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ABSTRACT

Accurate and efficient motion forecasting is essential for safe autonomous driving,
where an ego vehicle must anticipate the future trajectories of surrounding agents in
complex urban environments. Recent transformer-based architectures such as HPTR
provide a strong and lightweight backbone for trajectory prediction by jointly encod-
ing map and agent information. In this thesis we build directly on HPTR and study
how to augment its attention mechanism with an explicit spatial density prior. Our
main contribution is a Spatial Density Module (SDM) that models the interaction
space with a Gaussian Mixture Model and uses its normalized density as a soft, spa-
tially aware filter on attention maps. This gives a Spatial Density Transformer (SDT)
variant that keeps HPTR’s encoder-decoder design, number of parameters, and train-
ing setup, and changes only the way attention is distributed over possible interaction
regions.

We conduct experiments on the Waymo Open Motion Dataset and focus the analysis
on the behavior of the Spatial Density Module. In an ablation study over the num-
ber of mixture components and SDM hyperparameters, and using simple diagnostic
metrics for the mixtures (component utilization, spatial variance, and entropy), we
observe that the learned density tends to place mass in regions where there are agents
and map elements instead of empty areas. This suggests that the SDM does learn a
meaningful notion of interaction density. In terms of standard forecasting metrics on
WOMD, SDT reaches reasonable performance, but we do not carry out a full head to
head comparison with HPTR under identical conditions, so we cannot draw firm con-
clusions about relative gains or losses. The main contribution of this work is therefore
the design and analysis of the density-aware attention mechanism and its diagnostics,
rather than a clear improvement in benchmark scores. The experiments indicate that
adding a learned, density based attention filter on top of an existing lightweight trans-
former is a viable direction that could be explored further in future work, including
variants where the mixtures are constrained to behave like k nearest neighbor neigh-
borhoods as in HPTR to better understand how useful density-aware attention is in
practice.

SUBJECT AREA: computer vision, autonomous driving, trajectory prediction, mo-
tion prediction, deep learning

KEYWORDS: trajectory prediction, autonomous vehicles, spatial density attention,
spatial density module, motion prediction



HEPIAHYH

H axping kot amodotikn mpoPAeyn kivinong anoterel facikd atoryeio yio v acQa-
A Aertovpyia LTOVOU®V OYNUATOV, TO 0ol TPEMEL VoL TPOPAETOVV TIG LEAAOVTIKEG
TPOYIES TOV YOP® YPNOTAOV TOL dpOUOL 6€ cUVOeTA aoTikd TepiPdriiovia. TIpdo@a-
TEG OPYITEKTOVIKEG LeTAoYNUaTIoTOV, Ontmwc to HPTR, mpoceépovv éva 1oyvpd kot
amod0TIKO OAYOPIOLO Yia TpOPAEYN TpOY LDV, cLVOLALOVTAC TANPOPOpia amd TOV TE-
PPRAALOVTO YDPO KoL TOVG ETEPOVS (PN OTES (TPAKTOPES). ZTNV TOPOVGO SIMTAMUATIKT
Baclopaote oto HPTR kot peietdpe mmg umopel va evioyvbel o unyaviopog mpo-
coYNG T0L HEc® €vOG Nevpwvikod AktHhov mov mpoPAiénet Eva Movtého Miypatog
['caovoravav. Kopla cuvelspopd pog amotehel o Mnyoaviouog Xwpkng Iukvomnrog
(Spatial Density Module, SDM), o omoioc povieAomolel tov ydpo aAANAETIOPACEDV
ue éva Movtélo Miypatog I'kaovsiovev Kot ¥pnotomolel TV KOVOVIKOTOUUEVT
TUKVOTNTA TOV ®G PIATPO TAVE® GTOVS XAPTES TPpocoyns. H mpokvmtovsa mopaiia-
M, Spatial Density Transformer (SDT), dtatnpel v apyITEKTOVIKT KOOTKOTOINTH-
OTOKMOIKOTOMTY), TIC TOPOUETPOVS Ko T Otadikacio ekmaidevong tov HPTR kot
aAAALEL LOVO TOV TPOTO LLE TOV OTTO10 KATOVEUETOL 1) TPOGOYT OTIC MOAVEC TEPLOYES
aAAnAenidopaong.

[Ipaypatomolodpe mepdpota 6to cuvoro dedopévav Waymo Open Motion ko &-
oT1loVE TNV OVAALGT TNG CLUTEPIPOPAS TOL Mnyovicpov Xmpikng [Tukvotnroag.
Meletdvtoc Tov aplipd TOV GLVIGTOGHOV TOL UIYUOTOS Kol TIG VITEPTOPUUETPOVS
tov SDM pe ™ gpnon anidv O10yvVOCTIKOV LETPIKAOV Yo To, uiypoto (component
utilization, ywpik” S1cTOPA Ko EVTPOTIN), TOPATNPOVUE OTL 1] EKTILOUEVT TUKVO-
NTo TEIVEL VO, GUYKEVIPMVETOL GE TEPLOYES OOV LITAPYOVY AL OYNUATO OVTL Yo
KeVEG TEPLoYES. AvTd VTOdNA®VEL 0TI TO SDM Kdkomolel e 0VG1UGTIKO TPOTO TNV
TLUKVOTNTO TOV OAANAETOPAcE®Y. ¢ TPOS TIC METPIKES TPOPAeync Tov WOMD,
10 SDT mapovcidlel tkavomoinTiky amddoct), 0ALL OV TPOYLOTOTOLOVLLE TANPT GU-
ykpton pe o HPTR vro axpifodc id1ec ouvOnkeg ekmaidguonc, emouévmg 0ev Umo-
povv va eayxBobv ac@air] coumepdopata yio Toxdv Pedtimon g eveToyiag Tov.
H xdpa cuverspopd g epyaciog eival n oyedioon Kot 1 avEALGT TOV TULKVOTIKA
KO0 YOOLEVOL UNYOVIGLLOV TPOGOYNG KOl TMV O10YVOGTIKAOV TOV, Kol Ol 1] EN{TEL-
&n Pertioong o€ eminedo benchmark. Ta mepopotikd amotelécpato deiyvovy OTL N
mpocHnkn evdg ekpaONUEVOL, TUKVOTIKOV GIATPOL TPOGOYNG GE GLVOVACUO LE Lo
OOOOTIKT OPYITEKTOVIKT] LETOUGYNUOTIOTY] OTOTEAEL Lo EVOLOPEPOVGA KATEVBVVET)
oL UmopEl va usksrn@si TEPAUTEPM CE paM»ovnKﬁ épevva, 1 omoio Oo TCSpl}\,(X},lBéW«Sl
TapoALaYEG OTTOL TOL PiypaTo nsptoptCoth DGTE VO GV wtspupepoth ooV nsptoxsg k
nearest neighbor ¢ OTWG GTO HPTR ®ote va Kowowonem KOADTEPQ TOGO YPNOLUN Elval
oIV TPAEN M TPOGOYT PACIGUEVT GE YWPIKT TUKVOTNTO.

OEMATIKH IMEPIOXH: vtoAoy1otikn 0pact), autdvoun oo ynon, tpopfreyn tpo-
114G, TpOPAey” Kivnong, fadid udbnon



AEZEIX KAEIAIA: npopieyn tpoyldc, auTOVOLO OYULATO, UNYOVIGUOS YOPIKNG
TPOGOYNG, UNYOAVIGLOS YOPIKNS TUKVATNTOG, TPOPAEYT Kivinong
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A Spatial Attention Mechanism for Motion Prediction in Autonomous Driving

1. INTRODUCTION

In recent years, autonomous driving has received growing attention from both academia
and industry due to its potential to improve traffic safety, reduce congestion, and
increase transportation efficiency. A modern self-driving system typically operates
through a sequence of modules: perception, object tracking, motion prediction, and
planning. Among these, motion prediction is critical, as it enables autonomous vehi-
cles to anticipate the future behavior of surrounding road users and plan accordingly,
much like how human drivers infer the intentions of others on the road.

Motion prediction refers to forecasting the future trajectories of agents such as vehi-
cles, pedestrians, and cyclists based on their observed past behavior and interactions
with the environment. Classical approaches to this task relied on physical motion
models such as kinematics, Kalman filters, or Monte Carlo simulations [1,2]. While
computationally efficient, these models were often limited to short-term predictions
and could not capture the uncertainty and complexity of real-world driving behavior.

Modern deep learning methods address these limitations by formulating motion pre-
diction as a multi-agent, multi-modal forecasting task. These models typically rely on
vectorized representations of the entire scene, including dynamic agents, static map
features such as lanes and curbs, and semi-static elements such as traffic lights [3,4].
Transformer-based architectures are then employed to capture the interactions be-
tween these heterogeneous components, enabling the system to reason about complex
traffic scenarios and generate diverse possible futures [5, 6].

In this work, we build directly on the Heterogeneous Polyline Transformer (HPTR)
[6] and study a density aware variant that we refer to as the Spatial Density Trans-
former (SDT). We keep HPTR’s overall encoder-decoder structure and feature en-
coders, and focus on modifying how attention is filtered. We add a unified Compo-
nent Pairwise Encoding (CPE) that captures relative pose, relative motion, and type
specific relationships, and a Spatial Density Module (SDM) that filters contextual
information using a learned density prior. The SDM is used to bias the attention
mechanism toward regions where interactions are more likely, while a multi modal
decoding mechanism based on learnable anchors follows the design of HPTR. The
goal of these changes is to explore how density aware attention can be integrated
into an existing lightweight backbone for motion prediction without sacrificing its
efficiency.

Code availability. The code for SDT used in this thesis is available at https://github.
com/nekcht/sdt.

Throughout this thesis, the terms trajectory prediction and motion prediction are
used interchangeably. Both refer to the task of forecasting the future states of agents
in traffic scenes, with trajectory emphasizing the geometric path and motion empha-
sizing the predictive task as a whole.

N. Christou 15
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A Spatial Attention Mechanism for Motion Prediction in Autonomous Driving

1.1 Definition of a Trajectory

A trajectory is the path traced by an agent through space over time and can be formally
represented as a sequence of states. Let s, € R? denote the state of an agent at time
step t, where d is the dimensionality of the state space. A trajectory of length 7" is then
defined as

T = (Sl,SQ,...,ST).

The sequential nature of trajectories implies a temporal dependency among states,
that s,
$; = f(s;) fort=1,...,T,

where f is an unknown function modeling the system dynamics and s_; denotes the
past states up to time ¢ — 1.

In autonomous driving, the agent can be a pedestrian, vehicle, or cyclist, and its state
typically includes position coordinates in space. For planar motion, the state is often
written as

S = [y, yt]T

)

or in more detailed form,
T
St = @4, Yt, Op, v, ag, i)

where z,,y; denote position, ¢; the heading angle, v; the speed, a; the acceleration, and
w; the angular velocity.

Motion prediction aims to estimate the future states (sr.i,...,87.y) given the ob-
served history (s, ...,s7), where H is the prediction horizon. This shows that motion
prediction is inherently a sequence modeling problem, where temporal dependencies,
agent dynamics, and scene context must all be considered [7].

1.2 Importance in Autonomous Driving

Motion prediction is a cornerstone of any autonomous driving system because it
bridges perception and planning. Perception modules provide estimates of the current
state of the world: the positions of vehicles, the presence of pedestrians and cyclists,
and the status of traffic lights. Planning modules, in turn, are responsible for generat-
ing a safe and efficient path for the autonomous vehicle. Between these two stages lies
motion prediction, whose role is to anticipate how other road users will move in the
near future. Without reliable forecasts, the planning module has no stable foundation
on which to reason about future safety or feasibility.

The criticality of motion prediction becomes clear when considering interactive traffic
situations. At an intersection, the decision of whether to proceed depends not only on
the current position of surrounding agents but also on their likely intentions. A vehicle
approaching from the opposite direction may either continue straight or yield for a left
turn; a pedestrian near a crosswalk may either wait or step into the road. Anticipating

N. Christou 16
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such alternatives is essential to prevent collisions and to ensure smooth navigation.
In highway scenarios, predicting lane changes or sudden braking maneuvers allows
the self-driving car to adapt proactively rather than reactively, improving both safety
margins and passenger comfort.

Equally important is the temporal horizon of prediction. While perception provides
a snapshot of the present, planning must look ahead several seconds to evaluate po-
tential trajectories of the ego vehicle. If motion forecasts are too short-sighted, the
system may initiate maneuvers that later turn out to be unsafe. Conversely, long-
horizon but unreliable predictions can mislead the planner. Thus, accurate motion
prediction over a relevant horizon, typically three to eight seconds, is essential for
effective decision-making.

Another aspect of importance lies in the social dimension of driving. Roads are shared
spaces, and many maneuvers, such as merging, yielding, or negotiating priority at
intersections, depend on implicit coordination between agents. A good prediction
system captures not only kinematics but also intent, enabling the vehicle to behave
in a way that aligns with human expectations. This is fundamental for trust: both
passengers and surrounding road users must perceive the autonomous vehicle as a
competent and socially compliant participant in traffic.

Finally, motion prediction has a direct impact on the reliability and acceptance of
autonomous vehicles. Getting regulatory approval and earning public trust require
clearly demonstrable safe behavior in various traffic conditions. By accurately mod-
eling the uncertainty and multi-modality of human actions, motion prediction reduces
the risk of unexpected collisions and provides interpretable outputs, such as alterna-
tive hypotheses with associated confidences, that planners can use for robust decision-
making [7].

1.3 Challenges in Autonomous Driving

Motion prediction in autonomous driving faces multiple challenges that arise from
uncertainty, heterogeneity, interactions, and strict computational requirements. A
central difficulty is the inherent multi-modality of human behavior. In traffic, the
same situation may lead to several plausible futures depending on hidden intent or
reaction to other agents. To capture this uncertainty, the distribution over an agent’s
future trajectory is often modeled as a mixture of Gaussians [6]:

M
P(séfllﬂﬂ ] Tu),c) =" al) NP g | 1), 29).
m=1

Here, s\ .., ; € R¥*? denotes the sequence of future states of agent i over horizon
H, typically positions in d = 2 dimensions. The conditioning variables = and C
represent, respectively, the past trajectory of agent i up to time 7" and the context
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information such as the map or other agents’ histories. The mixture has M compo-
nents, each corresponding to a distinct possible future. The coefficient 7Y > 0, with
SM_al) = 1, is the probability weight assigned to mode m, p') is the mean trajec-
tory for component m, and 3} is the covariance matrix that encodes the uncertainty
around that trajectory. This formulation explicitly acknowledges that multiple plau-
sible continuations exist and allows the model to assign probability mass to several
qualitatively different behaviors such as braking, turning, or continuing straight. Cap-
turing this diversity is essential for safety, since averaging modes may yield infeasible
paths that cut across lanes.

Another important challenge lies in uncertainty estimation and calibration. Beyond
predicting trajectories, models must express confidence in their outputs. Overconfi-
dent predictors can underestimate risk, while underconfident ones may cause overly
cautious planning. A calibrated predictor should satisfy

P(Y e&[p(€) =q) ~q,

where Y is the true outcome and £ an event of interest. Here, p(£) denotes the pre-
dicted probability of € taking place, with ¢ € [0, 1] the corresponding confidence level.
This condition requires predicted probabilities to match observed frequencies, which
is difficult to guarantee for structured outputs such as trajectories [7].

The driving scene is also heterogeneous, consisting of dynamic agents, semi-static
traffic lights, and static map elements,

S=AUT, UM,

each with different properties and rules. Vehicles follow kinematic constraints, pedes-
trians move more freely, traffic lights switch among discrete states, and lane geome-
tries impose semantic restrictions. A unified predictor must integrate all of these
consistently.

A further challenge comes from inter-agent interactions. Vehicles rarely move in-
dependently; instead they must negotiate right-of-way, merges, and crossings. For-
mally, the prediction problem involves the joint distribution

P(YI:N ‘ Xl:N’M) 7

where YV are the future trajectories of all N agents, X'V their observed histories, and
M the scene context. The complexity of this distribution increases rapidly with N,
making explicit enumeration of all dependencies infeasible. Practical models there-
fore rely on structured approximations or pruning strategies to capture the most rele-
vant interactions [8, 9].

Predicted futures must also obey geometric and semantic constraints, such as stay-
ing within lane boundaries and respecting traffic signals. This requires tight cou-
pling between motion prediction and HD maps [3]. Similarly, short versus long-
horizon forecasting adds another layer of complexity: short-term motion is governed

N. Christou 18
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by physics, but longer horizons depend on higher-level intentions and planned ma-
neuvers, which are harder to infer.

In addition, rare but safety-critical events like sudden braking or jaywalking are
severely underrepresented in datasets. Models biased toward frequent behaviors may
miss such edge cases, even though they are crucial for safe deployment [7]. Do-
main shift is another issue: models trained on one region may fail in another due to
cultural, infrastructural, or sensing differences, highlighting the difficulty of robust
generalization.

Additionally, the system must satisfy real-time constraints. Prediction is embedded
in the control loop of an autonomous vehicle, which leaves only a few tens of mil-
liseconds per inference. This introduces a trade-off between prediction accuracy and
computational cost, often formalized as

l’l’leil’l 'Cpred(g) +A- C(@),

where L4 1s the forecasting error, C(¢) measures latency or memory usage, and X
controls the balance.

1.4 Problem Formulation

Motion prediction in autonomous driving can be defined as the task of forecasting
the future trajectories of traffic participants given their past states and the static and
dynamic context of the scene. Let a traffic scene contain N dynamic agents indexed
by i e {1,..., N}. The observed history of agent i up to time ¢ is

=),

where s\” denotes the state of agent i at time ¢, here represented by its position (z, ).
In more detailed formulations, the state may additionally include heading 6, velocity
v, acceleration a, or angular velocity w. The prediction objective is to estimate the
distribution of an agent’s future states over a horizon H:

P<s§21:t+H ‘ TY:?&? C) )

where 7{) is the observed history of agent i up to time ¢, and C denotes the scene
context. The context typically comprises the HD map M, the traffic light signals 7;,

and the trajectories of all other agents {+)},_.,.

Several problem formulations have been proposed in the literature. The most widely
adopted is the marginal formulation [4, 8, 10—12], where multi-modal future trajec-
tories are predicted independently for each agent. This factorization reduces com-
putational complexity and allows scalable deployment. In contrast, joint predic-
tion [13—16] models the distribution of all agents’ futures simultaneously, enabling
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explicit reasoning about interactions such as yielding or merging at the cost of in-
creased dimensionality and inference time. Beyond these open-loop formulations,
which generate predictions from a fixed observation window without feeding inter-
mediate predicted states back into the model to update subsequent predictions, behav-
ior simulation [17—-19] treats motion forecasting as a closed-loop process in which
a learned policy is rolled out autoregressively [20], allowing predictions to adapt to
feedback from evolving scene dynamics. More recent work also investigates coupling
motion prediction with upstream or downstream modules, either by sharing features
with perception and planning [21-24] or by learning end-to-end policies that map
sensor measurements directly to driving actions [25,26].

To capture the intrinsic uncertainty of human behavior, prediction is typically ex-
pressed as a multi-modal distribution. For agent : we write

P<p£21:t+H | ) ZW (1), 20)),

where p'”,.,. ; € R* denotes the stacked sequence of future 2D positions over horizon

H. Accordingly, p!) € R? is the mean position trajectory for mode m, and ©{) €
R21x2H ig jts covariance (often implemented as block-diagonal with 2 x 2 blocks per
time step). Each mode m corresponds to a plausible future maneuver (e.g., turning
left, right, or going straight), parameterized by mixture weight rY. In our model,
additional kinematic quantities (e.g., yaw, speed, velocity) are predicted by separate
heads and losses.

Formally, the task reduces to learning a mapping

({ 1t}z 1 ) — {P(Y)}L,,

parameterized by 0, Where each P(Y?) is a calibrated distribution over the possible
future trajectories of agent i. An effective predictor must satisfy three criteria si-
multaneously: accuracy, by minimizing errors between predictions and ground truth;
feasibility, by ensuring predicted paths conform to map geometry and traffic rules;
and efficiency, by meeting the strict real-time constraints of an autonomous driving
stack.

1.5 Scope and Contributions

This thesis focuses on the problem of multi agent motion prediction in complex urban
environments, with particular emphasis on the marginal forecasting setting where
multiple future hypotheses are predicted for each target agent individually. We restrict
our evaluation to the Waymo Open Motion Dataset (WOMD), which offers large
scale, interaction rich scenarios representative of real world driving [27].

Within this scope, the contributions can be summarized as follows. First, we define a
density aware variant of HPTR, which we refer to as the Spatial Density Transformer

N. Christou 20
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(SDT). This variant keeps the vectorized scene representation and multi modal decod-
ing scheme of the HPTR’s encoder-decoder architecture and introduces only localized
changes related to attention filtering. Second, we propose the Spatial Density Mod-
ule (SDM), a mechanism that predicts Gaussian mixtures over the spatial domain and
uses their normalized density to guide target selection and bias attention scores. This
module is trained jointly with the rest of the network and is intended to provide a
learned notion of where interactions are more likely to occur. Third, we integrate the
SDM with a Component Pairwise Encoding (CPE) that combines relative pose and
motion features, so that density estimation can depend both on static map geometry
and on the dynamics of the agents involved. Finally, we evaluate SDT on the WOMD
dataset and look at both standard benchmark metrics and internal diagnostics of the
SDM. For the SDM we use simple measures such as component utilization, spatial
variance, and entropy to get a sense of how the learned mixtures relate to the actual
distribution of agents and map elements in the scene.

In these experiments, SDT reaches reasonable performance on the WOMD validation
split, but we do not include a reimplementation of HPTR or other baselines trained
under the same conditions, so the numbers are mainly used to characterize SDT itself.
The SDM diagnostics suggest that the learned mixtures tend to place more mass in
regions where tokens of interest (agents or map polylines) are present instead of empty
areas, which is consistent with the goal of modeling interaction density.
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2. FOUNDATIONS OF MOTION PREDICTION

2.1 Classical Physics-Based Models

Early approaches to motion forecasting relied on physical vehicle models that ex-
trapolate future states from observed dynamics. The state of an agent is typically
represented as

s(t) = [z(t),y(t),0(t),v(t)]",
where (x,y) are position coordinates, ¢ is the heading angle, and v the longitudinal
velocity.

The most detailed formulation is the dynamic bicycle model [28], which accounts for
mass distribution, tyre forces, and yaw inertia. While realistic, this model depends on
parameters (cornering stiffness, load transfer, tyre saturation) that are rarely known
in practice.

For this reason, simplified kinematic models are often preferred, such as the kinematic
bicycle model [1]. Based on these models, three inference strategies became com-
mon: deterministic rollout (single predicted path), Kalman filtering (linear-Gaussian
uncertainty propagation) [29], and Monte Carlo simulation (sampling controls or pa-
rameters to generate multi-modal outcomes) [30]. While computationally cheap, such
forecasts rarely remain reliable beyond short horizons of ~ 1s, as they cannot capture
intent-driven changes, such as braking for pedestrians or yielding in traffic.

2.2 Classical Machine Learning Approaches

To overcome the rigidity of physics-only forecasting, classical machine learning meth-
ods introduced data-driven strategies.

Gaussian Processes (GPs) [30] encoded manocuvre templates, predicting futures
as mixtures of trajectory patterns conditioned on past observations. Support Vector
Machines (SVMs) [31] classified manoeuvre classes (e.g. straight, left turn, right
turn) from kinematic features, after which prototype trajectories were attached to the
class label. Hidden Markov Models (HMM:s) [2] and Dynamic Bayesian Networks
(DBNs) [29] represented latent manoeuvre states with probabilistic transitions, pro-
ducing multi-modal distributions by propagating state probabilities.

Instance-based methods such as K-Nearest Neighbours [32] or decision trees com-
pared current motion histories with stored trajectories and extrapolated from the clos-
est examples. These methods were conceptually simple but degraded quickly in
sparsely sampled motion spaces.

While these approaches improved over physics-only methods by introducing data-
driven multi-modality, they typically treated agents independently, relied on hand-
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crafted manoeuvre labels, and either suffered from scalability bottlenecks (GPs, DBNs)
or neglected uncertainty altogether (SVMs, KNNs). These shortcomings motivated
the transition to deep learning.

2.3 Data Representations for Forecasting

A central design choice in motion forecasting is how to represent the scene from raw
sensor inputs and high-definition (HD) maps. Two main paradigms dominate the
literature: rasterised encodings and vectorised encodings.

Rasterised representations. In rasterisation, the environment is projected into a
fixed-resolution bird’s-eye-view (BEV) grid, where agent histories and static map fea-
tures are rendered as multi-channel images. Convolutional neural networks (CNN5s)
[33] then extract spatial features from these tensors [8, 11]. Rasterisation is conceptu-
ally simple and benefits from mature image-based architectures, but introduces dis-
cretisation error, struggles with curved or fine-grained geometry, and scales poorly
with resolution. Several works [23,24] attempted to mitigate this by pre-computing
static map features or using rotated region-of-interest alignment, reducing inference
cost but still inheriting the limitations of gridded encodings.

Vectorised representations. The alternative, introduced by VectorNet [3], is to rep-
resent each spatial entity as a polyline:

L= [(z1,1), (@2,92), - (T Ym)]

capturing lane centerlines, crosswalks, or agent trajectories with exact geometric fi-
delity. Each polyline is embedded via lightweight encoders such as PointNet++ [34]
and later aggregated using graph neural networks [35] or transformers [5]. Vectorised
encodings preserve topology, reduce memory footprint, and align naturally with at-
tention mechanisms.

Vectorisation has become the prevailing choice in modern benchmarks due to its
efficiency and fidelity. In this work we also adopt a vectorised formulation, using
pairwise-relative encodings to emphasise the structured nature of interactions.

2.4 Reference Frames

Another crucial design axis in motion forecasting is the choice of coordinate frame in
which agent positions and map elements are expressed. The frame determines which

invariances are built into the representation and how efficiently interactions can be
modelled.

Scene-centric coordinates. In the simplest setting, all entities are expressed in a
global map-aligned frame W. Agent 7 at time ¢ has position p,(¢) = (z;(¢), y;(t)) and
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heading ;(¢) expressed directly in W. This enables a single, unified tensor represen-
tation for the whole scene and avoids recomputation for different targets. Rasterised
pipelines in particular benefit from this global view [11]. The drawback is that the
representation is pose-variant: a global rotation or translation changes the raw coor-
dinates, forcing the model to learn invariances statistically. This often increases data
requirements and reduces sample efficiency.

Agent-centric coordinates. To address invariance, many vectorised approaches [4,
36] transform the scene into the local body frame B; of each target agent <. This frame
is centred at the agent’s current position p;(¢) and aligned with its heading «;(¢). A
point q in world coordinates is transformed as

N T coS1y; —Sinw;
This formulation builds in translation and rotation invariance, meaning the network
sees consistent patterns across different orientations. However, one local copy of
the scene must be generated for each target agent, which can be expensive when
many agents are considered simultaneously. Computational complexity grows with
the number of targets, and multi-agent consistency is harder to enforce.

Pairwise-relative coordinates. An alternative is to encode only relative relations
between pairs of entities (i, 7). At time ¢ we define

Api; = p;(t) — pi(t), Avpy; = wrap(;(t) — ¥i(t)),

together with relative velocities and distances. These features are by construction
invariant to global translation and rotation. Architectures such as GoRela and HiVT
[36,37] exploit this to encode interactions in a way that is independent of absolute
scene orientation. The cost is that global map alignment can be lost unless additional
features are injected, and the number of pairwise terms grows quadratically with the
number of agents or polylines.

Hybrid strategies. Recent systems often combine these choices. LaneGCN [4] stores
all polylines in a global map frame for efficiency but rotates local segments before
processing. HiVT augments agent-centric encoders with a pairwise-relative decoder
to model interactions. Such hybrids balance computational scalability with built-in
invariances.

2.5 Prediction Paradigms

Two paradigms dominate motion prediction: marginal and joint.

Marginal prediction assumes factorisation across agents,

N
p(leN ’ Xl:N) ~ Hp(Yz ’ Xi,C),
=1
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where C denotes shared context. This approach scales efficiently but ignores interac-
tion consistency, often resulting in implausible collisions. In contrast, joint prediction
models the full distribution

p<Y1:N | ){1:N>7

thereby capturing cooperative and competitive interactions explicitly. These forecasts
are more realistic at intersections or during lane changes, but incur higher computa-
tional cost. Hybrid approaches attempt to balance both: marginal heads for distant
agents and joint reasoning for a small set of interacting neighbours [7].

2.6 Deep Learning Architectures

Deep learning has significantly influenced motion prediction by learning the condi-
tional distribution
p(Y | X, M),

directly from large datasets, where X denotes agent histories and M encodes static
map features. Instead of relying only on handcrafted manoeuvre templates or para-
metric dynamics, neural networks extract latent representations that capture temporal
evolution, interaction structure, and scene semantics. Several families of architec-
tures have been proposed.

Sequence models. Recurrent neural networks (RNNs) [38] and their gated variants,
such as LSTMs [39] and GRUs [40], were the first to capture temporal dependence
in agent trajectories. Given a history X! . of agent 7, hidden states evolve as

hi = f@(xi, hi—l)a

with output y: = gy(h!). Interaction cues were later incorporated via pooling mech-
anisms, e.g. Social-LSTM [41], which aggregates hidden states of nearby agents.
While effective, RNNs suffer from vanishing gradients and limited parallelism, mo-
tivating alternative architectures.

Attention-based models. Transformers replace recurrence [5] with self-attention.
For a set of agent embeddings arranged as a matrix X € R4 queries, keys, and
values are formed as Q = XWg, K = XWg, V = XWy, where Wy € R%inxd Wy €
R%n>d and Wy, € R%>d are learned projection matrices mapping input embeddings
to queries Q € R™*?, keys K € R4, and values V € R**%, The embeddings are then
updated via

Attention(Q, K, V) = softmaX(QKT> 1%
) ) \/E *
This mechanism allows long range interactions across agents and map polylines, and
can be stacked to form multi layer reasoning modules. Models such as Scene Trans-
former [42] and Wayformer [43] showed that attention scales naturally with vectorised
scene encodings and has become a widely used approach in motion prediction.
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Graph neural networks. An alternative view represents the traffic scene as a graph
g = (v, &), withnodes for agents and lane segments and edges encoding their relations.
Message passing updates node features by

b0 = ¢(h?, >~ (b, h{.e..)).

ueN (v)

where e,, denotes an edge feature (or relation embedding) capturing the interaction
between nodes v and v, such as their relative position, distance, heading difference, or
lane connectivity. VectorNet [3] pioneered this approach with hierarchical polyline
encoders, while LaneGCN [4] augmented GNN layers with lane-structured convo-
lutions. GNNs [35] capture local topology and directional constraints, though their
efficiency is often lower than transformers.

Probabilistic and generative models. Human driving behaviour is inherently uncer-
tain and multi-modal. To capture this, probabilistic models introduce latent variables
» with

p(Y | X) = /p(Y |2, X) (2 | X) dz.

Conditional VAEs (e.g. DESIRE [8]) instantiate » as a manoeuvre code sampled
from an encoder network. Generative Adversarial Networks (GANSs) [44] have been
explored but are difficult to train stably. More recently, diffusion models generate fu-
tures by reversing a stochastic process, producing highly diverse samples with strong
coverage of rare behaviours. These approaches yield calibrated multi-modality, cru-
cial for safety-critical planning.

Hybrid architectures. State-of-the-art systems often combine multiple elements. For
example, VectorNet fuses polyline encoders with GNN reasoning [3], LaneGCN al-
ternates graph convolutions and attention [4], and Wayformer leverages transformers
with hierarchical context [43]. Goal-conditioned methods such as DenseTNT [45]
introduce interpretable intermediate anchors (goals) that structure prediction. These
hybrids reflect a broader trend toward architectures that try to unify representation
learning, interaction reasoning, and uncertainty modeling in a single pipeline.
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3. MODEL INTRODUCTION

We introduce the Spatial Density Transformer (SDT), a density-aware attention
based model for multi-agent motion prediction that builds directly on HPTR [6]. The
key idea is that dense attention across all tokens can be inefficient, since in many
scenes only a subset of interactions has a strong influence on future motion. To ad-
dress this, SDT incorporates a Spatial Density Module (SDM) that predicts a grid
aligned mixture of Gaussians over the scene. These densities are used in two comple-
mentary ways. First, they provide a top-k selection that prunes many targets, making
attention sparse. Second, their log probabilities are injected as additive biases into
the attention logits, so that the retained interactions are weighted according to spa-
tial relevance. The goal of this design is to reduce computational cost compared to
dense neighborhoods while keeping predictive performance close to that of the HPTR
backbone.

Relative Motion Relative Pose|
(RME) i (RPE) ' -

Map Component Pairwise Encoding ' :
embeddings (CPE) i ;
! [ Top-k indices |—>| Encoder |—>[ Decoder l—»[Multi—modal trajectories]
TL Spatial Density Module A

embeddings (SDM)

Log-density
l1as_scale -

Agent
embeddings

Figure 3.1: Overview of SDT. Map, traffic light and agent embeddings feed the SDM, which pre-
dicts Gaussian mixtures. From these, top-k selections restrict attention to a subset of targets, while
log densities act as attention biases. RPE and RME are fused into CPE for density estimation; RPE
additionally biases transformer attention directly.

The model processes three token types: map polylines, traffic light states, and dy-
namic agents. Each is embedded through lightweight encoders that follow the HPTR
design. Pairwise structure is introduced through two encodings: Relative Pose En-
coding (RPE), which describes geometric offsets such as displacement and heading,
and Relative Motion Encoding (RME), defined only between agents to capture ve-
locity and acceleration cues. These are fused into a joint Component Pairwise En-
coding (CPE), which augments the SDM with motion aware signals. RPE also biases
attention directly by modulating key and value projections, as in HPTR.

The SDM outputs mixtures of Gaussians over the map, assigning probability to re-
gions of interest. Evaluating these densities at candidate targets provides scores used
both for pruning (top-%) and for biasing attention logits. The encoder then processes
the resulting sparse neighborhoods, and the decoder attends to this refined context to
generate multi-modal trajectory hypotheses anchored in learned prototypes, each with
an associated confidence. In this way, SDT combines geometric structure, dynamic
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cues, and spatial density in order to focus attention on a smaller set of interactions.

Motivation. Dense attention across all tokens scales quadratically with the number of
scene elements. In crowded intersections or highways, this can be costly and may also
overwhelm the model with interactions that have little effect on the future motion of
the target agent. Existing heuristics, such as selecting a fixed set of nearest neighbors,
are efficient but brittle because they may discard important but slightly more distant
agents, such as a pedestrian about to cross. SDT aims to address this by predicting
spatial densities that adapt dynamically to the scene, so that the model can keep a
fixed budget of neighbors while still paying attention to regions that look important
according to the learned density. This direction is motivated by real time constraints
in autonomous vehicles, although a full system level real time evaluation is outside
the scope of this thesis.

® Ro | 1iY06

O QQQ‘Q OQQO

(a) Dense Attention (b) HPTR: Fixed k-NN (c) SDT: Density-Aware

Figure 3.2: Comparison of interaction selection. (a) Dense attention attends to all targets. (b) HPTR
restricts neighborhoods using a fixed k-nearest neighbor rule in Euclidean space (here k=2). (¢) SDT
predicts spatial densities and selects top-£ interactions dynamically (the densities isovalue curves are
denoted by the dashed, orange-coloured lines).

Relation to HPTR and prior work. The proposed model is most closely related
to the Heterogeneous Polyline Transformer (HPTR). Both architectures operate on
vectorized inputs and use relative pose encodings to inject geometric structure into
attention. HPTR restricts neighborhoods with a fixed & nearest neighbor rule in Eu-
clidean space. In this thesis we keep the same general setting and build on the HPTR
design, but replace the heuristic & nearest selection with a density-based mechanism
driven by the Spatial Density Module (SDM). Instead of choosing neighbors only by
Euclidean distance, the SDM predicts Gaussian mixtures that highlight regions where
interactions are likely to occur, and these mixtures are used for differentiable topk se-
lection and as a bias term in the attention logits. In practice this means that sparse
attention is guided by a learned probabilistic prior rather than by a hand crafted rule.
Large transformer models such as Wayformer [43] or staged refinement models such
as MTR++ (Motion Transformer) [46] explore a different direction that focuses on
higher capacity and stronger benchmark performance. Here, the goal is more mod-
est: to study how a density-aware filtering mechanism behaves inside an HPTR style
backbone, under a limited training budget, rather than to propose a new state of the
art system.
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Interpretability and broader impact. A useful side effect of the SDM is that it ex-
poses its internal relevance estimates as Gaussian fields over the map. These fields
can be visualized and inspected as an additional attention map that shows which
agents, lanes, or regions are assigned higher density. Such qualitative plots can be
helpful for understanding typical behaviors of the model and for debugging specific
failure cases, although a full user study or safety analysis is outside the scope of this
work. In this thesis SDT is evaluated only on the Waymo Open Motion Dataset, but
the basic idea of density guided sparse attention is generic and could, in principle,
be adapted to other driving datasets or related domains, such as pedestrian tracking
or crowd simulation. A careful investigation of such extensions and their impact on
downstream planning or safety is left for future work.
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4. RELATED WORK

Motion prediction for autonomous driving has progressed from rule based and physics
driven models toward data driven architectures capable of representing complex in-
teractions and multi modal futures. Classical methods such as constant velocity or
constant turn rate models offered computational efficiency but were unable to antici-
pate intent driven behaviors. Early machine learning approaches introduced Gaussian
Processes, Hidden Markov Models, and Support Vector Machines, which leveraged
trajectory data to recognize maneuver classes or latent behavioral states. While these
methods improved short horizon forecasting, they generally treated agents indepen-
dently and scaled poorly to dense urban traffic.

The first wave of deep learning methods represented the scene in rasterized bird’s
eye view form [8, 11]. Agent histories and high definition maps were projected onto
image grids and processed with convolutional neural networks. This formulation ben-
efited from mature 2D architectures but incurred heavy memory cost and introduced
discretization errors, blurring fine lane geometry and map topology.

Aspect Rasterized Encodings Vectorized Encodings

Representation Scene rendered into bird’s eye view  Scene expressed as polylines
images with multiple channels (ordered point sequences) for lanes,
(agents, map, time layers). agents, and map elements.

Geometric fidelity Limited by grid resolution, curved ~ Exact lane topology and geometry

Memory footprint
Architectures

Scalability

Context modeling

Interpretability

geometry blurred.

High: scales with image size
HxW xC.

Leverages mature CNN backbones,
pretrained image models.

Raster size fixed, robust to number
of agents.

Global context easily captured
within receptive field.

Less transparent; information
blurred in pixels.

preserved.

Low: scales with number of
polylines and nodes.

Uses PointNet/MLP encoders,
GNN:s, transformers.

Complexity grows with number of
polylines, but efficient for sparse
scenes.

Requires explicit relational
reasoning (attention, message
passing).

More interpretable: polylines
directly correspond to map
elements and agent paths.

Table 4.1: Comparison of rasterized and vectorized scene encodings in motion forecasting. Rasterized
methods leverage 2D CNNs but suffer from discretization; vectorized encodings preserve geometry
and align naturally with attention based architectures.

A shift came with vectorized encodings, pioneered by VectorNet [3], which decom-
posed maps and agent trajectories into polylines embedded with lightweight MLPs.
This preserved geometric fidelity while reducing memory, and the paradigm has
since become very common. Extensions include Wayformer [43], which showed
that transformers with structured attention can scale effectively to production scale
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datasets, and DenseTNT [45], which introduced goal conditioned forecasting by enu-
merating candidate endpoints over the drivable surface and conditioning trajectory
generation on selected goals. Other scalable approaches, such as MTR++ (Motion
Transformer) [46] refine candidate sets stage by stage, progressively narrowing the
hypothesis space, utilizing task-specific attention mechanisms.

Since future motion is inherently uncertain, capturing multi modality has been cen-
tral. Variational formulations such as DESIRE [8] explicitly parameterize mixtures
of latent trajectory generators. More recent work explores diffusion based forecasters
and normalizing flow models, which learn expressive generative distributions that can
produce diverse futures consistent with scene context. These approaches emphasize
calibrated probabilities, which are important for downstream risk sensitive planning.

Beyond open loop forecasting, several works explore behavior simulation [17-19],
where learned policies are rolled out in closed loop to generate long horizon tra-
jectories. Others investigate joint formulations of perception, prediction, and plan-
ning [21-23], or end to end driving policies [25, 26] that map sensor input directly
to actions. While promising, such approaches are computationally demanding and
remain challenging to validate for safety in real deployments.
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5. METHOD

This chapter describes the components of the Spatial Density Transformer (SDT)
and how they integrate into a complete motion forecasting system. Section 5.1 intro-
duces the polyline representation used to convert raw scene elements into a unified
vector format. Section 5.2 defines the Component Pairwise Encoding (CPE), which
augments geometric relations with motion cues. Section 5.3 presents the Spatial Den-
sity Module (SDM), a Gaussian mixture mechanism that aims to highlight more rel-
evant interactions. Section 5.4 then introduces the Spatial Density Attention (SDA),
which integrates SDM outputs into the transformer by combining density guided top-
k selection with log probability biases. Section 5.5 explains how the encoder updates
agents, map elements, and traffic lights using this density-aware attention. Section 5.6
details the multi-modal decoder that generates multiple future trajectory hypotheses.
Finally, Section 5.7 summarizes the training objectives, evaluation metrics, and di-
agnostics of the SDM.

5.1 Polyline Representation and Embedding

We adopt the polyline based representation introduced by VectorNet [3] and extended
by HPTR [6]. Each scene element, such as agents, lanes, and traffic lights, is ex-
pressed as a polyline, 1.e. an ordered sequence of nodes. To remove dependence on
the global frame, all coordinates are transformed into a local system: for agents this
is centered at the current position and aligned with heading, while for map and traffic
light polylines it is anchored at the first node.

Focusing on a single agent, given node positions p; € R? and headings 6;, the local
transform is
plocal _ RT (pt . p0)7 elltocal =0, — 00’

with R the rotation matrix from 6,. We encode angles via sine/cosine pairs to preserve
periodicity and normalize distances by a fixed length scale for numerical stability.
Following the relative polyline encoding used in HPTR, we construct a geometric
descriptor g, € R” from the local polyline node position and direction. Let d; € R?
denote the local direction (for agents, d, = [cos #/°?! singl°@|T), We compute the
closest point to the origin along the segment starting at pl°@ with direction d, as

) _<ploca1 dt>
= m1n<1,max<0, th—t”;>> , [ p}tocal +apd,, re = e

and define d

v t
= sy a e d )
gt |:Tt r, HdtH H t”

Pt d e | € R

Finally, we concatenate g; with raw attributes a, to form the node feature x; = [g;; a,].
For agent nodes, a, consists of local velocity (v,,v,), speed, yaw, acceleration, size
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(length, width, height), a one-hot encoding of semantic type over three classes (vehi-
cle, pedestrian, cyclist), and the (scene frame) position (z,y), giving a, € R'® and thus
X; € R%,

A lightweight PointNet encoder applies shared MLPs to x; and aggregates along the
polyline using max pooling:

ht = ¢(Xt), u= m?X ht7

producing one fixed length embedding u per polyline. Max pooling ensures permu-
tation invariance along the nodes while retaining the most salient local features. The
resulting set {u;} over all agents, forms the input token collection for relational rea-
soning.

5.2 Relative Encodings

Attention is permutation invariant unless provided with positional structure. We inject
pairwise geometric and motion cues via Relative Pose Encoding (RPE) and Relative
Motion Encoding (RME). For entities i and j with poses (x, y, §), the relative positional
encoding (RPE) is defined as

RPE;; = (w; — 25, yj — yi. sin(6; — 0:), cos(t; — 6;)).

This representation captures the displacement in position together with the relative
orientation between the two entities. RPE is computed for all pairs of elements, such
as agents, map segments, and traffic lights, and serves to bias the attention mechanism
toward locality awareness by providing explicit geometric relations.

For dynamic interactions, geometry alone is insufficient. Let s; be speed, v; € R?
velocity, a; € R? acceleration, and p; € R? position of agent i. For agent pairs (i, 7) we
use three motion cues:

05 = O'(ﬂ (Si — Sj) COS l(’l]i, Uj)), dij = %(1 — COS A(a“ aj)) ,
Apij-Av;
frava|
where o is the logistic sigmoid and 5,7 > 0 are user-defined scaling parameters
(inverse-temperature like) controlling the sharpness of the sigmoid responses. The
triplet (o;;, d;;, a;;) respectively reflects overtaking likelihood, intent divergence from
acceleration alignment, and approach score from normalized closing rate. For pairs

with equal (near-zero) speed and approximately zero velocity and acceleration, these
terms are set to zero.

Apij =DPj — Di AUZ'J‘ =v; —v;, I0C;; = Qi = 2(0’(’}/ maX((), —I’OC,»j)) — %),

We fuse these into the Component Pairwise Encoding (CPE),
CPEij = [RPEZ-]-, 0ij, dij, ij, 5;110ti0n}7
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where gmoton € {0, 1} flags dynamic targets. CPE is used exclusively inside the SDM
to inform density with both geometry and motion. In parallel, RPE additionally biases
transformer attention directly (Section 5.4).

5.3 Spatial Density Module

The SDM predicts, for each source token 4, a mixture of Gaussians over a regular
grid that tessellates the scene bounds. Let the grid have resolution R x R (cells in-
dexed by m = 1,..., R?) and let each component have weight r;,,, mean pu;, € R?
constrained within its cell, and diagonal covariance ¥, = diag(o;,,,0;,,) whose

scales are bounded relative to the cell size. The spatial density conditioned on i is

R2
m=1 m

To couple density with context, we augment each source embedding with a permutation-
invariant summary of its pairwise context pose encodings. Concretely, for a source
element i we have CPE,; € R%- for each target element ; describing j relative to i.
Since the number of valid targets varies per scene, we pool across j using a masked

mean
Zj m;

where m; € {0, 1} indicates whether target j is valid. We then concatenate this pooled
context vector to the source embedding and feed the result to the density head,

¢ — € Rére,

z; = [h;; ¢, {Tims tims Zim } = fdens(Zi),

where f4.ns 18 a lightweight multi-layer perceptron with three output heads that predict
mixture logits for =, bounded offsets for i, and bounded log standard deviations that
parameterize X.. This preserves a clear spatial interpretation: each component behaves
like a localized focus field whose support roughly matches a map patch.

Given candidate target positions {z,}, the SDM provides two signals. First, it yields
log densities
liy = logp(x; | 1),

which are added to attention logits as a density bias (Section 5.4). Second, it enables
top-k target selection per source by ranking {/;;},. We use a straight through estimator
(STE) with Gumbel perturbations [47] to maintain discrete top-k neighborhoods in
the forward pass while allowing gradients to flow to the continuous scores during
backpropagation. This dual role makes SDM both a selector and a soft prior over
attention.

Computationally, replacing dense neighborhoods with top-4 reduces the per layer cost
from O(M?d) to O(Mkd) (M tokens, head dimension d), with & < M. The density
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bias then concentrates probability mass on targets that receive higher density scores
among those retained. This is intended to improve efficiency by focusing computation
on a smaller set of candidates while still keeping attention aligned with semantically
relevant regions.

5.4 Spatial Density Attention

Attention is computed with multi head scaled dot products, augmented by (i) relative
pairwise encodings injected into keys and values, and (i1) SDM log densities added as
external biases. Let n, be the number of source elements (queries), n; the number of
target elements (keys and values), » the number of heads, and d the per head key/query
dimension. For each head, the projected tensors are

hxngxd h d h dy
QERXHX, KERXntX’ V e Rhxnex ,

(where typically d, = d). In self-attention, n, = n,, while in cross-attention n, and n,
may differ. Let r;; denote the relative pairwise encoding (RPE) between elements i
and j. Linear maps project r;; to additive corrections for keys and values:

K = K + ®g(r), V=V+dy(r),

with @ (r) € Rnxmxd and &y, (r) € RM*m=xmxdv broadcasting to match K and V per
(i,7) pair. Unnormalized attention logits are

1 T hXngsXnt
L= QK ek .

The SDM provides a log density field aligned with the source target layout; we add
it to the logits with a scalar bias scale 3 > 0:

L=L+§ logp.
Attention weights and outputs are

A = softmax(L) e R msxm O = AV € RI*nsxdu

RPE sharpens discrimination among geometrically plausible matches, while the SDM
bias tilts attention toward higher density regions identified by the density model. Be-
cause logp enters before the softmax, gradients propagate from attention back into
SDM, aligning thus learned densities with the patterns the transformer finds useful.
The bias scale 5 controls the balance: 5 — 0 recovers content driven attention; larger
3 puts more weight on density-aware focusing.
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5.5 Encoder

The encoder updates embeddings separately for agents, lanes, and traffic lights. Within
each class, attention is restricted to the top-k targets selected by SDM, with logits bi-
ased by the corresponding log densities. Writing the per head logits as

L= QK"+ pglogp,

the block applies softmax normalization, value aggregation with the RPE modulated
V, and standard residual norm MLP layers. Class specific stacks reflect the distinct
roles of each token type: lane geometry refines static context, traffic light embeddings
capture signal state, and agent embeddings integrate peer interactions. This structure
results in sparse, geometry aware, and density guided updates by construction.

5.6 Decoder

For each agent, the decoder produces a small set of trajectory hypotheses with associ-
ated confidences. We use learnable anchors {a(™} "¢ that act as maneuver prototypes
(e.g. go straight, turn left, yield). Given the final encoder embedding £;, a lightweight
fusion ®(h;,a™) forms mode specific inputs E™). Two prediction heads operate on
{E™)}: atrajectory head and a confidence head.

The trajectory head outputs, for each mode m and step ¢, a vector

G = (. 0,0 30 ),

where (i, X)) parameterize a bivariate Gaussian over 2D position (z;,y;) and (s, v, )
denote kinematics. The covariance is

2
o POz t0qy ¢
J— fE,t z, Y,
Et = o 2 s |pt| < 1.
Pt z,to-y,t Jy,t

The confidence head outputs logits ¢(™ normalized across modes to form a categor-
ical distribution over hypotheses. An optional ensemble of decoders can be used to
increase diversity by concatenating their mode sets at inference.

Anchors encourage explicit multi-modality and stabilize training by providing a con-
sistent basis across scenes. Because SDM prunes part of the context and biases atten-
tion, the anchor fusion operates on density refined embeddings, which is intended to
help separate different maneuver hypotheses.

Practical simplifications. The original HPTR decoder includes an all-to-all atten-
tion layer that jointly refines mode embeddings across agents and uses caching to
avoid recomputing some intermediate encodings. In our implementation we removed
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this global decoder attention, since for large batch sizes it exceeded the memory limits
of the available 12 GB GPU. We also disabled the caching logic and always recom-
pute the required encodings inside the decoder. These changes keep the basic anchor
based decoding scheme, but result in a slightly simpler and more lightweight decoder
than the one described in the HPTR paper. All results in this thesis refer to this sim-
plified variant.

5.7 Training Loss and Evaluation Metrics

Training follows a hard assignment strategy. For each agent, the predicted mode with
lowest average displacement error to the ground truth is selected:

T
m* =argmin £ [lp — " |l>
t=1

Regression losses are applied only to this mode. For positions we use the negative
log likelihood under the predicted Gaussian,

T
ﬁpos = _%Zlog/\/’(pt | ,Ugm )’Zﬁm ))'
t=1

Yaw is also periodic, so we model it with a von Mises negative log likelihood,

d exp (r cos (v, — A(m*)))
_ _ 1 t
Ed’_ T;log < 271__[0(/{) )

with concentration x > 0 and modified Bessel function Iy(-). Other circular likelihoods
could also be employed. Speeds and velocities use Huber losses for robustness:

T T
L=+ Huber(s, — 5™"), Lo=%>" flve—o""|ls.
t=1 t=1
Confidence is trained with cross entropy,

exp(em))

Feonr =~ 108 5 explm)

and the total objective is

E - Epos + Lq/; + Es + £v + £conf-

We evaluate using the WOMD validation metrics: mAP, Min ADE, Min FDE, Miss
Rate, and Overlap Rate. In addition, we monitor SDM diagnostics to understand how
density evolves and guides attention. For the mixture

K
P(iU ’ Z) = Zﬂik/\f(l’;mk,zik),
k=1
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we log entropy
K
H;=- Z Tik 1O i,
k=1
utilization mass above a density threshold e,

Ui = Poppp(p(x | 1) > €),

that is, the probability mass of samples drawn from p(- | i) whose density exceeds the
threshold. In other words, U; measures how much of the distribution lies in regions
of relatively high density. Finally, normalized variances

norm __ %tr(zlk)
7= TAT

where A is the grid cell size. In practice, H; tracks mode concentration, U; reflects
sparsity of the spatial prior, and ¢+°™ measures component sharpness. These statistics
are diagnostic (not optimized) and help interpret how SDM focuses attention during
training.
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6. EXPERIMENTS

6.1 Experimental setup

We conduct all experiments on the Waymo Open Motion Dataset (WOMD)'. At the
raw-data level, WOMD contains 103,354 mined driving segments, each 20 seconds
long and sampled at 10 Hz, amounting to about 574 hours of driving over roughly
1,750 km of roadway across six U.S. cities: San Francisco, Phoenix, Mountain View,
Los Angeles, Detroit, and Seattle. The official release partitions these raw segments
into training, validation, and test splits in a 70%/15%/15% ratio. The benchmark
contains 486,995 training scenarios, 44,097 validation scenarios, and 44,920 test sce-
narios.

Each training and validation scenario contains 10 history frames, 1 current frame, and
80 future frames, for a total of 91 samples, while the test split exposes only the 11
observed samples and withholds future trajectories for leaderboard evaluation. Each
frame provides 3D bounding boxes and persistent track IDs for vehicles, pedestrians,
and cyclists, together with HD map elements such as lane centerlines, lane bound-
aries, road boundaries, crosswalks, stop signs, speed bumps, driveway entrances, and
dynamic traffic-light states. WOMD is designed for behavior prediction in highly
interactive traffic situations, including merges, lane changes, unprotected turns, and
pedestrian crossings, and is therefore widely used for both marginal and joint motion
forecasting.

The task is defined as marginal motion prediction: for each scenario, the model must
generate six future trajectories for up to eight target agents. Each trajectory spans
80 steps into the future, corresponding to 8 seconds at a sampling interval of 0.1
seconds. The observation history length is fixed at 11 steps (1.1 seconds). We follow
the official evaluation protocol and compute metrics using the WOMD leaderboard
evaluation tool, where the ranking metric is the soft mean average precision (soft
mAP). Additional metrics such as minADE and minFDE are also reported for better
accuracy assessment.

6.2 Implementation details

Our model is implemented in PyTorch Lightning and trained on a single NVIDIA
GeForce RTX 4070 (12 GB). For each scenario we consider up to Npmap = 1024 map
polylines, Ny = 40 traffic light elements, and N,, = 64 agents. Each polyline is repre-
sented by up to N,.¢e = 20 one meter segments. The Spatial Density Module operates
on a discretized grid with resolution R x R, where we set R = 4 unless otherwise spec-

IS. Ettinger et al., “Large-Scale Interactive Motion Forecasting for Autonomous Driving: The
Waymo Open Motion Dataset,” ICCV, 2021.
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ified. For prediction we follow the WOMD protocol and produce Npq = 6 multi-
modal futures per agent.

The transformer backbone employs pre layer normalization and is trained with the
AdamW optimizer and cosine learning rate decay. Dropout is applied at a rate of
0.1 in attention and feed forward layers. No ensembling or trajectory aggregation is
applied at inference time; only confidence scores are adjusted through a light-weight
post processing step.

Differences to the original HPTR implementation. Due to memory constraints,
our implementation does not include the full decoder used in HPTR. In particular, we
removed the all-to-all attention layer at the decoder stage and turned off the feature
caching mechanism that avoids recomputing some intermediate encodings. These
changes were necessary to keep training within the 12 GB GPU budget and mainly
affect how much cross interaction the decoder can model and how much computation
isreused. The encoder architecture, the use of relative pose encodings, and the anchor
based prediction heads follow the HPTR design.

6.3 Evaluation under different SDM settings

We study how three design choices affect SDT: the Component Pairwise Encoding
(CPE), the strength of the spatial density log bias (bias scale € {0.5,1.0}), and the
spatial grid resolution of the Spatial Density Module (grid size € {4,9,16}). Each
configuration is trained with the same short schedule on WOMD. For each one we
measure validation minADE, minFF'DE, mAP, and some gradient norm statistics to
see how stable training is. We mainly look at mAP to rank the runs, but because the
training budget is small, these results should be seen as indicative and not as final.

From Table 6.1 we can see three basic patterns.

First, the density log bias seems to work better when it is not too strong. When we re-
duce bias scale from 1.0 to 0.5, accuracy and stability often improve. For example,
with CPE=ON and grid=16, mAP goes from 0.16482 t0 0.17777, and minADE/minFDE
improve from (1.01492, 2.18288) to (0.93433, 1.96221). At the same time, the maximum
gradient drops from about 2.03 x 10° to about 5.55 x 103. So a smaller bias still lets
density influence attention, but it does not overpower the content and it also reduces
gradient spikes.

Second, using a finer grid usually helps. Moving from grid size 4 or 9 to 16 often
improves minADE and minF'DE, and in several cases also mAP. With CPE=ON and
bias scale = 0.5, grid size 16 gives the best displacement errors overall (0.93433/1.96221)
and the highest mAP among the CPE=ON runs. This is in line with the idea that a finer
grid lets the SDM place density more precisely in space, which should lead to cleaner
top-%£ neighborhoods and more focused attention, even though we do not isolate that
effect on its own.
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CPE Dbias scale grid minADE| minFDE| mAP+ Grad. mean Grad. max

ON 0.5 16 0.93433 1.96221  0.17777 197.96 5552.93"
ON 0.5 9 1.07653 2.22840  0.13962 339.18 22633.48
ON 0.5 4 1.01359 2.16053  0.17073  13911.93  2071695.25
ON 1.0 16 1.01492 2.18288  0.16482  5876.63  2026656.50
ON 1.0 9 1.03631 2.18702  0.15835 601.13 90397.03
ON 1.0 4 1.09102 2.24696  0.12747  8732.33 976845.69
OFF 0.5 16 0.97873 2.05912  0.18295 258.47 7740.69
OFF 0.5 9 1.10363 221213 0.14623  4021.03 446699.72
OFF 0.5 4 1.05832 2.22646  0.18470  4430.73 416781.97
OFF 1.0 16 1.06346 2.22644  0.16005 336.02 12977.04
OFF 1.0 9 0.95405 2.00842  0.16910  8665.51 1562453.50
OFF 1.0 4 1.14825 245938  0.14789  39392.66  1455208.13

Table 6.1: Validation results for SDT under different configurations of CPE, density bias scale, and
grid resolution. Bold indicates the best value per column across all runs.

* marks the configuration used for the main model (CPE=ON, bias_scale=0.5, grid=16).

Third, CPE seems to help both accuracy and stability even when the differences in
mAP are small. The best mAP in the table is with CPE=OFF, bias scale = 0.5,
grid 4 (0.18470), but this run has worse displacement errors (1.05832/2.22646) and
much higher gradients (4.17x 10%). In contrast, CPE=ON, bias scale = 0.5, grid 16
has the lowest minADE/minF’'DE and much lower gradient maxima, while mAP is
only slightly lower (0.17777). Given this trade off, we use this configuration in the
remaining experiments.

In summary, we choose CPE=ON, bias scale = 0.5, and grid size 16 as the main set-
ting (first row in Table 6.1). Within the configurations we tested, this setup gives the

lowest displacement errors (0.93433 m / 1.96221 m), a reasonable mAP of 0.17777,
and a relatively mild gradient profile compared to other strong settings.

GMM diagnostics. Besides the usual validation metrics, we also looked at simple
statistics of the Gaussian mixtures predicted by the SDM to understand their behavior
(Table 6.2). We track three quantities: utilization above a density threshold (0.05),
saturation variance, and entropy of the mixture weights.

Utilization shows how much probability mass lies in regions where the density is
above the chosen threshold. Runs with CPE ON tend to have higher utilization for
the large grid (for example 0.646 for grid 16 with bias 0.5), which matches the idea
that motion features help the SDM focus on useful parts of the scene.

Variance shows how wide or narrow the Gaussian components are. Very small values
(for example 0.078 with CPE ON, bias 1.0, grid 16) mean very sharp components that
can hurt coverage, while very large values (for example 0.355 with CPE ON, bias 1.0,
grid 4) mean that components spread too much. The main configuration (CPE ON,
bias 0.5, grid 16) sits in between, at 0.127.

Entropy measures how many components are effectively active. High entropy, around
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CPE Bias Grid Utilization 1 Variance | Entropy;, T Entropy,.... T

ON 05 16 0.646 0.127 2.361 2.111
ON 0.5 9 0.635 0.245 1.472 1.348
ON 05 4 0.645 0.230 0.772 0.726
ON 10 16 0.580 0.078 2.088 1.934
ON 10 9 0.904 0.008 2.117 2.073
ON 10 4 0.624 0.355 0.745 0.697
OFF 0.5 16 0.549 0.255 1.838 1.723
OFF 0.5 9 0.821 0.042 1.983 1.942
OFF 05 4 0.857 0.090 1.181 1.100
OFF 1.0 16 0.542 0.208 1.831 1.720
OFF 1.0 9 0.703 0.129 1.651 1.597
OFF 10 4 0.664 0.081 0.817 0.764

Table 6.2: GMM statistics for different settings of CPE, bias scale, and grid size. Higher utilization
and entropy values indicate that more mixture components are used and remain active, while lower
variance corresponds to more stable and less diffuse component spread.

2.3, means that several components are used in practice, while low entropy, around
0.7, means that only one or two components dominate.

The 3 x 3 grid (grid size 9) gives very high utilization in some cases (0.904 with CPE
ON, bias 1.0), but its variance almost collapses (0.008), which indicates nearly degen-
erate Gaussians that put mass into very narrow spikes. This is not ideal for coverage.
The 4 x 4 grid (grid size 16) trades a small drop in utilization for more reasonable
variance and higher entropy, which makes the density field easier to interpret and
less fragile.

Overall, these statistics support the choice of CPE=ON, bias 0.5, grid 16 as a balanced
setting for the rest of the experiments.

6.4 Model Diagnostics

GMM behavior and insights. The Spatial Density Module (SDM) forms a central
part of SDT’s relational reasoning by predicting Gaussian mixtures over the spatial
domain. To better understand its internal behavior over time, we analyzed the mix-
ture diagnostics across epochs using the same three quantities: (1) utilization above a
density threshold (0.05), (i1) saturation variance of the Gaussian components, and (iii)
entropy of the mixture weights.

Utilization gradually increased during training, which suggests that the SDM learned
to concentrate probability mass on specific interaction zones rather than dispersing it
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Figure 6.1: Evolution of GMM diagnostics over epochs for agent-agent interactions. The mixture
maintains moderate variance and stable entropy.

uniformly. Variance values stabilized around 0.12 to 0.15, so the Gaussian compo-
nents neither collapsed into extremely sharp peaks nor spread excessively. Entropy
hovered around 2.1 to 2.3, indicating that several mixture components remained ac-
tive.

These trends are compatible with the intended role of SDM as a density prior that
regularizes attention, acting as a soft, spatially aware filter that suppresses attention
toward very low density regions while keeping multiple hypotheses active. However,
we do not provide a direct comparison with random or ¥ NN filtering in this thesis,
so a more precise quantification of the benefit of density-aware filtering over purely
geometric heuristics is left for future work.

6.5 Benchmark Results

Table 6.3 summarizes the quantitative results of the Spatial Density Transformer
(SDT) and HPTR on the Waymo Open Motion Dataset validation split. For SDT, we
train the model for 50 epochs and report the checkpoint from epoch 42, which was
selected based on validation loss. At this checkpoint, SDT achieves a mean average
precision (mAP) of 0.2790, a minimum average displacement error (Min ADE) of
0.7189 m, and a minimum final displacement error (Min FDE) of 1.4903 m. The
corresponding Miss Rate and Overlap Rate are 0.2106 and 0.1437, respectively. For
reference, HPTR achieves an mAP of 0.4150, Min ADE of 0.5378 m, Min FDE of
1.0923 m, Miss Rate of 0.1326, and Overlap Rate of 0.1357 on the same validation

N. Christou 43



A Spatial Attention Mechanism for Motion Prediction in Autonomous Driving

split.
Model mAP 1+ Min ADE | Min FDE | Miss Rate | Overlap Rate |
SDT(Ours) 0.2790 0.7189 1.4903 0.2106 0.1437
HPTR (reference) 0.4150 0.5378 1.0923 0.1326 0.1357

Table 6.3: Validation results of SDT and HPTR on the WOMD validation split. Arrows indicate
preferred directions for each metric.

waymo_pred/min_ade waymo_pred/min_fde

— minADE = minFDE

waymo_pred/mean_average_precision val/loss

— mean avg, precisio — validation loss

1( 20 30 A 0 10 20

Figure 6.2: Evolution of key validation metrics during training. The curves flatten around epoch 40,
with mAP changing more slowly afterwards.

All trajectory related errors (position, velocity, speed) decrease steadily over epochs,
which suggests that the model fits the kinematic variables in a stable way. The yaw
error (orientation) behaves less smoothly and increases slightly toward the end of
training. Since the loss on yaw is based on a von Mises distribution rather than direct
regression, this can happen when positional accuracy improves faster than angular
calibration.

The overall training loss stabilizes around 2.97, and the validation loss around 0.26 in
absolute value, which indicates that the optimization process has mostly converged
within the given budget. GPU memory utilization remains close to 55 percent of the
available 12 GB during training, showing that the density-based attention mechanism
keeps a predictable memory footprint.

A more extensive benchmark that includes HPTR and other baselines trained under
1dentical conditions is left as future work.
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Figure 6.3: Evolution of component errors for position, velocity, speed, and yaw. All components
except yaw show a clear downward trend.
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Figure 6.4: Training loss and GPU memory utilization over epochs. The memory footprint stays stable
with no sign of accumulation.
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6.6 Qualitative Analysis

Qualitative examples. To visually assess the behavior of the model, Figure 6.5 shows
two representative prediction scenes from the WOMD validation set. Each scene
depicts the ego centric map and the predicted future trajectories for a selected target
vehicle. The ground truth trajectory is rendered in orange, while the predicted modes
are shown in cyan. The most confident prediction is emphasized with increased line
thickness, reduced transparency, and a larger terminal marker.

Figure 6.5: Qualitative results on WOMD validation scenes. The ground truth is shown in orange,
predicted trajectories in cyan. Thicker and less transparent lines indicate higher confidence. In these
examples the top mode matches the ground truth maneuver.

In the first example, the target vehicle approaches an intersection where it may either
continue straight or turn right toward a side street or parking area. SDT produces mul-
tiple hypotheses and, in this case, assigns highest confidence to the turning maneuver
that matches the recorded ground truth. In the second example, several hypotheses
correspond to different turning angles at a junction, capturing uncertainty in driver
intent.

In both scenes, the predicted modes stay roughly aligned with lane geometry and local
map structure, which is consistent with the intended effect of density-aware attention
focusing on nearby lanes and relevant context.
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7. CONCLUSION

This thesis presented the Spatial Density Transformer (SDT), a motion prediction
model for autonomous driving that builds directly on the HPTR architecture. The
main idea is to replace fixed, heuristic neighbor selection with a learned Spatial Den-
sity Module (SDM) that predicts Gaussian mixtures over the spatial domain and uses
them to guide attention. The SDM provides both a soft density prior and a top-% se-
lection mechanism, so that attention focuses on regions where interactions are more
likely instead of treating all pairs of tokens equally.

Experiments on the Waymo Open Motion Dataset showed that SDT can reach reason-
able accuracy under a limited training budget. The best checkpoint on the validation
split achieved minADE of 0.72 m, minFDE of 1.49 m and mAP of 0.28, with mod-
erate miss and overlap rates. Within this setup, training and validation curves were
stable, and memory usage stayed roughly constant during training, which suggests
that the density based attention mechanism can be implemented without introducing
extra instability in practice.

The ablation study and the GMM diagnostics gave some insight into how the SDM be-
haves. Configurations with Component Pairwise Encoding (CPE), a moderate density
bias scale and a finer spatial grid tended to give better displacement errors, smoother
gradients and more interpretable mixtures. The mixture statistics also indicated that,
in these settings, density tends to concentrate on areas that contain agents rather than
on empty regions, and that several mixture components remain active instead of col-
lapsing into a single peak.

At the same time, there are clear limitations. The model 1s evaluated on a single
dataset and backbone, without a full head to head comparison against HPTR or other
baselines trained under exactly the same conditions. The attention mechanism is re-
stricted to sparse neighborhoods, which may reduce the ability to capture very long
range interactions in crowded or highly unstructured scenes. Orientation errors re-
main harder to optimize than positional errors, partly due to the circular nature of
yaw and the choice of von Mises loss. Finally, the analysis of the SDM focuses on
simple mixture statistics and a small set of hyperparameters, and does not exhaust all
possible behaviors of the module.

There are several directions for future work. One is to run a more systematic compar-
ison between density guided filtering and simpler strategies such as fixed k nearest
neighbors or random pruning, using matched training schedules for SDT and HPTR.
Another is to study variants where the mixtures are constrained to behave closer to
k nearest neighbor neighborhoods, or where CPE and SDM are disabled, in order
to better understand how much each component contributes. Extending SDT to joint
prediction, to other datasets, or to settings where it is combined with upstream percep-
tion or downstream planning modules would also be interesting. Overall, the thesis
suggests that adding a learned, density aware attention filter on top of an existing
lightweight transformer such as HPTR is a promising direction, and that it can be
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explored further with stronger baselines and more extensive experiments in future
work.
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ABBREVIATIONS - ACRONYMS

AV Autonomous Vehicle

TP Trajectory Prediction
WOMD Waymo Open Motion Dataset
HD High-Definition

VAE Variational Autoencoder
MLP Multi-Layer Perceptron
GMM Gaussian Mixture Model
SDT Spatial Density Transformer
SDA Spatial Density Attention
SDM Spatial Density Module

RPE Relative Pose Encoding
RME Relative Motion Encoding
CPE Component Pairwise Encoding
STE Straight-Through Estimator
mAP mean Average Precision

FDE Final Displacement Error
ADE Average Displacement Error
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