offering a plug-and-play method for
integrating empirical data from the physical world to enhance
locomotion performance.

II. RELATED WORK

a) Direct learning from real-world experience: Train-
ing policies directly in the real world can circumvent the
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Fig. 1: Fine-tuning procedure at the ¢-th iteration. Real-world data is collected using the pre-trained policy or the policy batch from the last
iteration. A measurement model is trained to estimate hard-to-simulate factors based on the data, which is later integrated into simulation.
Policy updates are performed in simulation, generating a batch of policies with varying configurations. Hierarchical policy selection is
then conducted based on performance in simulation and real-world evaluations, determining policies retained for the next iteration.
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complexities associated with modeling hard-to-simulate fac-
tors. However, previous methods [34], [35], [36], [37] typi-
cally achieve results only in low-performance regions charac-
terized by slow walking speeds. On the other hand, methods
that fine-tune simulation-trained policies in real-world [38],
[39], [40] primarily addresses the shift in dynamics due to
sim-to-real transferring. These studies often do not extend
to optimizing objectives that are unseen in simulation pre-
training. Furthermore, in contrast to these methods, which are
generally tailored for specific learning algorithms [41], [42],
our approach offers a versatile integration across various
policy optimization frameworks.

b) Augmenting simulation with data-driven models:
Recent advances have embraced hybrid simulations, com-
bining analytic physics with data-driven models to capture
complex dynamics [43], [44], [45], [46], [47]. Such hy-
brid simulations find applications in diverse robotic tasks,
including legged locomotion [13], [16], drone racing [48],
and modeling human behavior in sports [49]. These studies,
however, primarily focus on enhancing the fidelity of simu-

lation dynamics. In contrast, our setting requires data-driven
models to be explicit objectives for policy optimization,
which exacerbates issues related to out-of-distribution and
model exploitation.

c) Energy efficiency in quadruped robots: Total energy
efficiency optimizations are typically reserved for robot hard-
ware design [33], [8], [50]. On the controller side, previous
works have employed various strategies to estimate and opti-
mize energy consumption in legged locomotion. Techniques
include using mechanical power and Joule heating as reward
functions [13], [31], [18], [16], [15], [17], [29], [30] or as
constraints [28], [51], [52]. Rather than relying on hand-
designed proxies, our approach aims to minimize total power
consumption through data-driven fine-tuning techniques.

III. FINE-TUNING HARD-TO-SIMULATE OBJECTIVES

A. Problem Formulation

We model locomotion as a Markov Decision Process
(MDP) with state space S C R", action space A C R™,
transition function p(- | s,a) : S x A x S — [0,1], and
reward function  : S — R. The objective is to find a policy
7 : S — A that maximizes the expected sum of discounted
rewards E {Z;F:O vtr(st)}, where v is the discount factor
and T is the time horizon. To address hard-to-simulate
factors, we divide the state space into S = S*™ x Sreal,
where S*I™ represents states available in simulation and S™!
represents states observed only in the real world, i.e., the
hard-to-simulate factors.

We formulate the locomotion task as a multi-objective
optimization problem [53], highlighting objectives beyond
mobility. For example, besides following velocity commands,
the robot should minimize power consumption, ensure safety,
and interact friendly with humans. To this end, we imple-
ment linear scalarization [54] to combine multiple objectives
into a single reward function, following common practice
[13], [31], [16]. Specifically, we factorize the reward as:
r(se) = Yo, wir™(sy™) 4 3o, wirF(sEY), where w. are
the weighting factors for each objective. To summarize,
the optimization problem of fine-tuning hard-to-simulate



objectives is:

max E

T
nytr(st) 9
™ a;~m(|st) =0

sep1~p™ (Ise,ar) (1)
where r(st) = Z wi’/’;im(siim) + Z ij;eal(Sieal)'
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Note that our ultimate goal is to optimize real-world per-
formance. Therefore, the expectation here is taken over the
real-world transition function p™¥. And the rewards related
to hard-to-simulate factors, 72 are calculated based on real-

world measurements s/,

B. Algorithm Design and Motivation

The fine-tuning process is depicted in Figure 1 and de-
tailed in Algorithm 1. We employ a data-driven approach
to model hard-to-simulate factors, training a measurement
model to estimate these factors from real-world data. To
tackle the issues of out-of-distribution data and potential
model exploitation during fine-tuning, we impose constraints
on the size of policy updates, as discussed in Section III-
C. Considering the incremental improvements from each
update, we iteratively conduct policy learning and mea-
surement model training. In each cycle, we sweep through
multiple training configurations to adapt to the evolving
characteristics of the measurement model (see Section III-D).
At the conclusion of each iteration, we systematically select
the most effective policies through a hierarchical process,
initially in simulation followed by real-world evaluations, as
described in Section III-E.

Our fine-tuning methodology consists of three steps: gath-
ering real-world data, updating policies through simulation,
and hierarchically selecting the most effective policies. This
iterative process continues until the desired performance
metrics are achieved.

C. Data-driven Measurement Model

To address the hard-to-simulate factors, we develop a
measurement model that is trained end-to-end using real data.
This model predicts these factors from observations available
in simulation, denoted as f : 5™ — greal,

The training of the measurement model is straightforward:
we deploy a trained policy and collect pairs of observations
and hard-to-simulate factors, D = {siim7 sfal}. We then
train the model f with an algorithm A : D — f. E.g., to
minimize the prediction error, Ep {H f(s$im) — s@ealH2 , on
the real dataset. Subsequently, we integrate the measurement
model into the simulation to generate rewards, 7 (f(s{™)),
for optimizing hard-to-simulate objectives.

However, the distribution of the training data for the mea-
surement model is heavily dependent on the data-collecting
policy. As the policy deviates from the data-collecting policy
during fine-tuning, prediction accuracy may decrease due
to out-of-distribution issues. Furthermore, since the model
serves as an explicit objective, the optimization algorithm
may exploit it. To address this, we constrain the policy update

step size using a KL divergence penalty [55]. This penalty
encourages the policy to stay close to the data-collecting
policy, ensuring the measurement model’s reliability.

Therefore, the objective for policy optimization in simu-
lation is:

max
4 ay~m(-|st)

sim

T
[Z wfr(sa] :
t=0
St+1~p

st. E [KL(x(- | s) | 7™ (- | 5))] <,

(‘Ist,at)

S~
where r(s;) = Z wry™(si™) + Z w;r (f(si™)).
i J
2)
Here, m*h°represents the policy initialization for fine-

tuning, which is detailed in Section III-D. The KL diver-
gence penalty is controlled by the parameter c. The hard-to-
simulate factors are estimated using the measurement model

f.
D. Iterative Policy Fine-tuning

Policy improvement is often limited by constraints on the
update step size. To address this limitation, we employ an it-
erative approach that involves collecting real data and updat-
ing the policy multiple times. Additionally, we aggregate all
data collected in previous iterations to train the measurement
model, enhancing data diversity and mitigating the out-of-
distribution issue [49]. This iterative process benefits both the
modeling of hard-to-simulate factors and policy optimization,
leading to improved overall performance.

Our empirical findings indicate that iterating with fixed
hyper-parameters is suboptimal. This is because the appro-
priate weighting factors w. and the KL divergence penalty ¢
depend on the characteristics of the measurement model f,
and their optimal values may shift as the model evolves.
Consequently, we adapt our policy learning approach in
each iteration by varying configurations, sweeping through
different combinations of w. and c. Additionally, for the
policy initialization, 7®*"°", we vary it between the pre-
trained policy mP#ined and the best policy from the previous
iteration 7, Resetting the policy to Pe-ained__byt ypdated
with the improved measurement model f—provides extra
flexibility and adaptation capabilities [56], [57], [37].

E. Hierarchical Policy Selection

Policy fine-tuning in simulation using parameter sweeping
generates multiple policy candidates. Deciding which poli-
cies to retain for subsequent iterations poses a challenge
due to the sim-to-real gap, which leads to discrepancies
between real-world and simulation performances. Formally,
differences between p™ and p*™ lead to variations in the
objectives, as denoted by Eq. 1 and Eq. 2. Therefore, we
propose a hierarchical policy selection method: first, we
select the top-K policies in simulation, and then we further
select the best-performing policy in the real world.

Initially, we select a set of elite policies, IT?"*S, based on
their performance in simulation. Subsequently, we deploy
I1°s for real-world evaluations. The top-performing policy



in the real world, 7, is then designated as the anchor

policy for the next iteration. Concurrently, the real-world
data collected from II°s is incorporated into D, further
enhancing the training of the measurement model.

IV. EXPERIMENTAL DESIGN

To evaluate the efficacy of our framework, we concentrate
on optimizing the challenging objective of total power sav-
ings. This metric is crucial in real-world applications as it
determines the operating duration per charge for quadruped
robots [6], [7], [8]. The accurate simulation of total power
consumption poses significant challenges due to the intricate
energy interactions among different subsystems [33] and
the complex, time-variant dynamic of Permanent Magnet
Synchronous Motors (PMSMs) [26], [24], [25].

Conventionally, optimization for power saving focuses on
hand-designed proxies that represent the analytical power
consumption, including mechanical power and Joule heating.
In contrast, our approach targets toral power consumption,
which refers to the energy drawn directly from the battery
pack.

A. Implementation of Our Framework and the Baseline

To estimate total power consumption, we develop a data-
driven model to predict instantaneous currents 7;, as the
voltage remains stable within a test run. Inputs to the model
are motor torques and angular velocities, and we use an
LSTM network, f, for predictions: i; = f(7%,q:). All
features and output currents are normalized using their means
and standard deviations.

The locomotion policy is initially pre-trained in simulation
environments with reward functions from [31] and terrain
and command curricula from [31] and [18]. For fine-tuning,

the real-world objective in Eq. 2 focuses on power saving,
real (7

defined as r (zt) = —i;. We apply the reward centering
technique [58] to deal with statistical shifts of measurement
models. The current estimation model f is integrated into
the simulation for current predictions, and policy updates are
implemented using the Proximal Policy Optimization (PPO)
algorithm [59].

We simplify the combination of reward functions as
r = rim 4 X\ In each iteration, we adjust the reward
weightings, A € {0.5,1,5}, and the KL divergence penalty,
¢ € {0.2,0.5,1}. The top-6 policies, ranked by their un-
weighted mean energy reward in simulation, are selected
as the elite set IT°. These IT°* will be used for real-
world evaluations. The best-performing policy (7**!) in the
real world—measured by total power consumption—-becomes
the anchor for the subsequent iteration. Data is concurrently
recorded during evaluation to train the measurement model.

Conversely, the baseline fine-tunes an identical pre-trained
policy in simulation but with an analytical energy reward:
preal (sfim) = — Zzo max (7;G; + 2=77,0), where 7; and
¢; denote the torque and angular velocity of the ¢-th motor,
and 7, k are motor constants [29], [28]. The simulation setup
and policy optimization procedures mirror those used in our

v = 0.5m/s v = 0.8m/s v=1.1m/s

5.0% (3.9%)

Analytical
proxy
Data-driven
proxy (ours)

11.8% (8.3%) 6.2% (4.5%)

28.4% (19.6%) 27.0% (20.3%) 24.2% (19.4%)

TABLE I: Comparison of net (gross) power reduction between our
framework with data-driven modeling and the baseline with the
analytical proxy.

framework’s fine-tuning phase, differing only in the energy
reward function.

The hyper-parameter search space for the baseline is
expanded to A € {5x 1072, 1x107%,5x 1074, 1x 1073, 5x
1073} and ¢ € {0.1,0.2,0.5,1.0,5.0,00}. We fine-tune the
policy using the same number of samples accumulated across
all iterations of our framework. Subsequently, the top 24
policies, evaluated by the analytical energy metric, are tested
in the real world, and we report the highest power reduction
observed. Note that the number of real-world evaluated
policies for the baseline is equal to that of our framework
(6 elite x 4 iteration).

B. Power Measurement and Metric

We assess the framework by deploying the trained policies
on a Unitree Gol robot, which is commanded to maintain a
constant forward velocity v. Power consumption is monitored
by measuring the battery’s current draw at 50 Hz using the
Unitree SDK, while the robot’s speed is tracked using an
Intel RealSense T265 camera. Each policy’s power usage is
evaluated over 160 seconds by calculating and averaging the
current integrals from all 1-second segments that meet the
velocity criteria (within £10% of v).

For fair comparisons, we conduct direct ‘head-to-head’
tests between the pre-trained and fine-tuned policies. These
policies are alternated every 80 seconds without delay on
the same robot to control for measurement variability and
environmental factors.

The primary metric is the percentage reduction in power
consumption of the fine-tuned policy compared to the pre-
trained one, given by AP = Lis pm;::ijﬁ: S 100%. We
report both the gross power reduction and the net power
reduction, with the latter adjusting to isolate the power
consumed by locomotion processes. Specifically, we subtract
the power measured when all motors are idle.

We report power reduction results at multiple speeds: v =
0.5,0.8,1.1 m/s. However, for hierarchical selection during
iterations, we only consider performances at v = 0.8 m/s.
The performance at other speeds is evaluated using the final
policy after the fine-tuning process is completed.

V. MAIN RESULTS: POWER REDUCTION COMPARISON

We aim to demonstrate the effectiveness of our framework
in optimizing hard-to-simulate objectives, focusing on total
power savings. We first present the quantitative results of
the metric described in Section IV-B, showing the net and
gross power reductions achieved by our framework and the
baseline. Additionally, we discuss qualitative insights into the
robot’s behavior changes. Finally, we conduct an in-the-wild
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study, evaluating battery life improvements in both indoor
and outdoor long-distance tests.

a) Quantitative Results: The final results, as summa-
rized in Table I, demonstrate that our framework achieves
a significant net power reduction of 24-28% compared to
the pre-trained policy. This reduction is noteworthy, even
when considering the gross power, which includes power
consumption not directly related to locomotion, with our
framework achieving a 20% decrease. In contrast, the base-
line—despite thorough parameter tuning and policy selection
(see Section IV-A) —still falls short, exhibiting only a 12%
net reduction at a lower speed (v = 0.5 m/s) and a marginal
power saving (about 5%) at higher speeds.

Figure 3 further illustrates these points by showing the
integrated power consumption for each 1-second segment
of the test run. The distribution of normalized net power,
defined as %, highlights a consistent reduction in
power consumption across all segments when using our fine-
tuned policies. Conversely, the baseline policies display a
more variable distribution, with some segments even surpass-
ing the power consumption levels of the pre-trained policy.

b) Behavioral Changes: After fine-tuning with our
framework, the robot exhibited increased compliance in its
walking gait (see the accompanying video). Figure 4a illus-
trates the torque profiles of the rear-right leg’s joints during
a 0.8 m/s walk. The fine-tuned policy demonstrates smoother
torque transitions and reduced amplitudes at critical joints.
Notably, the front legs shifted from an outward-pointing

Pretrain
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Joint
— RLO
—— RL1

— RL2

Torque (Nm)

(b) The fine-tuned
policy (right) yields
a more natural front
leg stance compared

(a) Joint torque profiles of the rear-right leg for pre- to the pre-trained
trained and fine-tuned policies. policy (left).

Fig. 4: Comparison of joint torque profiles and front leg stance
between pre-trained and fine-tuned policies.

stance to a position closer to the body (see Figure 4b). These
adaptations indicate that the fine-tuned policy is effective in
uncovering behaviors that enhance energy efficiency.

c) In-the-Wild Study: To replicate conditions resem-
bling realistic, uncontrolled usage scenarios, we conducted
in-the-wild evaluations both indoors and outdoors, focusing
on the battery’s state-of-charge (SoC) relative to the distance
traveled. The indoor evaluation involved a 400-meter journey
around a tiled corridor (see Figure 2a), while the outdoor
evaluation encompassed a 500-meter route around a platform
among office buildings (see Figure 2c). These long-distance
evaluations required the policy to effectively manage energy
over extended periods.

We initiated these tests by first fully charging the battery
pack, then discharging it to 81% for indoor tests and 49%
for outdoor tests. Starting from a fully charged battery was
not feasible due to the time required to boot the programs
and set up the hardware. The robot was controlled using a
PID controller to maintain constant speeds. For the indoor
evaluations, the target speeds were uniformly sampled from
v € [0.5,1.1] m/s, with speed adjustments every 20 seconds.
For outdoor evaluations, the robot maintained a constant
speed of 0.8 m/s.

Results, illustrated in Figure 2, indicate that our fine-tuned
policy maintained the highest final SoC under both indoor
and outdoor conditions. The SoC of all tested methods started
similarly, but as the distance traveled increased (beyond 100
meters), our fine-tuned policy exhibited a slower decline.
These findings suggest that our framework not only con-
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serves power under less controlled real-world conditions but
also effectively extends battery life in more realistic usage
scenarios.

d) Summary: Our proposed framework effectively op-
timizes hard-to-simulate objectives, resulting in significant
power savings across a range of commanded speeds. This
optimization is reflected in the increased compliance ob-
served in the robot’s behaviors. Moreover, our in-the-wild
evaluations further demonstrate the practical benefits of our
framework, showcasing enhanced battery life in real-world
scenarios.

VI. ANALYSIS

In this section, we analyze the core components of our
framework. We begin with a detailed discussion on the iter-
ative fine-tuning process, followed by a comparative analysis
between our data-driven model and the analytical proxy.

a) Iterative Fine-tuning Process: Figure 5 illustrates
the net power reduction achieved by our framework across
successive iterations. The learning curve shows steady incre-
mental improvements during the first three iterations, which
supports the hypothesis that performance benefits from the
accumulation of real-world data. This trend demonstrates
robustness across all tested operational speeds. We attribute
the effective adaptation of hyper-parameters to a finely bal-
anced update step size and the reliability of the measurement
model.

Convergence is achieved after four iterations, equivalent to
384,000 real-world samples (calculated as 4 x 6 x 16, 000).
The final iteration shows a slight decrease in performance,
likely due to the staleness of earlier samples. These samples,
generated by older versions of the policy, become less
informative over time. Consequently, the measurement model
allocates capacity to memorizing these outdated samples, ul-
timately reaching its limit. Nonetheless, having achieved the
desired level of power reduction, we conclude the iterative
process at this point.

b) Data-driven vs. Analytical Proxy: The role of the
optimization proxy is critical in fine-tuning for factors that
are challenging to simulate accurately. It serves as both the
target for policy optimization and the criterion for initial
policy selection. We compare the effectiveness of our data-
driven model against the analytical proxy, focusing on their
ability to accurately predict real-world power consumption.

Figure 6 plots the power reductions measured in the
real world against those predicted by both proxies. For the
analytical proxy, we include all policies tested in the real

Analytical Proxy

Data-Driven Proxy (ours)
0%

20%
—100%

—200% 10%

~300%
: ’ 0%

Real Net Power Reduction

—400%
10% 20% 30% 40% 0% 5% 10% 15%
Sim Proxy Reduction Sim Proxy Reduction

Fig. 6: Comparison of the effectiveness of the analytical proxy
versus our data-driven model in net power reduction. The shaded
area represents the confidence interval of the regression line.

world, noting that several were excluded due to deployment
failure. The data-driven proxy data comprises the elite set
I1¢s from the last two iterations, using the corresponding
measurement models as the proxy.

The data-driven proxy overall exhibits a positive corre-
lation with actual power reductions observed in real-world
operations, indicating its reliability and informativeness. In
contrast, the analytical proxy generally shows a negative cor-
relation, where many policies predicted to improve efficiency
actually increase power consumption. This discrepancy high-
lights the shortcomings of the analytical proxy in capturing
real-world dynamics, potentially leading to misguided policy
optimization and selection.

Despite the general efficacy of the data-driven model,
discrepancies between its predictions and the actual power
reductions remain, highlighting the necessity for real-world
testing of multiple policies to ascertain and retain the most
effective policy. This requirement supports the incorporation
of a hierarchical policy selection mechanism within our
framework.

VII. CONCLUSIONS

In this work, we have developed a fine-tuning methodol-
ogy aimed at enhancing the performance of quadruped lo-
comotion. This methodology specifically optimizes hard-to-
simulate objectives by leveraging a data-driven measurement
model. Our approach demonstrates a substantial reduction in
total power consumption compared to traditional methods
that rely on analytical proxies.

Our study has several limitations. The framework requires
a relatively large dataset of real-world samples to achieve
convergence. Due to hardware and time constraints, we did
not evaluate its transferability to other robot models or more
complex terrains. Lastly, our focus was primarily on reducing
total power consumption. Nevertheless, we are optimistic
that, with minimal modifications, our framework could be
extended to address other hard-to-simulate objectives.
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