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Rocket reusability is a key factor in enabling quicker and more cost-effective access to space.
However, landing on Earth poses significant challenges due to the dynamic and highly uncertain
environment. A robust Guidance, Navigation, and Control system is essential to guide the
vehicle to the landing site while meeting terminal constraints and minimizing fuel consumption.
This research integrates Meta-Reinforcement Learning with Gated Transformer XL Neural
Networks to enhance the robustness of the powered guidance with respect to atmospheric and
aerodynamic uncertainties, navigation and control errors, and dispersed initial conditions. By
employing a 6-Degrees-of-Freedom dynamics model and accurate vehicle and environmental
simulations, the agent learns a higher fidelity guidance policy compared to existing literature,
demonstrating successful and robust performance in Monte Carlo simulations. In this complex
scenario, the innovative attention-based neural networks also outperform recurrent neural
networks, widely used for Reinforcement Learning-based space guidance applications.

I. Introduction

The evolving interest for space exploration and the increasing demands for cost-effective satellite launches brought a
shift of focus toward the reusability of space vehicles, with particular attention to precise powered vertical landings.

A key element to achieve a successful landing is the Guidance, Navigation, and Control (GNC) system, which has
the task of correctly driving the vehicle toward the landing site. It is fundamental to have a reliable, accurate, and robust
guidance and control (G&C) policy that is also capable of running in real-time, within the computational constraints
coming from the onboard computer. Solutions to this class of problems have been found using a problem formulation
in vacuum [[1} 2], with simplified aerodynamic models [3| 4], or using aerodynamic forces, but only for translational
motion modeling [5 6]. However, the solution is deeply modified by the presence of aerodynamic forces and torques,
and a corresponding coupling between translational and rotational motion. Furthermore, using simplified models,
such as an exponential atmospheric model, a constant drag, and a fixed center of mass, produces a solution, which
considerably differs from the one actually flown. Finally, the wind can play a relevant role as well. Therefore, a full
6-Degrees-of-Freedom (DOF) problem formulation, together with accurate aerodynamic, atmospheric, and vehicle
modeling, can be highly beneficial for the accuracy of the results obtained in the conceptual design phase.

The recent success of Machine Learning in natural language processing, image recognition, and robotics has raised
a strong interest in investigating potential applications in the space sector. In this context, Reinforcement Learning
(RL) is a methodology able to train agents to learn guidance and control policies. It consists of simulated interactions
between an agent and an environment over a large number of episodes, mapping from observations to control actions
using Neural Networks (NNs). It has been successfully employed in several spacecraft guidance problems, such as
6-DOF planetary landing on Mars [7]], low-thrust transfer in cislunar environment [8], and proximity operations [9].

The use of Recurrent and Transformer NNs leverages their ability to capture long-term relationships and sequence
dependencies, retaining information about temporal variations, to adapt to similar, slightly different, situations. This
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technique, known as Meta-Reinforcement Learning (meta-RL) or learning to learn, optimizes a meta-policy not only for
a single task but for the entire set of tasks from the training distribution. By exploiting prior experience, the network is
able to adapt to all scenarios belonging to that distribution, even to those not encountered during the training phase. This
feature is particularly useful in uncertain or partially observable environments, where the agent is trained on a subset of
experiences sampled from the given uncertainty distributions, to learn a generalized policy. Recurrent Neural Networks
(RNNSs), such as Long-Short Term Memory (LSTM), have been successfully applied to different spacecraft guidance
problems in uncertain scenarios such as interplanetary transfer [10], asteroid hovering [11]], and asteroid impactor [12],
demonstrating their ability to learn robust policies.

Transformers overcome gradient issues typical of RNNs by employing self-attention mechanisms [[13]]. This approach
captures long-term dependencies by processing data in sequences, and avoiding to compress past information into
fixed-size hidden states, as done by LSTMs. Building on Transformers’ success in text and image processing, where they
enable more efficient dependency extraction and faster training, a variant called Gated Transformer XL (GTrXL) [14]
has shown promise in RL applications, particularly for time series and sequential decision-making tasks. For example,
Federici and Furfaro [15]] demonstrated improved performance of Transformers with respect to fully connected NNs in
finding the optimal policy for planetary landing, in presence of several uncertainties, including unmodeled dynamics,
imperfect navigation knowledge, and control errors. Transformers significantly enhance robustness by generating control
commands based on uncertain vehicle states. During training, the agent experiences various uncertainties and their
impacts, learning to handle them correctly. Therefore, this method effectively generates a feedback policy, increasing
the robustness and adaptability of the solution.

The main contribution of this paper is the integration of an innovative Transformer-based neural network architecture
with meta-RL, to learn a robust guidance and control strategy for the 6-DOF atmospheric powered landing problem.
A key advancement compared to existing RL-based GNC studies is that the training phase incorporates accurate
environment and vehicle models, including winds, navigation and control errors, uncertainties in initial conditions,
and atmospheric and aerodynamic variations, to reflect operational conditions. These additions are important because
they ensure a robust policy that adapts to real-world flight conditions, with enhanced adaptability to different scenarios.
Furthermore, the GTrXL policy is compared to LSTM results, a type of neural network widely used in similar space
guidance applications, to show the performance improvements provided by this innovative method. To illustrate the
robustness advantages provided by such a meta-RL method, results are also compared to a conventional G&C solution
made of an optimal trajectory tracked by a controller. Using neural network architectures, the agent is trained to learn
a robust policy to perform an accurate pinpoint landing, mapping from states to control variables, while satisfying
several path and terminal constraints, in an uncertain scenario. The reference vehicle is a reusable first stage, equipped
with a throttleable engine, a Thrust Vector Control (TVC) system, and two pairs of aerodynamic fins. The network
outputs control commands for the TVC, fins, and thrust while taking mass, translational, and rotational states as
inputs. Furthermore, the use of Machine Learning techniques implies that the computational burden lies entirely in the
offline network training, while the deployed policy is capable of real-time performance. Hence, in this work, a robust
closed-loop policy is obtained, able to run online, in an uncertain, operationally representative environment.

This paper is organized as follows: Sec. [l| provides an overview of meta-RL. Section [[TI|describes the Transformer-
based architecture used in this work. Section[[V]introduces the formulation of the 6-DOF powered landing problem,
delineating also the environment and vehicle models used, while Sec. [V]presents the meta-RL problem and the reward
function design. Section[V]|critically compares the performance of the two meta-RL-based policies, both relative to
each other and against an optimal-control-based solution. This analysis examines the strengths and weaknesses of the
training processes, focusing on fuel efficiency, robustness, and adaptability to uncertainties. Finally, Sec. contains
concluding remarks about this work.

I1. Meta-Reinforcement Learning

Reinforcement Learning is a branch of Machine Learning, which consists of the most basic idea of learning: the
interaction between an agent and an environment produces information about causes and effects, about consequences of
actions, and about how to act to achieve a goal [16]. The agent learns to make sequential optimal decisions in a dynamic
environment, to maximize the positive feedback it receives. Interactions take place with the environment passing states
(or observations) to the agent, which executes actions and receives a reward, based on the actions performed. The
environment also determines the transition to new states, which are fed to the agent, so that it can take new actions,
repeating the process until termination. The reward is the way to communicate to the agent what to achieve, and it
expresses how good certain actions are to achieve a predefined goal. The concept of *good’ and ’bad’ is not necessarily
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Fig. 1 PPO clipped objective behavior (adapted from [18]).

binary and translating it into an efficient mathematical formulation is one of the most challenging parts of RL. For every
training iteration, using its current policy, the agent interacts with the environment, taking actions and receiving a
reward at each time step. Based on the goodness of the actions performed in specific states, and the neural network
parameters are updated. After several iterations, the optimization terminates yielding the final policy. The goal is to
learn an optimal mapping from states to actions.

Early RL tabular methods, stored values for each state-action pair, limiting them to small, discrete problems only. To
overcome this, NNs emerged as one of the best function approximators, capable of effectively capturing non-linear
relationships. The application of NNs with multiple layers to RL is known as Deep Reinforcement Learning (DRL),
enabling solutions to high-dimensional problems previously intractable, due to the computational limitations.

Meta-RL applies Meta-Learning to DRL [[17]. The goal of any Meta-Learning technique can be summarized in
learning to learn. Unlike traditional RL, which optimizes a single policy for a single task, meta-RL trains an agent to
succeed in a range of related tasks T, sampled from a continuous distribution £ (T), similarly to how humans leverage
prior experience for new, similar tasks. This enables the agent to generalize and adapt its policy efficiently, making it
more flexible in new, unseen environments. Each task T represents a different problem, with its own set of trajectories
Dy=1 (i=1,...,n) and return G (i.e., cumulative sum of rewards). The objective of meta-RL is to train an agent
on a limited set of tasks, enabling it to perform optimally in any task within that distribution, even those not encountered
during training. A set of network parameters 6 is learned so that mg(s|a; fp(T)) is the optimal policy for all tasks T,
maximizing the expected cumulative sum of reward over all the different tasks. Hence, the objective function is:

T~P(T) |7~7(:fo(T))

J(O)=_E { E [GT(T)]} (1

Meta-RL addresses the challenges that traditional DRL algorithms face when solving multiple related problems
with varying environments or observations. Standard fully connected NNs often struggle to specialize outputs for
different tasks, typically requiring larger networks, more data, and slower training. Unlike standard NN, meta-RL excels
in finding optimal policies for problems that cannot be formulated as Markov Decision Processes (MDPs), such as
Partially Observable MDPs, where the optimal control depends on both current and past observations.

The algorithm used here is Proximity Policy Optimization (PPO), which is an on-policy, actor-critic algorithm,
based on the concept of conservative improvements between two iterations, to avoid destructive updates [18]]. This is
actuated by limiting the objective function using a clip operator. The probability ratio r; of taking a certain action given
a certain state, with the current policy with respect to the one at the previous iteration, is:

70 (a|s;)

7o (asls;)

ri(0) = @)

By clipping it with the hyperparameter e, it is forced to stay in an interval around 1. The clipped objective function is:

JUP(@) = E  [min[r(6),clip(r;(0),1 —€,1+€)]A™ (s, a,)] 3)

By taking the minimum between its first two terms, a conservative (but pessimistic) objective is obtained. Figure|[T]
shows the behavior of the clipped function. For instance, if the advantage function is positive (A"« >0), it indicates
that the chosen action is significantly better than the others. If the probability of taking an action at the current step is



larger than the previous one (r,>1), the network’s parameters are updated to select similar actions in the next iteration.
However, the update is constrained to prevent over-exploitation in that direction. Conversely, if the current action gives a
negative advantage, the large negative objective value is not clipped, so that the parameters of the network are updated
in the opposite direction, to avoid repeating the bad action. Hence, the exploitation of outliers and abruptive changes is
avoided, since the policy is updated at every iteration using only an inherently limited set of data.

The objective function can be augmented with two terms. The first term is the quadratic error of the value estimation,
which is added only if the policy (actor) and the value (critic) are outputs of the same network. The second one is the
entropy term, which can be added to increase the level of exploration. It is reminded that exploration is always included
in PPO, given the stochastic policy from which actions are sampled. The complete objective function, where ¢ and ¢;
are two parameters to balance value function error and entropy exploration, is:

JPPO(O) = JCLIP(H) —c1(Vo(s) - Vtarget)2 +crH (mg(+lsr)) 4)

III. Transformer Neural Networks

Transformer NNs offer an efficient alternative to Recurrent NNs for processing time series by using attention layers
instead of recurrent layers. This design allows Transformers to process sequences in parallel, unlike RNN, which
must handle inputs sequentially. Attention and Transformers, introduced in 2017 in "Attention is all you need" [13]],
revolutionized generative Al, becoming the foundation of Large Language Models such as ChatGPT, Bard, and Gemini.

Before Transformers, LSTM represented the state of the art for time-series sequence modeling. However, feedback
loops and hidden states in RNNs tend to prioritize more recent information, making it difficult to discern dependencies
between distant elements in a sequence. Attention-based networks eliminate these constraints, allowing parallelization
and capturing dependencies over any distance. Additionally, by processing a sequence altogether, they do not compress
past information in fixed-size hidden states, as done in LSTM, avoiding suffering from vanishing/exploding gradients.

The attention mechanism calculates similarities between sequence elements to focus on the most relevant parts for a
task. Unlike RNNs, which create a single context vector, attention assigns weights to each element (i.e., token) based
on their relevance. The Transformer architecture works as follows: a sequence of states is split into several tokens,
each representing a time step. For each token, three high-dimensional representations are created: the query, key, and
value. They are vectors in a hyperspace, encapsulating the meanings and features of each state. The similarities between
keys and queries are computed using the dot product, to generate scores, which are used to update the values, using a
weighted sum. In this way, the "meaning" of each token is improved by updating its high-dimensional representation,
based on how different tokens relate to each other.

Attention-based networks, with their ability to capture distant relationships, have shown significant performance
improvements over LSTMs in many Supervised Learning domains. Their efficiency in handling sequential data makes
them ideal for partially observable RL problems, where the trajectory spans over a large number of steps and the crucial
observations for a decision are distributed over the entire length of the episode [[14]. However, their adoption in RL
problems did not take off rapidly, and most of the problems are still solved using LSTMs, due to the easier LSTM
implementation and the challenges Transformers face to converge to a meaningful policy. In [14], the authors proposed
an evolution of the Transformer architecture, suited to be used in an RL framework, called Gated Transformer XL.

Its structure is similar to that of a standard Transformer, as shown in Fig. @ The two main elements are the masked
Multi-Head Attention and the Position-Wise Feed Forward network. However, the normalization is now placed before
each sub-layer, and a gating mechanism, is located immediately after each sub-layer, replacing the residual connection.

GTrXL processes an input Y of total length L, which is a sequence of n temporally consecutive observations (each
with dimension m). It is first divided into T segments of length n, where each of the 7-th segments is:

Yr=[yr10- s ¥Yen) €ERP™, v=1,...,L/n 5)

For the first Transformer layer (k = 1), the input Y, passes through the initial encoder of Multi-Layer Perceptron,
becoming E, which is a high-dimensional representation of the input states sequence. E; can be augmented by adding
a set of actions and rewards from the previous m time steps. Moreover, the input to the Transformer layer is augmented
by a memory MX, which contains the outputs HX of that specific k-th Transformer layer from the previous 7' segments:

k k k k
M7 = [HT—T’HT—T+17 . ~7HT—1] 2

Next, the input passes through the normalization layer. After that, the queries Q’;, keys K’;, and values V’; are
generated and fed to the multi-head attention. For each attention head, the attention function is computed simultaneously,
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Fig. 2 GTrXL network architecture.

using the scaled masked dot-product, on a set of queries, keys, and values packed into matrices Q, K, and V. The
dot-product between queries and keys represents how similar/coincident are two tokens representations, producing the
scores for each pair. These scores are scaled with the softmax function to generate weights between 0 and 1, ensuring
proper normalization before performing the weighted sum of the values. By multiplying the attention scores and the
values, only those values multiplied by high scores are kept, filtering out irrelevant elements with poor affinity. The
masked operator (y) ensures causality in temporal sequences by preventing the use of future states in time.

X(QK") ) v
Vdj
The concatenated outputs of all the attention heads are "delta vectors" representing relationships between tokens, to

be added to the embeddings to update their high-dimensional representations. The multi-head attention output A’; is first
passed through a ReLU, then through the gating mechanism, together with the current input of the Transformer layer:

A(Q,K,V) = softmax ( @)

G = g(If, max(0,A%)) ®)

The three final steps to get the output HX are: a second normalization layer, a position-wise fully connected network,
and a gating mechanism. In [14], the authors found out that GTrXL achieved stable, fast, and reliable training. In
challenging, high-dimensional continuous environments, GTrXL consistently outperformed LSTM in terms of policy
performance and robustness to hyperparameter sensitivity.

This improvement is attributed to the placement of the normalization layer only on the input stream of the sub-layers,
allowing an identity mapping from inputs to outputs. This helps during early training phases when the sub-layers
output near-zero values, providing untransformed observations to the policy and value outputs. This approach facilitates
learning a Markovian policy first, which is then refined with the use of memory to adapt to multiple tasks [[14]. In
standard Transformers, input sequences are divided into shorter segments and processed one at a time. In contrast,
GTrXL reuses its output from previous segments as a form of memory, similar to the feedback mechanism in RNNs.

Considering an architecture as in Fig. [2a] the encoder input is composed of the last n observations y, (from timesteps
t —nto t). Thus, the GTrXL block takes the encoder output, the memory M, composed of the last T outputs of the
Transformer layer, and the last m — 1 actions and rewards as augmented input. The output of GTrXL H; passes through



a linear layer to obtain the current actions a, and value function V;. Recursively, the previous output of the Transformer
H,_; depends on the preceding n time steps and the previous memory vector M;_;. Hence, each time step’s output relies
on the most recent n steps of the most recent trajectory and the T vectors from the last T GTrXL outputs, containing
information about the last 7" sequences of length n, from current and previous trajectories.

IV. 6-DOF Powered Landing Problem
The space vehicle is assumed to be a rigid body with variable mass, neglecting sloshing and bending effects. The
Equations of Motion (EOMs) are expressed according to Classical Mechanics, expressed in the UEN (up-east-north)
reference frame, which is a rotating frame fixed on the landing site position. Hence, to ensure the validity of Newton’s
laws, fictitious forces have to be introduced. Thus, the translational motion EOMs in UEN frame are:

FUEN _ (UEN
JUEN _ _UEN , | UEN , nUEN UEN UEN UEN ®)
v =8 + E(Fthr + Faero,budy + Faer(),fins) —2w XV —wX (w Xr )

rUEN and vUEN represent the position and velocity of the vehicle’s Center of Mass (CoM) in the landing site reference

UEN RUEN gRUEN UEN
’ Fthr ’ Faero,body’ and Faero,fins

and the aerodynamic force of body and fins, expressed in landing site reference frame. The terms 2w x vUEN and
X (w x rVBN) represent the apparent accelerations due to the vehicle’s motion in the rotating frame: Coriolis and
centrifugal acceleration terms, respectively. Earth’s rotation rate is taken equal to w = 7.292115 x 107> rad/s.

The rotational dynamics of the vehicle body is defined by the Euler equations:

frame. The terms g represent the gravitational acceleration, the propulsive force,

+ M3

aero,fins

® =J5 M, +M2

B B
thr aero,body —w” X Jgw ] (10)

w?® represents the rotation rates of the vehicle expressed in the body axes with respect to the UEN landing site reference

frame. Jg is the inertia matrix of the vehicle expressed in the body frame, while Mgl , M3 ,MZ  are the
. . . r aero,body aero, fins
propulsive moments and aerodynamic moments of body and fins, expressed in body axes.
The vehicle’s body axes attitude is propagated using the quaternion kinematics equation:
494 —43 42
1 1 —ar | [
Q®=-0 0wf== q3 44 q1 s )
21-a2 a1 44
w3
—q1 —492 —9g3

Finally, since the vehicle mass m varies throughout the flight, its rate of change is propagated as additional EOM:

T
Ispgo

(12)

i =
T is the thrust magnitude, I, and g are the specific impulse and the gravitational acceleration constant at sea level.

A. External forces

The external forces acting on the rocket during the landing phase come from three different sources: gravity,
propulsion, and aerodynamics.

The gravitational force is the force exerted by the central body on the vehicle. Expressed in Cartesian coordinates
centered at the landing site frame (UEN), it can be approximated as:

Fg™ =mg™ =-m[g. 0. 0] (13)
Given a propulsion frame aligned with the thrust force vector, the thrust force in the body frame is expressed as in [19]:

Fﬁlr = [T cosercosyr, Tcosersinyy, —T sin er]” (14)

er, Y are the thrust force angles, due to TVC actuators, with respect to the body frame.



The aerodynamic forces are relevant during the landing problem, affecting the motion of the vehicle. They depend
on the vehicle shape, on its orientation with respect to the velocity vector (aerodynamic angles « and ), and on the
dynamic pressure g.

In this work, the coefficients are stored in lookup tables, already in the body frame, as axial (C4) and normal
coefficients (Cy). They are then transformed to Cx, Cy, and Cz, using the aerodynamic angles @ and . Therefore, the
aerodynamic forces X, Y, and Z, in the body reference frame, are expressed as:

F3 (X, Y, Z]" =GSrer[Cx, Cy, Cz]" (15)

aero,body =

In addition to the aerodynamic forces generated by the body of the rocket, the aerodynamic forces generated by
the fins are also included. Given the reduced fin area with respect to the vehicle body area, the axial force of the fins
is neglected, while only the component normal to the fin surface is considered [20]. Neglecting flow separation, the
normal contribution has a sinusoidal dependence on the fin local angle of attack (ajocar). C 'fin 18 the maximum normal
fin force coefficient. Thus, the normal fin force coefficient in the fin reference frame is:

Cfin (a1ocal) = C_wfin sin (@ocat) (16)

The local angle of attack is computed differently for the two pairs of fin. Since one pair is associated with the control of
the pitch plane (fins 1 and 2) and one with the control of the yaw plane (fins 3 and 4), they are respectively related to
angle of attack and angle of sideslip:

«, i = Brini — @ i=1,2
local,i ﬁf n,i . (17)
Qlocal,i = :Bfin,i - ﬁ i=3,4
The aerodynamic force normal to the fin surface is then calculated, in each fin frame (¥, x), as:
F(Z-;:'(”ayfin,i = quianin(a'local) (18)

Then, for each aerodynamic force of the four fins, a rotation takes place, to express them in the body frame. The fins
controlling the pitch plane give force components along the Xg and Zg axes:

F,pitch . )
Fae:)(i,t;fimi sin (_ﬂfin,i) COos (_ﬁfin,i) —sim (_ﬂfin,i) 0 0
B F,pitch .
Faero, fini = i 0 = 0 0 ~U| | Facholyrmns i=1,2 (19
gyt cos (~Brini)| [sin(~Brini)  cos(-Brims) 0 0
The fins controlling the yaw plane give force components along the Xg and Yg axes:
7, : .
_Faegoa,vaf,-n,,- sin (_,Bfin,i) Ccos (_IBfin,i) — S (_ﬁfin,i) 0 0
. F, .
Fﬁ.n,i = F(Zry”“f;ﬁm cos (=Bfini) | = [sin(=Bfini) o8 (~Bini) O Faery;‘;fm.i i=3.4 (20)
0 0 0 1 0

B. External Moments

The external moments acting on the vehicle are the propulsive and aerodynamic moments, generated by the body of
the vehicle and its fins. Given the relatively small size, the gravity gradient over the vehicle is negligible. Thus, the
gravitational moments are not considered in the problem.

The thrust moments Mglr acting on the vehicle in the body frame are computed with the cross product between the

propulsion force Fﬁr and fixed engine gimbal position relative to the CoM (Xt — Xconr)-

It is assumed that the aerodynamic moments M2 generated by the body of the vehicle around its CoM are
aero,body
B

caused only by the aerodynamic forces Foerobo dy applied in the center of pressure (CP), calculated as the cross product
between the aerodynamic forces and the distance between CoM and CP (Xcp — Xconr). Additional moment damping
coeflicients are very difficult to estimate for rockets and therefore they are assumed equal to zero in this work. As
pointed out in [21]], it is a conservative assumption since the damping term would make the response slower and more
stable. The center of pressure position X¢ p depends on the aerodynamic angles and Mach number and it is tabulated
together with the aerodynamic coefficients.

Similarly to the body, also the fins” aerodynamic moments Mfem fins
forces Ffem ini and the distance between each of their CP and the vehicle CoM (Xfincp,i — Xcom). Given the small

size, each fin’s CP is assumed to be the fixed attachment point on the rocket.

are calculated only using the fins acrodynamic



Table 1 Initial conditions in UEN landing site reference frame, and uncertainties.

Description Symbol Unit Nominal Dispersion
Elevation position X0 m 2000 U(1900,2100)
East position Yo m 200 U(180,220)
North position 20 m -200 U (-220,-180)
Vertical velocity Vo m/s -100 U(-110,-90)
Horizontal velocity (East) Vyo m/s -25 U(-30,-20)
Horizontal velocity (North) Vo m/s 25 U(20,30)
Roll do deg 0 U(-5.5)
Pitch 0o deg 20 U(15,25)
Yaw Yo deg 20 U(15,25)
Roll rate Wx,0 deg/s 0 U©0,0
Pitch rate Wy 0 deg/s -5 U-7.5,-2.5)
Yaw rate wz,0 deg/s -5 U(-7.5,-2.5)
Mass mo kg 4000 U(3900, 4100)
Density uncertainty Ap kg/m? 0 U(-10%,10%)
Aerodynamic uncertainty ACx,ACy,ACz - 0 U(-15%,15%)

C. Initial conditions and uncertainties

The mission scenario in this work is the terminal phase of a reusable launch vehicle re-entering Earth’s atmosphere,
focusing on the powered landing phase after the aerodynamic descent. This phase is the final stage in both Down-Range
and Return-To-Launch-Site landings, and it is largely independent of the mission profile. The nominal initial conditions,
and the corresponding dispersions, are shown in Table

The initial altitude is set at 2000 m, while the horizontal initial position is chosen to be 10% of the initial altitude,
following the scenario adopted in recent CALLISTO studies [6}22]. Many landing videos of Falcon 9 missions show
the start of the propulsive phase at about 2 km. The initial vertical velocity is 100 m/s, scaled to be 20 times smaller
than the initial altitude, as done in [[15]]. Initial horizontal velocities, pitch and yaw angles, and angular rates are chosen
with engineering reasoning to reflect real flight conditions. The nominal mass value is the same used by [23] and [19].

Table[T] presents the initial dispersions that are sampled from uniform distributions at the start of each simulation.
10% uncertainty is chosen for the horizontal position, while only 5% for the initial altitude since it is known with
more precision because it is the variable that triggers the beginning of the propulsive landing. Dispersion on vertical
velocity is 10%, similar to what is done by [[15], while it is 20% on horizontal components, due to lower absolute value.
Dispersions on rotational states are chosen to be a few degrees (or degrees per second) since these variables are not very
large in absolute terms. Mass dispersion is 2.5%, close to the value used by [24].

The most uncertain dynamic variables are those related to atmospheric and aerodynamic properties. At such low
altitudes, density and aerodynamic coefficients can have large local variations due to changes in weather conditions and
imperfect knowledge. At the start of each simulation, values are sampled from the uniform distributions shown in Table
[T} similar to the ones used in [25]. They are kept constant for the entire simulation and applied as multiplicative factors:

p=(1+Ap)pnom; Ci=(1+AC)C 21

lnom

D. Control and navigation errors

Variations of initial conditions and imperfect knowledge of complex dynamics are great sources of uncertainties that
affect the vehicle’s flight. However, other error sources affect guidance and control algorithms, primarily related to
hardware, such as the errors introduced by the navigation and control modules.

The navigation module introduces errors due to biases, misalignment, and intrinsic sensor inaccuracies. Hence, to
simulate navigation errors, Gaussian noise is added to the actual states x, generating the estimated states X:

x=x+ N(0,0%) (22)



Table 2 Navigation uncertainties. Table 3 Control uncertainties.

State variable 1o Control variable 1o

Ty sTry 5O, 0.15m OTpias 1%

Ty s Oy, s O, 0.1 m/s OTsrror 1%
TwyeOwy 0w, 0.15deg/s Oeérs T 0.25 deg/s
Ty, 09, Oy 0.15 deg OB ins piren; > Bfins.pireiy 0.25 deg/s
O fins varws TBrins.yans 0.25 deg/s

In this way, errors are sampled from pre-defined distributions at each time step, and added to the actual states, to avoid
accumulation. The estimated states are used by the GNC system to calculate the control actions, while the actual states
to propagate the dynamics. Table [2]shows the standard deviation for each error, which are assumed uncorrelated with
each other.

Errors in the control module arise because imperfect actuators’ performance deviates from commanded values.
Moreover, actuator dynamics are not considered, missing the modeling of transients due to friction, inertia, and damping
effects. To model these real-world effects, errors are added to the commanded control variables output by the neural
network. TVC and fin deflection rate errors are sampled from Gaussian distributions at each time step, and summed
to the commanded values. Thrust magnitude error combines two terms. A constant bias, sampled from a Gaussian
distribution at the start of each episode, multiplies the nominal thrust value along the entire trajectory. An additional
multiplicative factor is added, sampled from a Gaussian distribution at each time step, to simulate uncertain thrust
values. Table 3] presents the standard deviation for each error. They are assumed uncorrelated with each other.

E. Environment models

Given the short flight time and the relatively low altitude, it is chosen to approximate the gravitational acceleration as
a simple central-body field, calculated as an inverse quadratic function of the radial distance from the center of the Earth.

The atmospheric model used in this work is US76 [26]], as a result of a trade-off between modeling accuracy and
computational time. It calculates temperature, pressure, and density only as functions of altitude, divided into multiple
layers. The atmosphere is assumed a perfect ideal gas, homogeneously mixed, and in hydrostatic equilibrium.

The wind acts as a perturbation on the vehicle, altering its aerodynamic angles, deviating its motion, and increasing
the dynamic loads. It is modeled as the sum of a steady component, and an unpredictable, short-duration component.

The steady wind component is generated using the Horizontal Wind Model 14 (HWM14) [27]], which is an empirical
model that provides the meridional wy s (north-south) and zonal wgw (east-west) wind velocity components based on
location, altitude, and time of year, including solar disturbances. The model assumes negligible vertical wind due to its
much smaller magnitude compared to horizontal winds.

Given the relatively small altitude range and short time frame, only small-scale perturbations are considered. A
first-order auto-regressive model is used in this simulator, computing a perturbation at each position from the correlated
perturbation value at the previous position. Considering a normalized variate u(ry) (where u(ry) is the value of the
deviation of the variable with respect to the mean, at the position r, divided by the standard deviation), the perturbation
at the following position rg. is calculated as:

p(rier) = pu(re) + V1 - p2q(r) (23)

q(r) is a Gaussian-distributed random number with a mean equal to 0 and standard deviation equal to 1, while p is the
auto-correlation term between values at two successive positions ry and ri.i. In this work, given the short time scale
and horizontal displacement, the auto-correlation factor is assumed only dependent on the vertical position:

p(or) = exp(—%) (24)

Wind gusts are added on top of this. They are modeled as a "1-cosine" shape, so that there is a peak at a given altitude,
and it is dumped out at altitudes above and below it. For each new simulation, there is a 50% chance of creating a wind
gust in the meridional or zonal direction. As shown in [28]], the equation used to model them is the following:

0 if h <Qorif h > 2d
Vwind,gust (25)

Yo |1~ cos ()| if0<h<2d



d is the gust half-width, randomly varying between 125 m and 375 m. v,,,, is the gust maximum magnitude vector in
correspondence of the half-width, randomly varying between +5 m/s and A the position of the vehicle inside the gust
width. The wind gust is superimposed on the sum of mean wind and turbulence. Thus, the total wind is computed as:

0
Vywind (T) = wew (1) + ,u(r)o-WEW (r) |+ Vwind,gust (26)
WNs(r) + u(r) Ty (T)

F. Vehicle model

The reference vehicle is a first stage rocket booster, similar to real-world current and future reusable launch vehicles,
such as Falcon 9 and CALLISTO [5}6]]. It is equipped with two sets of aerodynamic fins, and with a single engine,
gimballed around two axes. It has an axis-symmetric shape, a diameter of 1.5 m, and a total length of 15 m. The vehicle
parameters are summarized in Table[d] They are either taken from [19], [23]], or chosen using engineering reasoning.

Modeling the Mass, Center of Mass, and Inertia (MCI) with enough accuracy is crucial to have realistic simulations.
For instance, CoM position affects the moment arm in external moment calculations, while inertia influences rotational
dynamics. A low-fidelity model with a constant CoM can lead to significant discrepancies, as actuator deflections
calculated for a fixed CoM may generate control moments not matching real-flight conditions, due to a different lever
arm. Therefore, a more accurate analytical model is used for the MCI, and its parameters are presented in Table[d The
CoM is assumed to lie on the rocket’s longitudinal axis and the inertia matrix is considered diagonal, containing only
the principal moments of inertia. Due to the vehicle’s axisymmetry, two of them are equal:

Ja(t) 0 0
Joy=1 0 JIn() 0 27)
0 0 Jn ()

As described in [19], the MCI model is based on the fuel mass depletion, with respect to the initial value:

m rop (t)
n(r) = == (28)
Mprop (IO)
M prop 18 the total propellant mass, which is the sum of fuel m f,.; and oxidized m,,,.
The CoM is calculated using the varying masses and height levels of fuel and oxidizer in the tanks:
l hfuel (t) hox([)
xC()M(t) = m |:mfuel (t) (htank,fuel + ) + Moy (t) htank,ox + T + mdryhdry (29)
hfuer(t) and ho () is the level of propellant in each tank at a given time step, calculated as:
hy (Z) = n([)dmnk,x (30)

Given constant propellant densities, h"z(’) represents the CoM height of each propellant with respect to the tank’s base.

The axial J4 and lateral components J are calculated as:

1
Ja(t) = zmprop(t)r?ank +JA,dry (31)

1 1
In (1) =5 puer (1) (3r,2,mk + hi.uel(t)) + 3Mox (1) (3rfank + hf,x(t)) +JIN.dry+

hfuel([) hox (x)
2 2

(32)

2
mfuel(t) (htank,fuel + _xCOM(t)) +mox (1) (htank,ox + —Xcom(t)| +

2
Mary(hary —Xcom)
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Table 4 Vehicle parameters.

Description Symbol Value Unit
Initial wet mass mo 4000 kg
Dry mass Mgry 2750 kg
Minimum thrust Tonin 40 kN
Maximum thrust Tiax 100 kN
Thrust rate limit Tinax 10 kN/s
Specific impulse Isp 282 S
Maximum TVC deflection angle €T s YTmax 10 deg
Maximum fin deflection angle Brinimax 25 deg
Maximum TVC deflection rate €Trnis UTun 15 deg/s
Maximum fin deflection rate BFiniman 200  deg/s
Fin area Stin 0.54 m?
Longitudinal fin position wrt bottom stage Xtins 11.1 m
Engine gimbal position wrt bottom stage X7 (03,0,0) m
Base fuel tank location wrt to bottom stage Rtank, fuel 1.2 m
Base oxygen tank location wrt to bottom stage  hygnk,ox 5.4 m
Fuel tank length drank, fuel 3.3 m
Oxygen tank length drank,ox 5.97 m
Tank radius Trank 0.7 m
Dry rocket CoM position hary 3.585 m
Dry rocket axial moment of inertia Jadry 5880  kgm?
Dry rocket lateral moment of inertia IN . dry 39000 kg m?

V. Meta-RL reward function design
The guidance system employs meta-RL to determine the optimal closed-loop guidance strategy for landing a rocket.
This method allows the agent to use its past experiences to select the best control action at each time step.
The control vector output of the policy is composed of 7 elements: thrust rate, two TVC deflection rates, and four fin
deflection rates:
u= [T’ ér, lj/T9 Bf'ins,pitchl > Bfins,pilchz > ,B'fins,yaw3 > Bfins,yawzt] (33)

The choice of the rates instead of the deflection angles is driven by the necessity of enforcing constraints on both the
rates and the deflection angles. The same reasoning applies to thrust magnitude and thrust rate.

The inputs to the neural network are all the observations x available from the dynamics. If the states are not
perturbed, the observations are coincident with the states.

X =[rx,rys rz»VX9Vy,Vz,wx,wyswza qls q25 q3s q4s

(34
€T, l/’T7 ﬂfins,pitchl aBfins,pitchzv,Bfins,yuw3,ﬁfins,yaw4, T,m, t]

Using pyrlprob, an open-source Python library that facilitates the training, evaluation, and post-processing of
Gym-based environments using Ray-RL1ib, a framework is created to define the neural network and the rocket landing
dynamics needed for the training and evaluation processes.

To ensure consistent magnitudes across state variables, the entire problem is normalized, selecting a minimal set of
reference units. The normalization facilitates the NN training, which is improved if it handles values close to the unit.
Similarly to what is done by [5]], the chosen reference variables are: nominal initial altitude (2000 m), nominal initial
mass (4000 kg), gravitational acceleration (9.80665 m/s), ambient temperature (288.15 K) and pressure (101325 Pa).
Manipulating the first three variables, reference values for time, velocity, and acceleration are found. Finally, each state
variable, vehicle, or environment parameter is divided by the reference value corresponding to its unit of measure.
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Training a neural network to learn a policy involves running numerous episodes over several iterations. In each
iteration, new simulations are initialized with uncertainties and initial conditions sampled from given distributions.
During each episode, actions are performed based on the current network policy, and the EOMs are propagated. Initially,
the agent’s policy is random, with unrealistic behavior, such as the vehicle rotating with extremely unrealistic angular
rates and attitude. As training progresses, the agent learns to identify good and bad actions based on its current state,
refining the neural network’s weights and biases to improve its policy over time.

One of the most crucial and challenging aspects of RL is defining the reward function. This scalar value communicates
to the agent what needs to be achieved, indicating how good a specific action is at a given state in pursuit of the desired
goal. The reward function is central to ensuring that the network learns the correct policy. A poorly designed reward
function can lead the policy to diverge completely from the intended objective. Since the NN is trained to maximize the
expected reward, if the reward function does not align with the user’s goal, the agent will still learn a policy, but it may
be entirely different from what was intended.

The starting point typically involves understanding the underlying physical problem to identify its key features and
defining a clear goal that represents the policy the network should learn, similar to an objective function in optimization.
Reward functions can be sparse, providing bonuses and penalties only at the end of each episode, or dense, offering
rewards at each time step. While sparse rewards are often more optimal, they can lead to slow or ineffective training. In
fact, the network may struggle to capture relationships between a single terminal reward and the entire sequence of
states and actions throughout the trajectory, especially in problems with many time steps, states, and controls, where it
would condense a lot of information of the entire episode. For instance, it is hard for the agent to understand the cause
of a poor trajectory from a single scalar reward in the early stages of training, when the policy is random, and the rocket
exhibits erratic behavior, such as rotating rapidly along each axis or landing far from the site. In complex dynamics
problems with many states, controls, and long episodes, it is often preferred to incorporate bonuses and penalties at each
step to guide the agent toward the desired terminal states.

Providing dense rewards at each time step helps to guide the vehicle toward learning the correct policy. However,
this approach can slightly reduce optimality because the trajectory becomes more "constrained" by the shape of the
reward function. Logarithmic and exponential functions are useful in guiding the vehicle towards "attractive points"
[29] due to their steep changes near these points. Additionally, quadratic functions can accelerate convergence.

In the 6-DOF rocket landing problem of this work, the primary goal is to land the vehicle with specific terminal
properties, such as proximity to the landing site, minimal vertical and horizontal velocities, a controlled vertical angle,
and acceptable residual angular velocity. Minimal fuel consumption is also a key factor. Therefore, a reward function,
made of a component (shaping reward) at each time step and a term (ferminal reward) at the episode’s end, is designed
to guide the agent in learning the optimal policy while adhering to path and terminal constraints:

* Drive position components toward landing site: terminal horizontal position < 10 m radius

* Guide velocity to zero at landing site: terminal vertical velocity < 2 m/s, terminal horizontal velocity < 1.5 m/s

* Avoid large angular rates: angular rates < 15 deg/s for each axis during flight, terminal angular rates < 3 deg/s

for each axis at touchdown

* Keep the vehicle in a stable attitude: terminal vertical angle < 3 deg

¢ Minimize mass consumption
In the next paragraphs, each term of the reward function is described.

A. Position

A logarithmic dense reward function is defined for the position component, giving a bonus that increases as the
rocket approaches the landing site. The reward is zero at each episode’s initial position and theoretically infinite at the
exact landing point r=03. This bonus is applied only if the rocket is descending, while, if it is hovering or ascending, a
fixed penalty is given to discourage this behavior.

rx Ty 1z

rx Ty 1z

-0.015 sign[log(%)llog(%) , ifr(r) < (r=1)

Rpos = (35)

-0.2, otherwise

The logarithm’s argument is the norm of the position components, each normalized by its initial value and divided
by the square root of three. This setup ensures that only positions within the initial conditions yield a positive bonus,
with the argument being one at the initial position and zero at the target position. To enhance convergence toward the

12



"attractive" region near the landing site, the square of this logarithm is used. However, squaring the expression could
result in a positive bonus for positions higher or farther than the initial conditions. To address this, the expression is
multiplied by its sign, ensuring positive rewards only within the initial boundaries and negative penalties otherwise.

This expression ensures that the region near the landing site offers significant rewards, driving the agent toward it.
Thanks to the collected experience, the agent learns the desired policy by associating large bonuses with proximity
to the site and penalties for drifting away. As a secondary effect, this position-related reward helps reduce terminal
vertical velocity. Since proximity to the target yields large bonuses, the agent is motivated to remain in these favorable
positions, rather than at a higher altitude or larger horizontal displacement, to maximize the cumulative reward. To
prevent indefinite hovering at low altitudes to exploit this bonus, a penalty for increasing altitude is added, along with a
maximum time horizon and a bonus for successful landing. These measures help prevent the agent from "hacking" the
reward function by indefinitely hovering to accumulate bonuses. Slowly approaching the landing site and landing gives
a bonus larger than hovering above the target until the time horizon expires.

Il Position reward surface 2000
2000 Bonus=0
1500
1500
n
=
5 1000
A 1000
500
500
0 20
300 200 10001500
100 500 0
Altitude [m]

Horizontal position [m]

Fig. 3 Position reward function formulation.

Thanks to the scaling of each position component by its initial value, only position states very close to the landing
site yield high rewards. As shown in Fig. [3] there are peak values near zero altitude and horizontal position, with
a reward close to zero elsewhere, preventing the agent from "hacking" rewards by hovering and drifting away. For
instance, given an initial position of (2000, 200, 200) m, landing 200 m from the target yields a normalized vector of (0,
1, 1). Hence, the argument of the logarithm is close to 1, giving an almost null reward, and encouraging the rocket to get
closer to the landing site. As detailed in [30], the normalization with respect to the initial position prevents the agent
from exploiting low-altitude states far from the target.

Training with a wrong position reward led the rocket to hover at low altitudes and drift away from the landing site.
Adjusting the formulation with normalization corrected this issue, remarkably increasing the landing position precision.

B. Velocity

The velocity component of the reward function includes a penalty based on the deviation from a reference exponential
velocity profile v,.. ¢ at each time step. This target profile guides the velocity components from their initial values to
zero, and it is based on the rocket’s position and the approximated time to go, which is estimated using the ratio between
position and velocity vectors. The penalty is the norm of the error between the rocket and the reference velocities.

Il

_ el 36
vl G0

Vrer = = [IVoll ”—:” (1 - e‘”’%) ; =043 (37
Ryer = =0.01||v,er — V| (33)

This approach is largely used in similar RL problems [31]], where it has proven to be effective, but also led to suboptimal
fuel consumption [7]. Given its suboptimal nature, its relative weight with respect to other terms in the total reward
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function is kept lower. Since it only produces negative values, its significance diminishes as training progresses. Over
time, other reward terms, such as the position component, provide substantially larger positive bonuses, making the
velocity reward relatively less influential. Consequently, it only partially guides the velocity to follow the target reference
profile and it is likely the least impactful term in the total reward function. Additionally, as mentioned earlier, the
position reward also aids deceleration toward low-velocity states near the end of the flight.

C. Angular rates

The maximum angular rate for roll, pitch, and yaw is limited to 15 deg/s throughout the trajectory to prevent
excessive rates and facilitate the decoupling of translational and rotational motion. Furthermore, high angular rates
make it difficult for the fins and the TVC to control the vehicle, as actuator directions change rapidly. Additionally,
excessive rates could induce fuel sloshing, not modeled in this work.

At each time step, a penalty is applied if the angular rates exceed this limit, otherwise, a bonus is given. Both are
proportional to the difference from the constraint @,y

RHwII = -0.0006 [(”‘Ux” - ‘Dcstr) + (”wy” - ‘Dcstr) + (”wz” - ‘Dcstr)] (39)

This formulation discourages the agent from exceeding the maximum rates, stimulating it to minimize angular rates to
avoid unwanted oscillations. However, the requirement is not strictly enforced, meaning that the total reward can still be
large if angular rates are kept low for a major portion of the flight, even if the constraint of 15 deg/s is slightly exceeded
at some time steps.

D. Vertical angle
Maintaining the rocket’s correct orientation throughout the flight is crucial for stability, to prevent catastrophic
failures. The goal is to keep a stable, near-vertical attitude so that the thrust counters gravity and downward velocity.
In the UEN reference frame used, pitch and yaw are defined as the rotation around the horizontal y- and z-axes. An
auxiliary angle "vertical angle" (9) is defined as the angle between the X g-axis of the rocket’s body frame and the
vertical Xygn-axis of the landing site:
6 = arccos (cos 8 cos i) (40)

The objective is to prevent unstable orientations and encourage a pseudo-vertical attitude, balancing stability with
maneuverability. The reward term is a piecewise function provided at each time step. A penalty is assigned when the
vertical angle exceeds /2 rad (i.e., 90 deg), proportional to how much the rocket points downward, as such orientations
require significant correction. No reward is given for angles between 90 and 50 deg (i.e., 57/18 rad), while a fixed
bonus is awarded below 50 deg. A constant bonus, instead of a proportional one, prevents encouraging a fully vertical
orientation, which could reduce flexibility in correcting for horizontal displacement or tilted starting orientations.

-0.02(6 - %) ifo>%
Rs =30 ifZ>06>3% (41)
+0.005, if§ < 3%

E. Mass
The minimization of fuel consumption is the most straightforward term, where a penalty is given proportional to the
mass difference at each time step.
Rinass =2 (m(tk) - m(tk—l)) 42)

F. Terminal reward
While the five described components are provided at each time step, the terminal reward is given only when the
termination conditions are met and the flight ends. Since the fulfillment of the terminal constraints defines the landing
success, the goal is to give hints to the agent as to whether it landed correctly or not. The terminal states are not only a
consequence of the controls at the last time step but also of the sequence of previous actions performed during the flight.
For each terminal state, if the predefined threshold (outlined in the previous bullet points) is exceeded, the agent gets
a quadratic negative penalty, proportional to how much it is violated. Conversely, if it fulfills the requirement, the agent
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receives a logarithmic positive bonus, to suggest that achieving a terminal state of zero is the ideal outcome.

(43)

R. = ki(x —€x)? ifx > ex
kalog (%) ifx <ex

Logarithmic functions are used because they provide a theoretically infinite bonus for achieving an exact zero, unlike
quadratic functions, which are capped. This strongly incentivizes the agent to prioritize states close to the desired values.

In Eq. (@3), x describes the normalized terminal variable considered, while % is the corresponding normalized
terminal requirement. € is a multiplicative factor that progressively enforces the terminal values, decreasing exponentially
through the training. Introduced by [32} 33]], this e-constrained approach allows looser terminal constraints early in
training when the agent has a more exploratory behavior and it has no clue on how to accomplish its tasks. In this phase,
it helps the agent to understand the advantage of landing near target states. As training progresses, € gradually tightens,
enforcing stricter terminal conditions, to refine the agent’s behavior to meet the exact thresholds. This approach has
proven successful in similar space applications [[15].

€0 ifi <ip
i-ig
@=1e (L) 7 ifig<i<iy (44)
€f ifi>iy

€0 and 7o represent the initial value and iteration when e starts to decrease, while ey and iy denote the final value and the
iteration when the decrease stops. During the early training phase, where the agent explores the design space, larger
constraints (€9 = 3) are allowed. € begins to reduce at iteration ip = 1500 once the agent’s policy starts to be somehow
defined. After around 70% of the training (i r = 7000), € becomes constant (€5 = 1) to fine-tune the policy.

For position, horizontal velocity, vertical velocity, vertical angle, and norm of angular rates there is a terminal reward
term. Furthermore, there is a component for the landing altitude. It gives a fixed bonus if the rocket lands on the ground,
while a penalty, proportional to the final altitude, is applied if the simulation terminates mid-air. Finally, an extra bonus
is given if all the six constraints are fulfilled. Therefore, the final expressions for the terminal reward components are:

-32 (“rY’rZ”_gth”)z if ”ry’rz” > €Fhor

Rr erminal = 45
porterminel =y g log (Il if [[ryore]| < €Fnor (45)
=24 (Jlvxll - E‘ﬂ)‘vert)2 if [[vill > €Vyers
Vvers,terminal = vl . ~ (46)
~0.2410g (—) i ([vell < €Pvere
-16 (||vy,v2|| - Ef/hor)z if Hvy, vZ” > €Vhor
th,,r,terminal = ||vy,vz|| . - (47)
—0.16log (Thw) if Hvy,vz” < €Vphor
. ~0.8(6—€8)> if6>€b i
prerminl =1 _0.121og (&) if 5 < €d (*9)
~ \2 -
4107 ([l wy, 02 = ell@ll) i o, oy, 0] > ello]
R w| rerminal = (49)
et Iwa’wy’szI . -
—0.041og (W) if “(’-)x’ Wy, wz“ < €l

—8ry ifry > 7y
R ) - 50
landing,terminal {0.8 if re < Fx ( )

10 if all constraints respected
Rbonus,terminal = . (5 1 )
0  otherwise
The final expression for the terminal components is the sum of all the previously shown terms:
Rterminal =Rrhor,terminal + vae,,,terminal + th(,r,terminal + R&,terminal + R||w||,terminal (52)

+ Rlanding,terminal + Rb()nus,terminal
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Table S Meta-RL hyperparameters setup.

Parameter Value
Batch size 8192
SGD minibatch size 128
SGD iterations 15
PPO clip parameter 0.01
Value function network [256,128,128]
Number workers 8
Environment per worker 8
Activation function tanh
Attention dimension 128
Number of heads 4
Memory length 250
Sequence length 128
Previous actions and rewards 250

Encoder MLP layers [256,128,128]

G. Summary

A trial-and-error approach is used to tune the weights of each term in the reward function, similar to single-objective
optimization where conflicting objectives are combined. For instance, minimizing fuel conflicts with reducing vertical
velocity, as fuel is converted into thrust for deceleration. Thus, a balance between mass consumption and velocity must
be found. Similarly, this applies to all the terms in the reward function.

During training, various metrics were monitored using TensorBoard to track trends and infer which features the
agent was learning. If performance was unsatisfactory, the reward function weights were iteratively adjusted based on
what was observed. This provided insights into whether the agent was minimizing some state variable errors at the
expense of others. The final expression of the total reward function is the sum of the terms given at every time step and
the ones given only at the end of the episode:

€0
R= Rpos + Rvel + RHwH + R(S + Rmass + :Rterminal (53)

The term 2 gradually increases the importance of terminal constraints relative to the dense reward. The dense
reward only guides the agent early on toward the correct direction to have a meaningful policy, while terminal constraints
are the real objectives to be optimized later in training.

Table [5] presents all the relevant parameters used in the neural network and in the RL algorithm, to reproduce the
results. Furthermore, the learning rate is linearly interpolated between 10™* and 10~ between 0 and 8-107 time steps.
The entropy coefficient is linearly interpolated between 10~* and 0 between 0 and 4-107 time steps. Preliminary analysis
on optimal trajectories showed that simulations last no more than 35 seconds, given the initial conditions in Table [T}
Hence, the maximum time horizon in RL training is set to 40 seconds, to prevent "hacking" the reward function.

VI. Results

A. Meta-RL results

After training the agent for 9500 iterations, the solution is postprocessed and analyzed. As typically done in RL
problems, once the training is finished and the network is deployed for analysis, the stochastic component is removed,
making the policy deterministic [15)]. Therefore, instead of outputting the probability of taking an action from a
distribution, the network gives the expected value of the control action distribution. In PPO, since the action distributions
are considered Gaussian, the output is the mean. Figure[d]presents the trend of the cumulative reward against the training
iterations, as the training session progresses. Given the initial rapid rise and the plateauing after several iterations, it can
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Fig.4 Cumulative reward (moving average for 50 iterations) with respect to training iterations.

be determined that the NN has converged to a set of internal parameters. 1000 Monte Carlo simulations, considering all
the uncertainties and initial dispersions, are run to evaluate the performance of the learned policy.

What can be seen in Table[6]is that the mean values of the terminal constraints of horizontal position, horizontal
velocity, angular rates, and vertical angle are very close to zero, which is the desired goal. Also, the standard deviations
are small, meaning that the terminal variables are not excessively dispersed, without significant outliers.

This explanation is supported by Fig. [5] where all the simulations successfully terminate close to the targets, inside
the terminal constraints identified by the dashed lines, except for the vertical velocity. In Fig. [54] it is observed that the
terminal position is within the 10 m radius constraint, by a considerable margin, in all the 1000 runs. Similarly, Fig. [5b|
highlights that the terminal angular rates are well within the 3 deg/s boundaries. Figure [Sc|confirms the compliance
of the guidance policy with respect to the terminal horizontal velocity of 1.5 m/s. All the simulations are within the
requirement, with about 1 m/s margin. Likewise, Fig. [5d]illustrates that the rocket always lands with a vertical angle
significantly lower than the 3 deg constraints. The only terminal variable that exceeds its limit is the vertical velocity.
While the rocket should land with a vertical velocity between -2 and 0 m/s, the mean value is about -3 m/s (Fig. [5¢]). Out
of 1000 simulations, about 70 are compliant with the constraint, while the others have a maximum violation up to 3 m/s.

The slight violation is primarily due to conflicting terms in the reward function, requiring careful balancing to
prevent certain variables from dominating others. For instance, by over-encouraging the reduction of the vertical
velocity, the agent tends to exploit the reward function, persistently remaining in low altitude, low velocity states close to
the landing site to maximize the cumulative reward over time. This behavior often exposes the rocket to wind influence,
resulting in large TVC deflections to correct horizontal state errors. These corrections, however, significantly worsen
other variables, especially those related to rotational motion: attitude and angular rates. Therefore, given the current
reward function formulation, the neural network finds optimal to allow a slight violation of about 1 m/s of vertical
velocity, to ensure compliance with constraints on other terminal variables.

Unlike other states, influenced by thrust, TVC, and fins, the vertical velocity constraint is challenging because it is
the only variable that solely depends on thrust magnitude, offering fewer control options. Moreover, the vertical velocity
is "one-sided," exceeding the target value of O m/s only negatively. If it becomes positive, the rocket skips upward,
making landing impossible unless the engine shuts down. This limitation leads the policy to conservatively prioritize
other variables in such uncertain environments, avoiding the risk of skipping or worsening rotational states.

A simple, but effective, solution to this is to increase the thrust magnitude in the last few meters above the landing
site (e.g., 2/3 m), creating a guidance mode for the vertical descent based on a solution to the uniformly accelerated
motion. This correction substitutes the output of the neural network and it correctly solves the vertical velocity issue,
eventually yielding 100% success rate, if the other terminal variables were already respected by a margin.

Figure [5]illustrates the trajectory flown for 1000 Monte-Carlo runs, highlighting large initial position dispersion.
Despite this, a common path emerges across all flights. Initially, the rocket follows an inclined trajectory toward the
horizontal position of the landing site. Once above it, a vertical descent is performed, controlling the rotational motion,
while progressively reducing the vertical velocity and nullifying the horizontal one. Finally, right over the landing site,
a final maneuver is performed to shrink the horizontal dispersion and land as close as possible to the target position.
This clearly visible trend is mainly driven by the position component of the reward function, which encourages to take
advantage of the high bonuses associated with states with small horizontal displacement. Even if not observable in this
figure, the other terms of the reward function simultaneously incentivize to control rotational motion and reduce velocity.
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Fig. 5 Meta-RL GTrXL-based policy of 1000 Monte-Carlo simulations.
B. Comparison with LSTM

As mentioned in Sec. [, RNNs are typically used in many similar RL space guidance problems, for their easy
implementation. In this work, it has been hypothesized that Transformer-based NNs would outperform LSTMs in
complex, high-dimensional G&C problems, such as the one considered here. To confirm this hypothesis, a new training
session is done, substituting GTrXL with LSTM, to perform a comparison between the two policies.

18



LSTM is a type of recurrent neural network that uses feedback connections and hidden states to retain information
about previous states and actions, acting as a sort of memory. Therefore, each new action is executed based on the
current observation and on an abstract representation of previous ones. This network’s architecture is very similar to the
GTrXL one: there are three encoder layers, and the LSTM module that substitutes GTrXL has a cell size of 256.

The results presented in Table[6]reveal that the terminal dispersions with LSTM are significantly larger than with
GTrXL, especially affecting angular rates and vertical angle, with mean values two to seven times worse than the
Transformer results. Even more eye-catching are the large dispersions of these terminal states, giving a huge number of
failed simulations, with substantial terminal errors. Despite having a similar mean value, the terminal horizontal and
vertical velocity dispersions are about three larger, yielding many outliers outside of the terminal constraints. Only the
terminal position given by the LSTM policy is in line with the GTrXL one.

This clearly shows that LSTM-based NN struggle to effectively capture the different aspects and relationships of
such a complex problem. It is an evident limit of these kinds of networks, where previous information is compressed in
only two internal hidden states, which are not enough to build a secondary policy to handle all the uncertainties and
dispersions. Moreover, the training time almost doubles with respect to the Transformer-based policy. Not considering
the always exceeded vertical velocity constraint, only 489 out of 1000 simulations fulfill all the other terminal constraints.
For the GTrXL policy, the compliance rate was 100%.

Thus, the low success rate, the larger mean, and the dispersion of terminal variables prove that LSTM networks are
an unsuitable choice for such a problem, largely underperforming compared to Transformer-based neural networks.

C. Comparison with conventional guidance and control strategy

The RL-based solution is compared to a conventional guidance and control strategy, made of a Linear Quadratic
Regulator (LQR) controller that tracks an optimal trajectory. The optimal trajectory is generated using nominal dynamics,
initial conditions, and without uncertainties or winds. ICLOCS2 ([34]) is used to generate it, using a Hermite-Simpson
direct collocation method to transcribe the infinite-dimensional Optimal Control Problem (OCP) into a large, sparse
Non-Linear Programming (NLP) problem. The goal is to minimize fuel consumption, performing a pinpoint landing
while satisfying the EOMs, and a set of state and control constraints at the discrete collocation points [35}36].

An LQR controller is designed to track the nominal trajectory when perturbations are introduced. It is based on
optimal control theory for linear systems, where a linear quadratic cost function is minimized, balancing state errors and
control efforts. Q and R are weighting matrices to balance how much state errors and control effort are allowed, affecting
the controller response. The gains obtained are multiplied by the state deviations, to compute the control actions, in a
state-feedback fashion. The Bryson’s rule method [37]] is used to tune Q and R for the required performance.

The controller architecture consists of two loops. The outer loop adjusts the translational motion providing the
trajectory corrective thrust magnitude and desired attitude, while the inner loop controls the rotational motion stabilizing
the attitude and angular rates using TVC and fins deflections. Since the LQR does not enforce any type of constraint by
definition, a numerical rate limiter and a deflection saturation are applied to the control variables.

The process used to design the controller is inspired by the one used in [21], iteratively tuning the Q and R matrices.
First, the controller’s performance is assessed with linear analysis, such as step response on the nominal trajectory
for the two loops independently. Then, 6-DOF Monte-Carlo simulations are performed, introducing dispersed initial
conditions, winds, and uncertainties in the dynamics. The robustness of the G&C policy is tested against external
perturbations, which are not embedded neither in the nominal trajectory (guidance), nor in the LQR design (control).

This conventional strategy shows high sensitivity to gain changes due to the coupling between translational and
rotational motion. For instance, the inner loop controls rotational motion by translating attitude and angular rate errors
into TVC deflection angles to induce thrust moments, but their effectiveness also depends on thrust magnitude, which
is commanded by the outer loop. Therefore, while gains are designed independently, a clear interdependence exists
between the loops. If the thrust magnitude is increased, becoming larger than the reference one used to calculate the
TVC deflections, it can create excessive moments that the fins alone cannot counteract due to their limited surface area
and low dynamic pressure. This can cause instability, with the vehicle potentially flipping or spinning uncontrollably.

To address this, less aggressive controllers can be designed, allowing larger state errors and limiting control efforts.
This reduces thrust increases in the outer loop and constraints TVC deflections, minimizing unexpected moments but
propagating larger errors, leading to more frequent terminal constraint violations. Tuning the weight matrices to balance
terminal accuracy and flight stability is a challenging and iterative process.

After tuning the controller extensively, acceptable Monte-Carlo results were obtained, as a trade-off between the
two aforementioned principles. Out of 1000 Monte-Carlo runs, they all manage to track the nominal trajectory to a
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Table 6 Mean and standard deviation of terminal variables from different policies.

Norm Horizontal Norm Horizontal Vertical Ve- Norm Angular Vertical an- Mass Con-
Position [m] Velocity [m/s] locity [m/s] rates [deg/s] gle [deg] sumption [kg]
Mean  Std Mean  Std Mean Std Mean Std Mean Std Mean Std
GTrXL 1.01 0.55 0.23 0.12 -3.39 0.80 0.55 0.28 0.82 037 5364 21.7
LSTM 0.79 0.76 0.55 0.42 -3.92 231 4.39 349 2.11  2.06 5064 24.1
OCP+LQR 6.94 2.18 1.45 0.40 -0.53 0.61 3.73 1.73 0.55 025 5023 11.5

Training

certain extent, with no one that diverges significantly. This is remarkable since LQR is not a robust control technique
because it does not account for model uncertainties and disturbances. However, terminal constraint performance is
worse than the meta-RL policy, as shown in Table[6] While terminal attitude and vertical velocity remain within limits,
position, horizontal velocity, and angular rates often exceed the constraints, primarily due to winds and dispersed initial
conditions. For example, the wind profiles introduce a bias on the horizontal position and velocity, leading the G&C
strategy to generate an excessive thrust to compensate, making the rocket unstable in some cases. As a trade-off, to avoid
failed flights, larger errors are tolerated, resulting in only 390 out of 1000 simulations meeting all terminal constraints.
The conventional approach performs poorly due to the interactions between translational and rotational motions,
separately controlled by two 3-DOF loops. This separation proved to be suboptimal for tightly coupled interactions. It
performs better only in terms of fuel consumption, relying on a minimum mass optimal trajectory. By contrast, RL
inherently accounts for all the interactions during training, enabling the NN to learn how actions impact translational
and rotation motions to generate policies that consider their combined effects. Although the RL-based approach shows
about 7% larger fuel consumption, it outperforms the conventional G&C strategy in meeting the terminal constraint.
Moreover, LQR uses a linearized model around states and controls from a nominal trajectory, without considering
uncertainties during the synthesis process. Conversely, the RL problem is trained on the non-linear dynamics, including
uncertainties and initial dispersions, so that the NN experiences all possible effects and learns a robust policy.

VII. Conclusions

In this research, Meta-Reinforcement Learning is combined with Gated Transformer XL attention-based neural
networks to obtain a robust integrated guidance and control policy for atmospheric rocket landing. Thanks to the GTrXL
capabilities to leverage past experiences and to find relationships between elements in long sequences, the G&C policy
learned by the neural network is able to successfully land the rocket in such a challenging and uncertain environment.

Designing a reward function for complex problems with many states and controls is challenging, as it requires
balancing conflicting objectives. The successful approach used in this work comprises dense rewards (bonuses/penalties
at each time step), to drive the vehicle towards the target states, and episodic rewards (given at the episode’s end), to
encourage compliance with terminal constraints. Logarithmic expressions for dense rewards are effective when a state
has an attraction point, such as guiding the rocket’s position to the landing site. For episodic rewards, quadratic penalties
for violations and logarithmic bonuses for compliance are effective, pushing the NN to stay within limits with a margin.

The meta-RL policy performs well in Monte-Carlo campaigns, fulfilling terminal constraints on position, horizontal
velocity, angular rate, and vertical angle in 1000 out of 1000 runs. The vertical velocity is the only constraint slightly
violated: while it should be between 0 and -2 m/s, the mean value is slightly below -3 m/s, with about 70 simulations
respecting the limit. The NN-based policy also shows good potential to run in real-time, because a forward pass to
compute the control actions takes about 6 ms on a computer equipped with an Intel® Core™ i7-8565U processor.

Furthermore, the GTrXL-based policy significantly outperforms the LSTM-based one in terms of terminal constraint
variables. Although both exhibit a slight violation of the vertical velocity constraint, the LSTM-based policy shows
a greater number of outliers (confirmed by a larger standard deviation), achieving only a 48.9% success rate on the
other terminal variables, compared to 100% success rate of the GTrXL policy. This degradation is traced back to the
architectural differences between the two neural networks. While attention-based networks, such as GTrXL, process
sequences in parallel, with many more internal parameters to retain past information, RNNs, such as LSTM, process
elements sequentially, and compress a representation of the past information in only two internal states of fixed dimension.
Therefore, in such complex, uncertain, and high-dimensional problems, these differences prevent LSTM from effectively
creating a policy that captures time relationships, to execute optimal actions based on a history of events.

Additionally, the Transformer-based policy clearly outperforms the considered G&C conventional strategy made
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of an optimal trajectory tracked by an LQR controller. First of all, unlike the meta-RL approach, the conventional
strategy is not a robust method, not embedding any kind of uncertainty into the design process. Secondly, the LQR
independently controls the translational and rotational motion, while the meta-RL method concurrently controls the
6-DOF, effectively understanding and managing interactions between state variables, thanks to the training experience.

Future works include the optimization of the reward function to effectively address the slight terminal vertical
velocity violation, for example encouraging the network to learn a piece-wise policy, with a first portion identical to the
one learned in this work, and a second segment forcing a vertical motion in the last few meters above the landing site.
The addition of more accurate local wind models at low altitudes is foreseen as a future improvement, together with the
inclusion of sloshing and flexible vehicle models to further enhance the accuracy and the fidelity of the environment
adopted to shape the feedback policy to be learned.
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