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Abstract

Fusing the data of millimeter-wave Radar sensors and high-definition
cameras has emerged as a viable approach to achieving precise 3D
object detection for roadside traffic surveillance. For roadside per-
ception systems, earlier studies have pointed out that it is better to
perform the fusion on the 2D image plane than on the BEV plane
(which is popular for on-car perception systems), especially when
the perception range is large (e.g., > 150m). Image-plane fusion
requires critical transformations, like perspective projection from
the Radar’s BEV to the camera’s 2D plane and reverse IPM. How-
ever, real-world issues like uneven terrain and sensor movement
degrade these transformations’ precision, impacting fusion effec-
tiveness. To alleviate these issues, we propose a geometry-based
Radar-camera fusion method on the ground, namely FARFusion
V2. Specifically, we extend the ground-plane assumption in FAR-
Fusion [20] to support arbitrary shapes by formulating the ground
height as an implicit representation based on geometric transfor-
mations. By incorporating the ground information, we can enhance
Radar data with target height measurements. Consequently, we can
thus project the enhanced Radar data onto the 2D plane to obtain
more accurate depth information, thereby assisting the IPM process.
A real-time parameterized transformation parameters estimation
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module is further introduced to refine the view transformation pro-
cesses. Moreover, considering various measurement noises across
these two sensors, we introduce an uncertainty-based depth fusion
strategy into the 2D fusion process to maximize the probability of
obtaining the optimal depth value. Extensive experiments are con-
ducted on our collected roadside OWL benchmark, demonstrating
the excellent localization capacity of FARFusion V2 in far-range
scenarios. Our method achieves an average location accuracy of
0.771m when we extend the detection range up to 500m.
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1 Introduction

Far-range 3D object detection and tracking are crucial for roadside
perception in intelligent transportation systems, as highlighted
in recent studies [4, 7, 33]. These technologies can significantly
enhance roadside-assisted autonomous driving and provide early
warnings of potential traffic incidents [2, 13, 29, 41, 46]. To ensure
precise vehicle location at large distances, deploying both millimeter
wave radar (referred to as Radar in this paper) and high-definition
(HD) cameras for joint perception has become an emerging solu-
tion in roadside scenes [8]. Feature-level Radar and camera fusion


https://orcid.org/0000-0002-6063-3331
https://orcid.org/0000-0001-9624-7451
https://orcid.org/0009-0006-7896-6632
https://orcid.org/0000-0001-6852-8491
https://orcid.org/0000-0002-7164-7245 
https://orcid.org/0000-0002-1515-0402
https://orcid.org/0000-0001-9046-798X 
https://doi.org/10.1145/3664647.3681128
https://doi.org/10.1145/3664647.3681128

MM °24, October 28—-November 1, 2024, Melbourne, VIC, Australia.

w/ 3D ground | w/o 3D ground
1PM Plew 0 Pl | Pita 10 P

3D 10 p2D 3D 10 p2n
Prea 0 Preat Poey 10 Py

(a) The Impact of 3D Ground

Unexpected motion Near = Far

d >d

3D ground

d Flat ground-plane
Near (b) The Impact of Sensor Motion in Different Ranges Far

Figure 1: (a) With the 3D ground, we can project the 3D point
Pfgl , to the Przfa ; and also can inversely map the 2D point

Pfgl , to the Pr3eDa ; via IPM. Differently, with the flat ground
plane assumption, we can only project the PZgJ to the deviated

position Pﬁ.eDU on the 2D plane and inversely map the sz , to

the deviated position P;Dm in the 3D space via IPM. (b) If the
camera has an unexpected movement with a pitch angle 0,

there will be a larger deviation d at far ranges.

approaches [17, 34, 35, 43, 44] have achieved high performance.
However, they usually require extensive annotated data [32] that
is hard to obtain in far-range scenes. Therefore, target-level fusion
methods are primarily used in practical systems.

Fusion on the image plane first is more reliable for target-level
fusion as illustrated in FARFusion [20], especially for far-range
roadside scenes (e.g., > 150m). Specifically, lifting 2D targets into 3D
space directly suffers from larger location errors, causing incorrect
association with Radar targets on the BEV plane. Thus, FARFusion
first projects Radar targets to the 2D plane to associate with 2D
targets, then maps 2D targets to the BEV plane using inverse per-
spective mapping (IPM) with Radar depth information. FARFusion
also performs the fusion on the ground. This fusion strategy re-
quires critical view transformations between Radar targets in 3D
space and camera targets on the 2D plane. However, mapping from
2D to 3D space is an ill-posed problem [5, 21, 26] since a point on
the image plane corresponds to all collinear 3D points on the ray
from the optical center. Inspired by Monoground [26], FARFusion
represents vehicles as Radar points or camera 2D points on the
ground. On the BEV plane, the Radar coordinate system is parallel
to the ground plane because it is aligned to the UTM coordinate
system in initial calibration [20]. On the 2D image plane, FARFu-
sion models each object as a point at the contact area between the
vehicle bottom and the ground, creating a one-to-one correspon-
dence for the 2D-3D mapping. These strategies enable FARFusion
to achieve accurate localization in far-range scenarios.

However, during the fusion process, FARFusion assumes that the
road is a flat plane, which may not hold in real far-range scenarios.
The uneven road in the real world will affect the precision of view
transformations of both perspective projection and IPM processes
shown in Fig. 1(a). Specifically, the commonly used Radar sensors
lack height measurement, so we usually assign a fixed height to
Radar data when projecting Radar points from the BEV plane to
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the 2D image plane. This will result in inaccurate projection depth
values and positions on uneven roads. Meanwhile, IPM also relies
on the planar assumption [40, 42], which causes deviation between
IPM points and actual positions on uneven roads. Additionally,
FARFusion also assumes the roadside sensors are fixed in a time
interval. Unfortunately, real-time unexpected sensor motions still
exist due to the windy weather, causing inaccurate transformation
between 2D and 3D spaces especially at larger distances shown in
Fig. 1(b). Here we only show the motion in the pitch angle, as this
direction has the most significant impact on depth estimation.

In this work, we propose FARFusion V2 to mitigate the above
issues for practical far-range roadside perception. Our framework
has two key designs — implicit ground height learning and real-
time transformation parameters estimation. Firstly, considering the
ground may have arbitrary shapes, we represent ground height as a
learnable function. We also assume there is a virtual ground plane.
Then we utilize a customized loss function to train the function on
both 2D and BEV planes. Specifically, we integrate prior geomet-
ric relations [10, 20] between real and virtual ground planes into
the training process. With the ground function, we can query the
ground height at any location, which allows us to attach height
information to the Radar data. Consequently, we can thus project
the enhanced Radar points onto the 2D plane to obtain more accu-
rate depth information, thereby assisting the IPM process. Secondly,
roadside camera images contain rich background information, in-
cluding the camera’s relative pose to the ground [18, 23]. Therefore,
we directly regress the transformation parameters in real time to
refine the view transformations. To facilitate the learning of trans-
formation parameters, we enable the network to regress the residu-
als of the parameterized homography matrix between 2D and BEV
planes. These key designs in FARFusion V2 can boost the image-
plane fusion pipeline proposed by FARFusion for far-range scenes.
Moreover, considering various observation noises across these two
sensors, we introduce an uncertainty-based depth fusion strategy
into the image-plane fusion. This strategy aims to maximize the
probability of obtaining the optimal depth value. Meanwhile, due
to the absence of direct labels for uncertainty, we utilize a surrogate
loss function to train the network for uncertainty estimation.

In summary, we make the following contributions:

e We propose a geometry-based Radar-camera fusion method
for far-range object detection on the ground, namely FAR-
Fusion V2. Our approach achieves excellent localization by
integrating the ground information and a real-time transfor-
mation parameters estimation module in target-level fusion.

e We also introduce an uncertainty-based depth fusion strat-
egy into the fusion process to maximize the probability of
obtaining the optimal depth value.

o Extensive experiments are conducted on our roadside OWL
testbed on an urban expressway. Results show that our
method can improve APggy by absolutely 5.4%. Significantly,
the approach can achieve 0.771m average location accuracy
when the detection range is extended up to 500m.

2 Related Work

Radar and camera have been widely deployed in autonomous driv-
ing (AD) and roadside scenes thanks to their low costs [19].
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Radar and camera fusion for autonomous driving. Feature-
level [22] and target-level fusion methods are the primary methods
for integrating Radar and camera data in autonomous driving. We
first introduce the feature-level methods, CenterFusion [24] first
predicts 2D candidate positions of the targets and then utilizes the
roi-based fusion strategy to associate them with Radar pillar fea-
tures in 3D space via inverse perspective transformation. Finally, it
refines the associated features using a refinement module. Cram-
net [14] also applies such an association strategy to map the fore-
ground pixels to 3D for point-wise fusion with foreground Radar
points. Different from the roi-based fusion strategy, BEV-based fu-
sion methods [43, 45] first lift the 2D image features to BEV features
in 3D space and then fuse them with the Radar BEV features. In the
target-level fusion methods [28, 31], the fusion is performed on the
target-level sensor outputs. Most methods [3, 6, 9, 16, 25] are based
on Bayesian theory, Kalman Filtering, Dempster-Shafer theory, etc.
Target-level fusion has been widely employed in practical scenarios
thanks to the low computing cost.

Radar and camera fusion for roadside perception. Nowadays,
more research is dedicated to roadside dataset building [11, 37-39],
sensor calibration [8, 27] and object location [1]. However, there has
been relatively little work on combining roadside radar and camera
data. [1] utilizes a BEV-based method to fuse Radar and camera
targets, it first maps the 2D points to BEV and associates two targets
on the BEV plane, then uses a Gaussian mixture probability hypoth-
esis density (GM-PHD) filter to integrate these two modalities. [8]
also utilizes the BEV-based method to achieve spatiotemporal syn-
chronization between Radar and camera coordinate systems. It first
maps the 2D points to BEV and then employs the matched trajectory
points to optimize the calibration parameter. [30] fuses roadside
Radar and camera targets using the Kalman filter in the tracking
stage. These studies primarily focus on near-range perception (less
than 250 meters). Differently, FARFusion [20] proposes a far-range
Radar and camera fusion method for 3D object detection, which
first associates Radar-camera targets on the 2D plane and refines
the transformation parameter on both 2D and BEV planes.

In summary, most Radar and camera fusion methods for AD
primarily use feature-level fusion strategies. Roadside Radar and
camera fusion methods mainly utilize the target-level fusion strat-
egy due to the lack of accessible open datasets in near range (<250m).
By contrast, our FARFusion V2 focuses on roadside far-range (150 —
500m) perception, taking into account the key impacts of rough
ground and sensor movements on the high-accuracy location.

3 The FARFusion V2 Design
3.1 Preliminary and Overview

FARFusion V2 aims to enhance the precision of fusing Radar and
camera targets in far-range roadside scenes. We first introduce the
basic fusion pipeline designed for far-range scenarios in FARFu-
sion [20]. FARFusion first projects the Radar-based target points
(on the BEV plane) to the 2D image plane and then associates them
with the camera-based object locations that are modeled as a CBM!
point on each object. Subsequently, it maps the camera-based object
locations to the BEV plane through IPM with the corresponding

1CBM represents the bottom midpoint of the 2D bounding box detected by a pre-trained
2D detector, which is a good proxy of the car’s location.
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Figure 2: The coordinate systems of the OWL testbed.

Radar depth information. Finally, it engages a BEV tracking mod-
ule to combine the outputs of the above 2D fusion module and
generate target trajectories for traffic monitoring. Meanwhile, the
fusion pipeline requires accurate transformations between Radar
and pixel coordinate systems (CS). We follow FARFusion to rep-
resent the transformation parameters using a plane homography
matrix M between Radar BEV and image planes. The coordinate
systems are depicted in Fig. 2 on the OWL testbed deployed on an
urban expressway with a detection area of Y = 150 — 500m range.
In the FARFusion, the BEV plane (Radar CS) corresponds to the
ground surface, which assumes the ground is a plane without relief.
This assumption may be inconsistent with actual circumstances,
especially in far-range scenes, which has adverse effects on the
projection process of Radar points and IPM process of camera
CBM points. Therefore, we have revised this assumption to allow
the ground to have arbitrary shapes in FARFusion V2. Moreover,
FARFusion assumes that the camera is mounted in a pole without
movements in a time window. However, we have observed the
camera has little shake due to the windy weather, which influences
the accuracy of the pre-calibrated M. Considering roadside camera
images include the inherent pose information relative to the ground,
we refine the M from each image in real time in FARFusion V2.
Specifically, in our FARFusion V2, given a pre-calibrated M and a

set X = {xli’w, x;D|i =1...N} of N pair detection points of vehicles
for every frame, with BEV object coordinates xl';eu € R? in Radar CS

and 2D pixel coordinates xé D € R?, our goal is to estimate ground
height and refine M in real time, then enhance the target-level
Radar and camera fusion for far-range scenes. Here, considering
it’s usually hard to obtain the 3D ground truth of targets in the
whole range of Y = 150 — 550m in the Radar CS, we take fusion
points (Xf, Yf) as xl’;ev and 2D CBM points (Ucam, Veam) as xéD.
The fusion pipeline in FARFusion provides these two types of points
and their matching relations. Note that our FARFusion V2 attempts
to construct data-driven surrogate training pipelines using prior
geometric transformations and the outputs of FARFusion, instead of
taking the outputs as the direct supervision. To this end, with the X
and M, our FARFusion V2 proposes three key designs: (1) A ground
height network that uses a geometry-based training pipeline. (2) A
real-time parameterized homography matrix estimation module. (3)
An uncertainty-based target-level Radar and camera fusion module.
The framework is depicted in Fig. 3. Below we will introduce every
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Figure 3: The overview of our FARFusion V2. FARFusion V2 mainly contains three modules: (a) The camera data processing
module, which employs a 2D detector to detect 2D CBM (camera-object bottom midpoints of the 2D bounding box) points
and a 2D image backbone to estimate the parameterized transformation parameter M'. (b) The Radar data processing module
integrates the height information into Radar points with a ground height network and then projects Radar points to the 2D
plane. (c) The uncertainty-based target-level fusion module. This module associates Radar points with 2D CBM points on the
2D plane. Then it maps dual Radar-CBM points to 3D space with weighted depths calculated by the uncertainty-based networks.
The whole framework is trained using the geometry-based loss function Ly, and the uncertainty-based loss function L.

module in more depth. To make it easily readable, we first give the
homography transformation between Radar CS and pixel CS as:

U X mi1 mi2 mi3 X
ZI V| =M]| Y|=| my ma ma|| Y|. (1)
1 1 m3; msz m33 1

3.2 Geometry-based Ground Height Learning

We represent the ground height implicitly and construct a geometry-
based training pipeline for ground height learning. We first assume
there is a virtual ground plane shown in Fig. 2, and then we utilize
the differences between predicted positions based on the hypothesis
and real positions to train the ground height network. Meanwhile,
M denotes the transformation between 2D and virtual BEV planes.
During the initial calibration [20], the ground is assumed as a plane
with a fixed ground height value to calibrate the M.

Specifically, considering the requirements of practical deploy-
ment with arbitrary ground shapes, we first represent the ground
height as follows:

Zg = f(X.Y), @

where in our case the height function is implicitly parameterized
as a Multi-Layer Perceptron (MLP).

Then given the pair fusion points (X, Yf) and 2D CBM points
(Ucam> Veam), we construct the loss function on both 2D and BEV
virtual planes depicted in Fig. 3.P3. Firstly, we start from the 2D CBM
points (Ucam, Veam)- Based on the virtual ground-plane assumption,

we map the 2D CBM points to the BEV plane via the IPM process:

Xc =H; - Zc(Ucama Veams 1)> (3)

Yc =H;- Zc(Ucam’ Veams l)a (4)

where H is the inverse of M, H; denotes the i-th row of H, and
Ze =1/(Hs3 - (Ucam, Veams 1)). Then with the Equ. 2, we can obtain
the height Z; at the real position (X, Y¢) from Z,; = f(X.,Y,). Here
the mapping relation between Z; and (X;, Yc') is one-to-one as the
intersection points of the single ray from camera optical center
(with a height h.) with the real ground and the virtual plane should
be unique in the roadside scene. These points lie on a single ray
shown in Fig. 2. Inspired by the Gen-LaneNet[10], we transfer the
(X;, Yé) on the virtual plane to the real position (X, Y;) as follows:

X, = (1 Z-"X' 29 nx 5

= _h_c)c_h_c , (5)

Yc=(1——)Y ——gAY (6)
he

where AX and AY are the translation deviations between Radar CS
and ground CS shown in Fig. 2, h, is the perpendicular distance
from the camera’s optical center to the ground. The variables AX,
AY and h, are considered as learnable parameters. We consider the
translation deviations because the geometry-based similar triangle

XAX hc_—Zg) is only established with the ground CS
X +AX he
while our BEV plane is in the Radar CS. Therefore we re-derive the

relation (
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Equ. 5 and Equ. 6. Then we take the fusion points (Xy, Yy) as the
reference and calculate the first loss function on the BEV plane as:
Lpev = (Xe = Xp)? + (Ye - Yp)?. ()
Secondly, we start from the fusion points (X, Yy) to calculate
the re-projection errors on the 2D plane. In the training process,
the matching relation of fusion points (Xf, Yr) and 2D CBM points
(Ucam, Veam) are known, therefore we can take the ground height
Zg4 obtained in the calculation process of Lggy to transfer the
(Xf, Yr) from real position to the position on the virtual ground
plane. The transformation process is formulated as follows:

X, = X AX

F T e 2y T hemzg ®
. he 7

Y, = Y AY. 9
T he=2 7 he- 2, ©

Then we can project the (X]/,, Y};) on the virtual plane to the 2D
plane with the homography matrix M as:

Up = Mi - (X, Yy, 1)/ (M3 - (Xp, Y 1), (10)

Vi=M,- (x}, YJL, 1)/(Ms - (xj;, Y]’,, 1). (11)
Now we take the 2D CBM points (Ucam, Veam) as reference and
calculate the second loss function on the 2D plane as follows:

Lyp = (Up - Ucam)® + (Vr - Veam)®. (12)

The final geometric loss function can be calculated with all N
pair fusion and 2D CBM points by:

N
Lgeo = % Z(LZD +LBEV)i- (13)

i=1
Inspired by the FARFusion [20], we apply the depth scaling strat-
egy on the final geometric loss function due to the far-range detec-
tion requirements of Y = 150 — 500m range. We also use the smooth
L1 loss on the Lyp and Lggy, which is robust to outliers and easier

for ground height training.

3.3 Camera Data Processing Module

Our camera data processing module takes high-resolution images as
inputs. As mentioned before, far-range object detection highly relies
on the homography matrix M for view transformations between
2D and virtual BEV planes. In practical deployment, the sensors
may have unexpected movements due to windy weather. Therefore
we first exploit a parameterized homography matrix estimation
method in our camera data processing module depicted in Fig. 3(a).
Parameterized homography matrix estimation. The roadside
sensors are fixed and installed on the pole, any deviations in unex-
pected movements should be measured relative to a fixed reference
parameter, i.e., M. We directly regress the residuals relative to the
initial M for every image. The image includes rich background infor-
mation, which is helpful for estimating the camera pose relative to
the ground. Specifically, we employ a 2D image backbone to extract
the down-sampled image feature map from every image. Then the
image feature map is flattened to a 1-D global feature M; € R'*C,
We transform the My to a feature embedding M; € R for cal-

ibration using a MLP. The M; is fed into different MLP layers to
regress the residuals in parameterized representation relative to the
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M. We regress the scaling parameter (Asy, Asy), rotation parame-
ter A and translation parameter (Aty, Aty) separately. Finally, we
derive the residual matrix AM as follows:

Asy 0 0\/1 0 Aty\fcosAf —sinAf 0
AM=| 0 Asy 00 1 Atyf|sin AO  cosAO 0f.
0 0 1/\0 0 1 0 0 1
(14)

Thus, we can refine M by matrix multiplication M = MAM for
each frame. During training, we utilize these steps to transfer the M
in the geometric transformation in Sec. 3.2 and use the loss function
Lgeo in Equ. 13 to optimize the above residuals estimation network.
2D CBM points detection. We follow FARFusion [20] to detect
the 2D CBM points using a pre-trained 2D detector.

3.4 Radar Data Processing Module

Radar can provide sparse point clouds and target-level results after
clustering. We utilize target-level results that have more true posi-
tives as the inputs of the Radar data processing module, with each
target represented by a point on the BEV plane. We first integrate
height information into the Radar data. Given the Radar points
(Xr, Yr) on the BEV plane, we approximately calculate the corre-
sponding ground height Z; using height function f in Equ. 2. This
height value represents the Radar targets’ height measurement, as
our fusion process is performed on the ground. Then as shown in
Fig. 2, we normalize Z; as Z;"rm = (he = Zg) [ he. The normaliza-
tion is necessary because we employ the homogeneous coordinate
representation in the transformation between 2D and BEV planes.
The virtual plane corresponds to the plane of Z = 1 in the Radar
CS. Then we project the enhanced Radar points (X, ¥;, Z;°"™) via
perspective projection to calculate the projected depth Z,,; and
2D coordinates (U, ,q, Vyqq) on the 2D plane as follows:

Urad ) X My My My Xr
Zrad| Vrad | =M Yy = m;] m;2 sz Y, .
1 Znorm Znorm
9 Mgy Mgy Mgy 9

(15)

3.5 Uncertainty-based Target-level Radar and
Camera Fusion

We next combine the Radar points and camera 2D CBM points
through a 2-stage fusion pipeline on both 2D and BEV planes.

On the 2D plane, we perform an uncertainty-based depth fusion
between 2D CBM points and Radar points depicted in Fig. 3(c). We
first associate the Radar projection points with CBM points via the
bipartite graph matching algorithm. After association, we have both
matched point pairs and unmatched points. If a pair of points are
matched, (Ucam, Veam) and (Uyqg, Vrad), we now regard the two
points as a dual-modal point and map this point to the 3D space. For
the matched CBM point (Ucam, Veam), we have two types of depth
values, i.e., Radar projection depth Z,,; and image depth Z.. Here,
we calculate Z; by the IPM process Z, = 1/H/3 - (Ucams Veam» 1),

where H' is the inverse of M. We assume that the two depths Z, .4
and Z, are independent because they are obtained from different
methods. According to Bayes’ theorem, we can derive the posterior
probability of this 2D CBM point’s real depth D as below:

P(D|Z¢, Zyqa) o« P(D|Zyaa)P(D|Zc). (16)
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Furthermore, we assume the observation noises of Z,.,4 and Z. are
subject to Gaussian distributions N (0, 62) and N (0, 62). According
to the maximum of the posterior probability P(D|Z., Z,,4), we can
obtain the following mathematical relation:

max logP(D|Z¢, Zyaq) « maxlog P(D|Z,,q)P(D|Z.)

_ (D_Zrzad)z
e 2or  +log

1
ar\/ﬁ ocVer

D—2Z,,9)% (D-2Z.)?
n( rad) +( c)

263 20'3

_ 2
1 _ (D ch)

o maxlog e %%

o mi

+log oy +logo.. (17)

Thus, we can calculate the derivative of the final expression (de-
noted by L(D)) in Equ. 17 concerning D. By making L(D)” = 0, we
can calculate the optimal D as follows:

Zrad/gpg + ZC/O'CZ

D +c —
T 1)0? +1/0?

(18)
Through the mathematical derivation, we thus obtain the optimal
fusion depth value in Equ. 18. Considering the Radar and camera
have different measurement noises in different ranges, we directly
estimate the noises oy, o, as the aleatoric uncertainties [15] of the
Zyaq and Z; using two MLP networks, i.e, o = MLP(X,,Y;), 00 =
MLP(Ucams Veam)- Then we can map this dual-modal point to the
real position in BEV with the coordinates (X,4c, Yr+c) by:

Xrec = H1 * Drye(Ucam, Veams 1), (19)

Yrie = Hg . Dr+c(Ucam’ Veams l)- (20)
As for the training process, we employ a surrogate loss function.
According to the Equ. 17, we construct the loss function as follows:
— (D - Zrad)2 (D - Zc)z

L
7 20'3 20'3

+ alog oy + flogog, (21)

where « and f are the hyperparameters and we take the fusion

points as the reference to calculate the Dby D = M/3-(X s Yf, VA }wr m,

Note that the calculation of D, Z,.,; and Z, are detached from the
computational graph in Sec. 3.2 and Sec. 3.3. Ly is only employed to
train the two uncertainty estimation MLP networks. This training
process is depicted in Fig. 3.P;.

Additionally, for unmatched 2D CBM points, we utilize the IPM
process to map the CBM points to the virtual BEV plane. Then we
calculate the corresponding ground heights of the real positions
via the height function in Equ. 2, and transfer the IPM points to
the real positions using the Equ. 5 and Equ. 6. We also reserve the
unmatched Radar points. We then feed all these outputs to the
subsequent BEV target tracking module.

Finally, on the BEV plane, we adopt the common target-level
fusion methods [20, 37], utilizing a Kalman-based tracking module
to combine the outputs from the 2D depth fusion module.

4 Implementation and Evaluation

In this section, we introduce our implementation details and evalu-
ation results.

4.1 Implementation Details

OWL testbed and our benchmark. As shown in Fig. 2, we have
developed a testbed named OWL by deploying smart poles on an
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Table 1: Detection and location MAE results on validation
setin Y = 150 — 330m range.

APggy (%) T Loc. MAE(m) |

Method ‘AP BEV (%) T ‘ disys disio disis dispo | Lat. Long. Euc.
Radar Only 11 04 240 676 845 [0520 1707 182
Image Only 16.6 20 95 216 335 | 0126 1526 1541

robustBEVfus* [1] 413 2.4 23.5 59.2 80.3 0.310 1.660 1.716
FARFusion [20] 63.9 15.8 60.9 85.6 93.3 0.142 1.217 1.239
FARFusion V2 69.3 28.5 69.7 87.5 91.7 0.163 0.975 1.009

LiDAR provides the ground truth data of multiple cars in this range. *We follow [1] to exploit
the same fusion method of the BEV association and “prediction-update” tracking pipeline
as a comparison. Meanwhile, we use the Kalman filter and filter out the unmatched camera
targets due to the large location errors of the IPM points in the tracking pipeline.

urban expressway with an 80km/h speed limit. Specifically, we de-
ploy a long-range millimeter wave Radar, a HD monocular camera,
a spinning 80-beam LiDAR on each pole, and two vehicle-mounted
RTK-GPS systems. Here, LIDAR and RTK-GPS are deployed to pro-
vide ground truth data only for evaluation. LIDAR generates the
data for vehicles in Y = 150 — 330m range, while GPS provides the
data for the two experimental vehicles in Y = 330 — 500m range.
On this testbed, we establish a roadside benchmark for far-range
scenarios. We follow [20] to perform spatiotemporal synchroniza-
tion on our roadside dataset. Then We split the dataset into training
(65%, first 65% frames per split) and validation splits (35%, other
35% frames per split) across three splits in different time intervals.
Every split contains over 8000 frames and 39000 car samples.
Metrics. We use average precision (AP) and mean absolute error
(MAE) of location to evaluate the final detection results in our
benchmark. We assign the detection results to ground truths of
vehicles based on the center distances between them, using differ-
ent distance thresholds. We set the (0.5m, 1.0m) (i.e., disg 5), (1.0m,
2.0m) (i.e., dis1 ), (1.5m, 3.0m) (i.e., dis1 5) and (2.0m, 4.0m) (i.e.,
disz o) thresholds in (X, Y) axes (refer to Fig. 2) in the BEV’s Radar
coordinate system, because the length-width ratio of the vehicle is
approximately 2 : 1. We report location MAEs in the lateral (Lat.)
X axis, longitudinal (Long.) Y axis and Euclidean distance (Euc.)
from the bird’s eye view with the threshold dis; 5. We calculate the
AP with location threshold values of {disg s, dis ¢, dis1 5, dis2.0} and
then average the values across different thresholds.
Network structure. The ground height and uncertainty estimation
networks are parameterized as different MLPs with three layers and
32 channels of the hidden layer. In the parameterized homography
matrix estimation module, we take the image with a resolution of
3840 x 2160 as input. Then we utilize the ResNet-18 [12] as the
image backbone to extract the image feature for transformation
parameters estimation. The hidden layers of different parameter-
ized homography matrix estimation MLPs are configured with 256
channels each. We employ the pre-trained YOLOE [36] to detect
the 2D bounding boxes of vehicles. We don’t use the same image
backbone for both calibration and object detection tasks because
they separately focus on static and dynamic targets.
Training details. We decouple the training processes of the ground
height network and the parameterized M estimation module in two
steps. Because we find that it’s hard for the network to converge
when optimizing them simultaneously. In the first step, we train
the ground height network and the learnable parameters of the
camera/Radar height and coordinate deviations for 100 epochs.
Then we use pre-trained weights and freeze the weights of the
ground height network to train the parameterized M estimation
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Table 2: Ablation study on validation set in Y = 150 — 330m
range. We quantitatively evaluate the impact of the ground

height network(GH), parameterized M estimation module(PE)

and uncertainty estimation network(UE).

Loc. MAE(m) |

Base GH PE UE ‘ APppy (%) 1 ‘ Lat. Long. Euc.
v 63.9 0.142 1.217 1.239
v v 66.3 0.128 1.024 1.045
v v v 66.5 0.148 1.011 1.039
v v v v 68.5 0.151 0.951 0.982

LiDAR provides the ground truth data of multiple cars in this range.

Table 3: Ablation study on validation set in Y = 330 — 500m
range.

— Loc. MAE(m) |
Base GH PE UE APpgy (%) T Lat. Long. Euc.
v 69.1 0.240 1.268 1.290
v v 70.7 0.198 0.686 0.754
v v v 72.2 0.139 0.677 0.728
v v v v 72.6 0.140 0.649 0.702

GPS provides the ground truth data of the experimentation vehicle in this range.

module and uncertainty estimation network for 70 epochs. We use
the Adam optimizer in two training steps with batch size 8. The
learning rate is initialized as 0.0001 for the first step and 0.001 for
the second step, both are updated by the cosine annealing strategy.

4.2 Evaluation Results

We report the performance of our FARFusion V2 on the validation
set for comparison with other methods and carefully investigate
the effect of different modules. The results are evaluated using the
average precision (AP) and mean absolute error (MAE) of location
as illustrated in Sec. 4.1.

Comparison results on the validation set. We first compare
the performance of different methods in Y = 150 — 330m range
in Tab. 1: (1) Radar Only (i.e., obtaining a target’s position using
the Radar point location on the BEV plane), (2) Image Only (i.e.,
obtaining a target’s position by mapping its CBM point to BEV
using the plane-assumed IPM), (3) robustBEVfus [1] (i.e., the fusion
of the previous two locations in BEV), (4) FARFusion [20] (i.e., the
target-level fusion of the Radar and CBM points on both 2D and
BEV planes), and (5) our FARFusion V2. Among them, the first two
are single modal while the latter three are fusion-based. The results
show our FARFusion V2 has the highest APggy among all methods.

In addition, we have the following observations. Our FARFusion
V2 has the highest APggy on the validation set, improving the
average detection performance APggy by 5.4% than FARFusion and
28% than robustBEVfus. This demonstrates that 2D association is
more effective in far-range scenes than BEV association used in
robustBEVfus [1]. Moreover, our FARFusion V2 considers the impact
of ground and sensor motions, achieving an improvement of 0.23m
in location accuracy compared to FARFusion.

Next, we perform a set of ablation studies in both Y = 150 —330m
and Y = 330 — 500m ranges and summarize the results in Tab. 2 and
Tab. 3. We take the FARFusion as our baseline for comparison.
Impact of the ground height network. We first investigate the
impact of the ground height network. As shown in Tab. 2, we obtain
a 2.4% improvement in average APpgpy and a 0.194m improvement
in location accuracy when adding the ground height network (GH)
in the target-level fusion. The ground height network can assign
height values to the Radar data, thereby assisting the IPM process
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Table 4: Detection and location MAE results on validation
setin Y =330 — 500m range.

— APppyv (%) T Loc. MAE(m) |
Method ‘AP BEV (%) 1 ‘ disys disyg disys dispo | Lat. Long. Euc.
Radar Only 56.9 18 467 888 903 | 0344 1655 1.730
Image Only 18 02 13 27 33 |0.067 1617 1618
VDbustBEVqu [1] 56.3 1.6 48.2 86.4 89.4 0.341 1.627 1.703
FARFusion [20] 69.1 18.8 73.0 91.1 93.8 0.240 1.268 1.290
FARFusion V2 74.5 44.8 79.4 86.3 87.6 0.172 0.712 0.771

GPS provides the ground truth data of the experimentation vehicles in this range. We filter

out the detection results whose location errors > 3.0m with GPS value for evaluation

because other vehicles will influence the evaluation without ground truth.
by providing more accurate depth measurements. It achieves a more
precise location accuracy of 1.045m. The experiment in the ¥ =
330 — 500m range from Tab. 3 also demonstrates the effectiveness
of the ground height network with 1.6% and 0.536m improvements
in APggy and location accuracy.
Impact of the parameterized homography matrix estima-
tion module. We also show the results with the parameterized
homography matrix estimation module (PE) in the third row in
Tab. 2. However, we observe that the effect of this module in the
Y = 150 —330m range is minimal with an improvement of only 0.2%
in APggy. This is because the sensor’s motion has a greater influ-
ence at longer distances as illustrated in the introduction. Therefore,
we also evaluate the effect of this module in the Y = 330 — 500m
range in Tab. 3. The results show adding this module yields a 1.5%
improvement in APpgy.
Impact of the uncertainty estimation network. We finally eval-
uate the effect of the uncertainty estimation network (UE). In the
last row in Tab. 2, we obtain a 2.0% improvement in APggy. This
demonstrates the depth values of the CBM points are more accurate
when using the uncertainty-based weighting between the depths
obtained via the Radar projection and those calculated by IPM than
using only the depth obtained via the Radar projection directly.
However, we also observe that the improvement of this module is
minimal in Y = 330 — 500m range in Tab. 3. This is because the
IPM points have much higher location errors in this range. The
uncertainty of the depth calculated by IPM is greater than the un-
certainty of depth obtained by Radar projection. Therefore, the final
weighted depth is highly dependent on the depth obtained through
Radar projection, resulting in the performance being similar to
that achieved without this uncertainty estimation network. We will
analyse the uncertainty network in more detail in Sec. 4.3.
Longer ranges with GPS as ground truth. Finally, we extend the
detection range to Y = 330 — 500m to compare the performances
of different methods in Tab. 4. Our FARFusion V2 still has the
highest performance. We obtain a location accuracy of 0.771m for
the experimentation vehicles. This range has a high requirement
for accurate view transformations. The ground height network and
homography matrix estimation module play important roles in this
range, as demonstrated in the preceding ablation studies.

4.3 Fine-grained Analysis

In this subsection, we delve into FARFusion V2 to study the ground
height network and uncertainty estimation network qualitatively.
What did the ground height network learn? To investigate
the outputs of the ground height network, we divide this area of
(-15m < X < 10m,200m < Y < 700m) range in Radar CS into

grids of uniform size of 2m X 20m. Then we take the grid points as
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Ground Height(m)

(b) The Output of Ground Height Network

(a) Real Roadside Scene
Figure 4: The comparison of the actual ground in figure (a)
with the ground height network’s output in figure (b).
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Figure 5: The uncertainty of Radar projection depth and IPM-
calculated depth with respect to the Y coordinate in the BEV’s
Radar coordinate system.

the input of the ground height network and plot the height values
in Fig. 4(b). We observe that in the Y = 300 —600m range, there is an
upward trend, while in the Y > 600m range, it shows a downward
trend in ground height. This trend is consistent with the ground’s
fluctuations in Fig. 4(a). However, we also observe that there is an
unexpected sudden drop in the ground’s height in the position of
Y = 200m. We believe this is because we use fusion points, not
ground truths, to train the network for ground height estimation.
In practical scenarios, the fusion points are subject to inevitable
detection noise with outliers, which causes the trained network to
be imperfect. Even so, the overall surface contour of the output of
the ground height network closely matches the actual ground.

The analysis of the uncertainty estimation network. The mea-
surement accuracy of the sensor is highly relative to the detec-
tion range. The measurement noise usually becomes larger as the
distance increases. To analyse the uncertainty predicted by the
uncertainty estimation networks of Radar projection depth and
IPM-calculated depth concerning the distance, we select matched
Radar and 2D CBM points from 1000 frames randomly as the input
of the network. Then we plot the uncertainty values o, and o,
concerning the Y coordinate of the BEV’s Radar CS and mark the
mean values in several locations in Fig. 5. We observe that the Radar
projection depth 2 is more reliable than the IPM-calculated depth
in the whole range. Meanwhile, the magnitude of o is significantly
greater than that of o, in the Y > 300m range. This indicates that
the camera’s IPM performs poorly in Y > 300m range, where the

“There is a downward trend of o, in Y > 350m range due to the use of fusion points
as the ground truth for network training.

Yao Li et al.

Table 5: The impact of the coordinate deviation on
the validation set in Y = 150 — 330m range.

- Loc. MAE(m) |
Base Coorde, ‘ APppy (%) 1 ‘ Lat. Long. Euc.
v 61.4 0.125 1.21 1.229
v 66.3 0.128 1.024 1.045

LiDAR provides the ground truth data of multiple cars in this range.

Detection results on BEV plane Detection results on BEV plane
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Figure 6: The qualitative results in Radar coordinate system
of FARFusion in figure (a) and FARFusion V2 in figure (b).

Radar projection depth becomes dominant in the depth fusion. This
result is also consistent with the ablation studies in Sec. 4.2.
Impact of the coordinate deviation in ground height network.
In Sec. 3.2, we have considered the translation deviations (AX, AY)
between the Radar CS and ground CS. Because the similar triangle
XAAX hc}:—Zg) is only established with the ground CS
X.+AX c

while our BEV plane is in the Radar CS. We conduct an ablation
study to analyse the effect of deviations in Tab. 5. The “base” repre-
sents we do not use translation deviations. The results show the
performance is better with the translation deviations.

The qualitative results in Radar CS of FARFusion and FARFu-
sion V2. Finally, we show the qualitative results on the BEV plane
of FARFusion and FARFusion V2 in Fig. 6. We see that the FAR-
Fusion V2 has higher location accuracy, especially the IPM points
highlighted in blue are adjusted to be closer to the accurate fusion
points at larger ranges.

relation (

5 Conclusion

In this paper, to achieve high-accuracy location in far-range scenes,
we exploit a geometry-based Radar and camera fusion method
FARFusion V2 in target level on the ground for roadside 3D ob-
ject detection. We find that ground height and sensor motion are
important factors influencing the performance of roadside Radar
and camera fusion. Therefore, we represent the ground height im-
plicitly and employ a geometry-based transformation function for
training. We also engage a parameterized homography matrix es-
timation module to refine the transformation parameters in real
time. Additionally, we further improve the accuracy of depth values
using an uncertainty-based depth fusion approach, supported by
a mathematical theory derivation. With these designs, we achieve
high-accuracy location performance for far-range object detection.



FARFusion V2: A Geometry-based Radar-Camera Fusion Method on the Ground for Roadside Detection

Acknowledgments

This work was supported by the National Natural Science Founda-
tion of China (No. 62332016).

References

(1]

[2

—

(3]

(4]

(5

=

(6]

(71

[8

=

(9]

[10]

[11

[12]

[13]

[14]

(15

[16]

[17]

[18]

[19]

[20]

Jie Bai, Sen Li, Han Zhang, Libo Huang, and Ping Wang. 2021. Robust target
detection and tracking algorithm based on roadside radar and camera. Sensors
21, 4 (2021), 1116.

Wentao Bao, Qi Yu, and Yu Kong. 2020. Uncertainty-based traffic accident
anticipation with spatio-temporal relational learning. In Proceedings of the 28th
ACM International Conference on Multimedia. 2682-2690.

R Omar Chavez-Garcia, Julien Burlet, Trung-Dung Vu, and Olivier Aycard. 2012.
Frontal object perception using radar and mono-vision. In 2012 IEEE Intelligent
Vehicles Symposium. IEEE, 159-164.

Zehui Chen, Zhenyu Li, Shiquan Zhang, Liangji Fang, Qinhong Jiang, and Feng
Zhao. 2022. Graph-DETR3D: rethinking overlapping regions for multi-view
3D object detection. In Proceedings of the 30th ACM International Conference on
Multimedia. 5999-6008.

Xiaomeng Chu, Jiajun Deng, Yao Li, Zhenxun Yuan, Yanyong Zhang, Jianmin Ji,
and Yu Zhang. 2021. Neighbor-vote: Improving monocular 3d object detection
through neighbor distance voting. In Proceedings of the 29th ACM International
Conference on Multimedia. 5239-5247.

Christophe Coué, Th Fraichard, Pierre Bessiere, and Emmanuel Mazer. 2002.
Multi-sensor data fusion using Bayesian programming: An automotive applica-
tion. In Intelligent Vehicle Symposium, 2002. IEEE, Vol. 2. IEEE, 442-447.

Jiajun Deng, Shaoshuai Shi, Peiwei Li, Wengang Zhou, Yanyong Zhang, and
Hougqiang Li. 2021. Voxel r-cnn: Towards high performance voxel-based 3d object
detection. In Proceedings of the AAAI conference on artificial intelligence, Vol. 35.
1201-1209.

Yuchuan Du, Bohao Qin, Cong Zhao, Yifan Zhu, Jing Cao, and Yuxiong Ji. 2021. A
novel spatio-temporal synchronization method of roadside asynchronous MMW
radar-camera for sensor fusion. IEEE transactions on intelligent transportation
systems 23, 11 (2021), 22278-22289.

Yifan Duan, Xinran Zhang, Guoliang You, Yilong Wu, Xingchen Li, Yao Li, Xi-
aomeng Chu, Jie Peng, Yu Zhang, Jianmin Ji, et al. 2024. Rotation Initializa-
tion and Stepwise Refinement for Universal LIDAR Calibration. arXiv preprint
arXiv:2405.05589 (2024).

Yuliang Guo, Guang Chen, Peitao Zhao, Weide Zhang, Jinghao Miao, Jingao Wang,
and Tae Eun Choe. 2020. Gen-lanenet: A generalized and scalable approach for
3d lane detection. In Computer Vision—ECCV 2020: 16th European Conference,
Glasgow, UK, August 23-28, 2020, Proceedings, Part XXI 16. Springer, 666—681.
Ruiyang Hao, Siqi Fan, Yingru Dai, Zhenlin Zhang, Chenxi Li, Yuntian Wang,
Haibao Yu, Wenxian Yang, Jirui Yuan, and Zaiging Nie. 2024. RCooper: A Real-
world Large-scale Dataset for Roadside Cooperative Perception. arXiv preprint
arXiv:2403.10145 (2024).

Kaiming He, Xiangyu Zhang, Shaoging Ren, and Jian Sun. 2016. Deep residual
learning for image recognition. In Proceedings of the IEEE conference on computer
vision and pattern recognition. 770-778.

Hung-Min Hsu, Yizhou Wang, and Jenq-Neng Hwang. 2020. Traffic-aware multi-
camera tracking of vehicles based on reid and camera link model. In Proceedings
of the 28th ACM International Conference on Multimedia. 964-972.

Jyh-Jing Hwang, Henrik Kretzschmar, Joshua Manela, Sean Rafferty, Nicholas
Armstrong-Crews, Tiffany Chen, and Dragomir Anguelov. 2022. Cramnet:
Camera-radar fusion with ray-constrained cross-attention for robust 3d object
detection. In European Conference on Computer Vision. Springer, 388-405.

Alex Kendall and Yarin Gal. 2017. What uncertainties do we need in bayesian
deep learning for computer vision? Advances in neural information processing
systems 30 (2017).

Du Yong Kim and Moongu Jeon. 2014. Data fusion of radar and image measure-
ments for multi-object tracking via Kalman filtering. Information Sciences 278
(2014), 641-652.

Youngseok Kim, Juyeb Shin, Sanmin Kim, In-Jae Lee, Jun Won Choi, and Dongsuk
Kum. 2023. Crn: Camera radar net for accurate, robust, efficient 3d perception. In
Proceedings of the IEEE/CVF International Conference on Computer Vision. 17615—
17626.

Xingchen Li, Yuxuan Xiao, Beibei Wang, Haojie Ren, Yanyong Zhang, and Jianmin
Ji. 2023. Automatic targetless LIDAR-camera calibration: a survey. Artificial
Intelligence Review 56, 9 (2023), 9949-9987.

Yao Li, Jiajun Deng, Yu Zhang, Jianmin Ji, Hougiang Li, and Yanyong Zhang.
2022. EZFusion: A Close Look at the Integration of LiDAR, Millimeter-Wave
Radar, and Camera for Accurate 3D Object Detection and Tracking. IEEE Robotics
and Automation Letters 7, 4 (2022), 11182-11189.

Yao Li, Yingjie Wang, Chengzhen Meng, Yifan Duan, Jianmin Ji, Yu Zhang, and
Yanyong Zhang. 2024. FARFusion: A Practical Roadside Radar-Camera Fusion

System for Far-Range Perception. IEEE Robotics and Automation Letters (2024),
1-8. https://doi.org/10.1109/LRA.2024.3387700

[21

[22

[23]

[24]

[25]

[26]

[27]

[28

[29

[30

w
—

[32

[33

[34

[35

[36

[37

[38

@
29,

[40

[41

[42

MM 24, October 28—-November 1, 2024, Melbourne, VIC, Australia.

Guibiao Liao, Wei Gao, Qiuping Jiang, Ronggang Wang, and Ge Li. 2020. Mmnet:
Multi-stage and multi-scale fusion network for rgh-d salient object detection. In
Proceedings of the 28th ACM international conference on multimedia. 2436-2444.
Yang Liu, Feng Wang, Naiyan Wang, and ZHAO-XIANG ZHANG. 2024. Echoes
beyond points: Unleashing the power of raw radar data in multi-modality fusion.
Advances in Neural Information Processing Systems 36 (2024).

Xudong Lv, Boya Wang, Ziwen Dou, Dong Ye, and Shuo Wang. 2021. LCCNet:
LiDAR and camera self-calibration using cost volume network. In Proceedings of
the IEEE/CVF Conference on Computer Vision and Pattern Recognition. 2894-2901.
Ramin Nabati and Hairong Qi. 2021. Centerfusion: Center-based radar and
camera fusion for 3d object detection. In Proceedings of the IEEE/CVF Winter
Conference on Applications of Computer Vision. 1527-1536.

Marko Obrvan, Josip Cesi¢, and Ivan Petrovi¢. 2016. Appearance based vehicle
detection by radar-stereo vision integration. In Robot 2015: Second Iberian Robotics
Conference: Advances in Robotics, Volume 1. Springer, 437-449.

Zequn Qin and Xi Li. 2022. Monoground: Detecting monocular 3d objects from
the ground. In Proceedings of the IEEE/CVF Conference on Computer Vision and
Pattern Recognition. 3793-3802.

Haojie Ren, Sha Zhang, Sugang Li, Yao Li, Xinchen Li, Jianmin Ji, Yu Zhang,
and Yanyong Zhang. 2023. TrajMatch: Toward Automatic Spatio-Temporal
Calibration for Roadside LIDARs Through Trajectory Matching. IEEE Transactions
on Intelligent Transportation Systems 24, 11 (2023), 12549-12559. https://doi.org/
10.1109/TITS.2023.3295757

Chuanbeibei Shi, Ganghua Lai, Yushu Yu, Mauro Bellone, and Vincezo Lip-
piello. 2023. Real-Time Multi-Modal Active Vision for Object Detection on
UAVs Equipped With Limited Field of View LiDAR and Camera. IEEE Robotics
and Automation Letters (2023).

Fei-Yue Wang. 2010. Parallel control and management for intelligent transporta-
tion systems: Concepts, architectures, and applications. IEEE transactions on
intelligent transportation systems 11, 3 (2010), 630-638.

Lefei Wang, Zhaoyu Zhang, Xin Di, and Jun Tian. 2021. A roadside camera-radar
sensing fusion system for intelligent transportation. In 2020 17th European Radar
Conference (EuRAD). IEEE, 282-285.

Xiyang Wang, Chunyun Fu, Zhankun Li, Ying Lai, and Jiawei He. 2022. Deepfu-
sionmot: A 3d multi-object tracking framework based on camera-lidar fusion with
deep association. IEEE Robotics and Automation Letters 7, 3 (2022), 8260-8267.
Yingjie Wang, Qiuyu Mao, Hangi Zhu, Jiajun Deng, Yu Zhang, Jianmin Ji,
Hougiang Li, and Yanyong Zhang. 2023. Multi-modal 3d object detection in
autonomous driving: a survey. International Journal of Computer Vision 131, 8
(2023), 2122-2152.

Xinshuo Weng, Jianren Wang, David Held, and Kris Kitani. 2020. 3d multi-object
tracking: A baseline and new evaluation metrics. In 2020 IEEE/RSY International
Conference on Intelligent Robots and Systems (IROS). IEEE, 10359-10366.
Zizhang Wu, Guilian Chen, Yuanzhu Gan, Lei Wang, and Jian Pu. 2023. Mvfusion:
Multi-view 3d object detection with semantic-aligned radar and camera fusion.
In 2023 IEEE International Conference on Robotics and Automation (ICRA). IEEE,
2766-2773.

Zizhang Wu, Yunzhe Wu, Xiaoquan Wang, Yuanzhu Gan, and Jian Pu. 2024. A
Robust Diffusion Modeling Framework for Radar Camera 3D Object Detection.
In Proceedings of the IEEE/CVF Winter Conference on Applications of Computer
Vision. 3282-3292.

Shangliang Xu, Xinxin Wang, Wenyu Lv, Qinyao Chang, Cheng Cui, Kaipeng
Deng, Guanzhong Wang, Qingqing Dang, Shengyu Wei, Yuning Du, et al. 2022.
PP-YOLOE: An evolved version of YOLO. arXiv preprint arXiv:2203.16250 (2022).
Zhijie Yan, Pengfei Li, Zheng Fu, Shaocong Xu, Yongliang Shi, Xiaoxue Chen,
Yuhang Zheng, Yang Li, Tianyu Liu, Chuxuan Li, et al. 2023. INT2: Interactive
Trajectory Prediction at Intersections. In Proceedings of the IEEE/CVF International
Conference on Computer Vision. 8536-8547.

Xiaoging Ye, Mao Shu, Hanyu Li, Yifeng Shi, Yingying Li, Guangjie Wang, Xiao
Tan, and Errui Ding. 2022. Rope3d: The roadside perception dataset for au-
tonomous driving and monocular 3d object detection task. In Proceedings of the
IEEE/CVF Conference on Computer Vision and Pattern Recognition. 21341-21350.
Haibao Yu, Yizhen Luo, Mao Shu, Yiyi Huo, Zebang Yang, Yifeng Shi, Zhenglong
Guo, Hanyu Li, Xing Hu, Jirui Yuan, et al. 2022. Dair-v2x: A large-scale dataset
for vehicle-infrastructure cooperative 3d object detection. In Proceedings of the
IEEE/CVF Conference on Computer Vision and Pattern Recognition. 21361-21370.
Daiming Zhang, Bin Fang, Weibin Yang, Xiaosong Luo, and Yuanyan Tang. 2014.
Robust inverse perspective mapping based on vanishing point. In Proceedings
2014 IEEE International Conference on Security, Pattern Analysis, and Cybernetics
(SPAC). IEEE, 458-463.

Junping Zhang, Fei-Yue Wang, Kunfeng Wang, Wei-Hua Lin, Xin Xu, and Cheng
Chen. 2011. Data-driven intelligent transportation systems: A survey. IEEE
Transactions on Intelligent Transportation Systems 12, 4 (2011), 1624-1639.
Wentao Zhang, Huansheng Song, and Lichen Liu. 2023. Automatic calibration
for monocular cameras in highway scenes via vehicle vanishing point detection.
Journal of transportation engineering, Part A: Systems 149, 7 (2023), 04023050.
Yuan Zhao, Lu Zhang, Jiajun Deng, and Yanyong Zhang. 2024. BEV-radar: bidirec-
tional radar-camera fusion for 3D object detection. JUSTC 54, 1 (2024), 0101-1.


https://doi.org/10.1109/LRA.2024.3387700
https://doi.org/10.1109/TITS.2023.3295757
https://doi.org/10.1109/TITS.2023.3295757

MM °24, October 28—-November 1, 2024, Melbourne, VIC, Australia.

[44] Lianging Zheng, Sen Li, Bin Tan, Long Yang, Sihan Chen, Libo Huang, Jie Bai,
Xichan Zhu, and Zhixiong Ma. 2023. Rcfusion: Fusing 4d radar and camera
with bird’s-eye view features for 3d object detection. IEEE Transactions on
Instrumentation and Measurement (2023).

[45] Taohua Zhou, Junjie Chen, Yining Shi, Kun Jiang, Mengmeng Yang, and Diange
Yang. 2023. Bridging the view disparity between radar and camera features for

[46

Yao Li et al.

multi-modal fusion 3d object detection. IEEE Transactions on Intelligent Vehicles
8,2(2023), 1523-1535.

Li Zhu, Fei Richard Yu, Yige Wang, Bin Ning, and Tao Tang. 2018. Big data
analytics in intelligent transportation systems: A survey. IEEE Transactions on
Intelligent Transportation Systems 20, 1 (2018), 383-398.



	Abstract
	1 Introduction
	2 Related Work
	3 The FARFusion V2 Design
	3.1 Preliminary and Overview
	3.2 Geometry-based Ground Height Learning
	3.3 Camera Data Processing Module
	3.4 Radar Data Processing Module
	3.5 Uncertainty-based Target-level Radar and Camera Fusion

	4 Implementation and Evaluation
	4.1 Implementation Details
	4.2 Evaluation Results
	4.3 Fine-grained Analysis

	5 Conclusion
	Acknowledgments
	References

