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ABSTRACT
Road surface markings, like symbols and line markings, are vital
traffic infrastructures for driving safety and efficiency. However,
real-world conditions can impair the utility of existing road mark-
ings. For example, adverse weather conditions such as snow and
rain can quickly obliterate visibility.

We propose a novel MagnETic ROad marking system (METRO)
for robust recognition of road markings at low cost and high de-
ployability. METRO pairs (a) easily deployable passive magnetic road
markings with (b) an automotive-grade magnetic sensing frame-
work that detects and interprets these markings. The design of
METRO addresses several real-world challenges, such as mitigating
the impact of magnetic disturbances, lowering deployment costs,
and enhancing the durability of magnetic tags. On-road field tests of
METRO demonstrate an overall accuracy of over 96% in interpreting
various road markings in adverse conditions with less cost (only
$0.17 per meter) than traditional road markings ($0.21-7.70 per me-
ter). Our field evaluation of METRO over one month demonstrates
the practicality and robustness of METRO in real-world settings.
Specifically, we observed no performance degradation in the METRO
sensor array and no damage or demagnetization to METRO’s mag-
netic tags.
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Figure 1: METRO comprised of highly deployable, all-weather
magnetic dots and a novel sensor array.

1 INTRODUCTION
Road surface markings have been an indispensable part of traffic
infrastructure to improve driving safety and efficiency for over
100 years [6]. Lane markers, symbols, and texts guide and inform
drivers, pedestrians, and cyclists. For example, lane markers divide
the road for traffic flow. Symbols (e.g., bicycle lanes and arrows) and
text (e.g., road names and alerts) give drivers concise navigational
and safety guidance. Nowadays, identifying road markings accu-
rately is critical for the success of advanced driving technologies.
For example, autonomous vehicles and advanced driver-assistance
systems (ADAS) process imaging data to properly steer and perform
lane-departure maneuvers.

Historically, pavement markings have focused on improving
the visibility of paintings on the road. Yet, the visibility can easily
degrade in real-world conditions. In particular, snow, rain, and fog
impair the visibility and/or retro-reflectivity of the markings [55].
Painted road markings can wear out due to the sun’s glare and
temperature changes [33]. Despite the recent advances [38, 81]
in computer vision, prior work [59] using high-quality vehicular
cameras has shown adverse weather conditions severely undermine
the performance of ADAS and self-driving cars. Hence, the limited
visibility is a critical weakness for road markings [5].

Traffic engineering researchers have proposed several ways to
mitigate the impact of poor visibility. As we will elaborate in Sec. 2,
mechanical road markings (cat’s eyes [54] and raised pavement
markers [46]) provide enhanced retro-reflectivity and tactile feed-
back to alert drivers. However, these markers convey limited infor-
mation and may still be occluded by accumulated snow [9]. Raised
markers that can withstand snow removal by snow plows remain

https://doi.org/10.1145/3625687.3625809
https://doi.org/10.1145/3625687.3625809


SenSys '23, November 12�17, 2023, Istanbul, Turkiye Wang et al.

too costly for large-scale deployment [57]. Camera-free methods,
such as RFID [44, 58] and mmWave [56, 66], have been proposed
to enhance roadside signs. However, as we elaborated in Sec. 2.2
and Sec. 7.3, these methods su�er from several key issues, such as
signal distortion due to the multi-path e�ect inhigh-speedscenarios
and high deployment costs. Passive magnetic pavements have been
deployed on the road to facilitate vehicle posture estimation and
achieve road tracking [16, 34, 36, 47, 49]. However, such systems
require vehicles to follow the magnetic path strictly and can not
encode rich road information.

We presentMETRO, a novel all-weather road marking infrastruc-
ture. By leveraging magnetic sensing, this framework enablesMETRO
unique resilience against adverse conditions (e.g., water, snow, and
dust), thus enabling accurate, robust, and cost-e�cient perception
of road markings, as shown in Fig. 1. At its core,METROconsists of
two key modules:

� Passive magnetic tag: METROemploys a novel design of
magnetic tags that can be built and deployed on thereal road
at alow cost;

� Magnetic sensing module: To accurately decode magnets,
we propose a new design for magnetometer array attached
to the front of the car's undercarriage. We also design a tai-
lored sensing algorithm robust to various real-world driving
conditions.

The design ofMETROtackles several challenging questions:
How to denote various road markings with passive mag-

nets e�ectively? It is extremely challenging to denote road mark-
ings with passive magnets. Information can be encoded using mag-
nets by switching N/S polarities. However, only employing per-
mutations of polarities results in a limited encoding capacity. For
example, only eight di�erent messages can be encoded with three
magnets. We propose a cost-e�ective encoding scheme to vastly
increase the amount of information that can be encoded using a re-
stricted number of magnets. As elaborated in Sec. 4,METROemploys
a series of magnets and leverages the polarity orientation (i.e., the
3D orientation of the N/S pole) of each magnet to encode the line
markings (e.g., dashed line and solid line) at an extremely low cost
of only $0.17 per meter. To encode information markings, we utilize
both the polarity orientation and the distance between magnets.
By varying the polarity orientation and the inter-magnet distance,
METROcan encode rich information. For example, a tag prototype
consisting of three magnets spaced across 4 m can encode more
than 248 unique messages at a cost of only $3. We also propose
an e�cient manufacturing and deployment process forMETRO. A
METROtag can be easily deployed in real-world roads to digitize
legacy road markings (Sec. 8.2).

How to achieve robust magnetic sensing? The vicinity of
a magnet can be detected with MEMS magnetometers [53] � a
compact and energy-e�cient magnetic �eld sensor. However, the
magnetic �eld strength degrades rapidly with the distance between
the magnet and the sensor [70]. The sensing algorithm should
decodeMETROtag, i.e., detect the polarity and the inter-magnet
distance, with high accuracy. This is challenging when the sensor is
mounted on a car moving with varying heading and high velocity
(e.g.,¡ 50mph).METROreader should also overcome real-world
disturbances (e.g., adverse weather, rough roads, by-passing cars,

metal covers of maintenance holes) that may degrade the sensing
performance. To meet these challenges, we propose an automotive-
grade magnetic sensing framework that constitutes novel hardware
and software designs. For the hardware design, we propose a low-
cost (Ÿ $85) and easy-to-use magnetometer sensor array platform.
For the software design, we present a highly accurate and low-
latency (Ÿ 25ms) sensing algorithm for decoding those tags.

We conducted extensive �eld tests in various real-world settings.
Speci�cally, we have evaluatedMETRO's performance in di�erent
temperatures, varying vehicle velocity, heading, and ground clear-
ance settings. We have also evaluatedMETRO's performance in di�er-
ent road conditions, including rough pavements, curvy roads, and
emulated snow-covered scenarios. We have conducted �eld tests
of METROon commodity vehicles and public roads for a month in
real-world conditions. These empirical results demonstrateMETRO's
practicality and robustness in real-world/harsh road environments.
METRO's performance demonstrates unique advances as the next-
generation road markings. Therefore, it has the potential to open
the door to smart roads and the future transportation ecosystem.
We have also open-sourced all design and analytical techniques of
METRO [20] for the community to reproduce the results.

In summary, this paper makes the following contributions:

� Development ofMETRO, the �rst practical and cost-e�ective
magnetic road marking design for all-weather and smart
roads;

� Design of a novel magnetic encoding scheme to e�ciently
encode road markings with passive magnets;

� Design ofMETRO's sensing module;
� Extensive �eld tests to verify the accuracy, practicability, and

deployability of METROin the real world.

2 BACKGROUND AND MOTIVATION
2.1 Primer of Road Markings
Road markings are indispensable for providing guidance and safety
information, including longitudinal and transverse markings [30].
Longitudinal pavement markings are essential for guiding the for-
warding movement of vehicles, such as lane lines, center lines, edge
lines, etc. Transverse markings contain a large amount of complex
road information, such as pavement words, symbols, and arrow
markings, for guiding, warning, or regulating tra�c. In the daytime,
the visibility of these road markings is based on the color contrast
between the marking and the road. At night time, when the amount
of light available to the drivers is limited, the retro-re�ectivity of
road markings provides luminous contrast between markings and
the road surface.

2.1.1 Visibility of road markings.Prior work strived to enhance
the visibility of road markings for road safety [65, 82]. A straight-
forward approach is to enhance the marker's retro-re�ectivity. For
example, epoxy paints and thermoplastic markings o�er higher
retro-re�ectivity than regular paints with higher manufacturing and
labor costs [40]. To further enhance the retro-re�ectivity, convex
markers have been proposed to achieve a larger angle of re�ection.
For example, cat's eyes [54] help re�ect the vehicle's headlight; con-
vex dots (e.g., Botts' dots [1]) have a re�ective surface to enhance
their visibility.
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However, all vision-based markers are susceptible to the distor-
tion of visibility. Speci�cally, the visibility can be obliterated by rain,
snow, debris, and water. Although the convexity of mechanical tags
can also enable tactile feedback (i.e., vibration), these tags convey
only limited information, like lane departure warning (LDW), to
the driver. Note that vibration alerts can also be obliterated by the
accumulated snow and/or ice. The above limitations undermine
the performance of legacy road markings in the real world. There-
fore, vision-free sensing of road markings would be essential for
all-weather/condition tra�c safety and e�ciency.

2.2 Why Magnetic Sensing?
2.2.1 State-of-the-art camera-free approaches.To overcome the
limited visibility of road infrastructure, camera-free techniques like
RFID, NFC, and mmWave have been proposed.

Researchers explored the use of active and passive RFID tags [58,
60] for detecting road signs. However, for the following limitations,
RFID technology is ill-suited for recognizing the information em-
bedded inroad surfaces for high-speed vehicles. (A) High-cost RFID
readers and tags.RFID readers are usually expensive, costing over
$1,000 [41], which can severely limit their large-scale deployment.
In contrast, theMETROsensor array is much cheaper (Ÿ $85as elab-
orated in Sec. 8.1). RFID tags are also sensitive to minor variations
in the environment or tag geometry, i.e., changes in an RFID tag's
orientation or �exing [74]. Rugged RFID tags necessary for harsh
environments are expensive, costing¡ $8per tag [21]. Magnets are
more durable and much cheaper, only $1 apiece as shown in Sec. 8.1.
(B) Sensing accuracy in high-speed, rough on-road settings.
The interference caused by multiple lane- and information-markers
in the vicinity of an RFID reader could cause false detections. Build-
ing retro-directive RFID tags is challenging due to the large antenna
size required in the UHF band [56]. Moreover, existing localization
schemes, including measuring the received signal phase [32, 63, 79]
and the received signal strength (RSS) [43, 64, 73] are not robust in
high-speed scenarios. Speci�cally, phase-based methods can su�er
severely from multi-meter errors in non-line-of-sight (NLOS) envi-
ronments due to the signal re�ection by obstacles [74, 75]. RSS is
highly vulnerable to the multi-path e�ect caused by environmental
interference [74]. Our experiments in Sec. 7.3 also show watery
disturbance to distort RSS signi�cantly. In contrast, magnetic sens-
ing is resilient against adverse conditions.METROalso demonstrates
high sensing accuracy in high-speed scenarios.

NFC systems are ill-�tted for real-world on-road applications.
NFC techniques leverage principles of inductive magnetic cou-
pling [62]. The communication range of these systems is less than
10 cm [69]. [80] enables the NFC tags to read at a distance of up to
3 m. However, the moving speed is constrained to only 1< •B.

Recently, researchers proposed high-frequency millimeter-wave
techniques [56, 66, 78] for interpreting roadside tra�c signs. How-
ever, these methods were inapplicable to road surfaces. Speci�-
cally, on-road re�ective objects, including water and bypassing
cars would create severe multi-path e�ects, thus attenuating the
received signal.

2.2.2 Background of magnetic sensing.Magnetic sensing is an
emerging technique that senses passive magnets with MEMS mag-
netometer(s) [37, 76]. Compared to existing methods, magnetic

Figure 2: System overview of METRO.

sensing has the following advantages making it ideal for digitizing
road markings.

� Reliability. Magnetic �eld is resilient to the NLOS problem.
It is not a�ected by weather conditions.

� Durability. Passive magnets are durable. This is a crucial
feature for road surface deployment.

� Cost e�ciency. Compared to RF approaches, MEMS mag-
netometers and passive magnets incur a minimal cost for
purchasing and installation.

However, there are two major di�culties in encoding and detect-
ing road markings via magnetic sensing. First, it is di�cult to en-
code diverse road information with passive magnets cost-e�ectively.
Prior works on magnetic guidance have employed magnetic stripes
guiding vehicles [16, 34, 36, 47]. However, these approaches are
limited to encoding rich road information. Second, how to reliably
detect magnetic markings with COTS magnetometers? We will
address these two challenges in the remainder of the paper.

3 OVERVIEW OF METRO
Fig. 2 shows a system overview ofMETROwhich consists of two
key modules: magnetic tags and a magnetic sensing unit. One �rst
encodes road markings with passive magnets (Sec. 4). Then, it
presents a low-cost deployment scheme for these magnetic tags
(Sec. 6.3). For robust detection of on-road magnetic tags,METROim-
plements an automotive-grade magnetic sensing module, including
a low-cost and easy-to-use hardware design (Sec. 5.1) and a novel
derivative-based peak detection algorithm (Sec. 5.2) with built-in
noise cancellation scheme (Sec. 5.3). Based on these two modules,
METROcan achieve all-weather perception of road markings.

4 DESIGN OFMETROTAG
4.1 Encoding Longitudinal Markings
We focus on two types of longitudinal markings, i.e., dashed and
solid lines. These line settings are seminal road markings. A spe-
ci�c magnetic lane tag for longitudinal marking is modeled as a
tuple f %• qg, where%is the polarity, i.e., �N� or �S�, andq is the
polarity orientation. We determine the orientation by analyzing
the magnetic �eld distribution of passive magnets. Speci�cally, the
strongest magnetic �eld of a passive magnet is at its N/S pole due to
the highest magnetic �ux density [70]. A magnet would more likely
be detected by the magnetometer when its pole points at the sensor.
Hence, we set the magnet with the N/S polarity for the upside, i.e.,
q = 90°, as shown in Fig. 3(a), for these more safety-critical mark-
ings. To this end, a series of magnets of {�# �, 90°} con�guration can
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(a) Longitudinal markings (b) Transverse markings

Figure 3: Magnetic tags encoded by METRO. (a) Longitudinal
markings: f #• 90°gand f (• 90°gindicate solid and dashed lines,
respectively. (b) An exemplary transverse marking denoted
as f (#(• 0°• 3• !• (463• 32•31g.

Figure 4: The vehicle motion when detecting a tag.

be the solid line. Similarly, we use a series of {�( �, 90°} magnets for
the dashed line. This design allows the driver or automotive system
to have a timely reaction. For example, the driver should be alerted
uponMETROreader's detection of a {�# �, 90°} magnet.

4.2 Encoding Transverse Markings
Compared to longitudinal markings, transverse markings contain
large amounts of road information. The key problem is how to reli-
ably encode rich information with a minimal number of magnets.
To tackle this problem,METROintroduces distance ratio, a novel
encoding factor based on distance information. Speci�cally, a trans-
verse marking is regarded as a tuplef %• q• "• !• (463•Ag, where%
andq are the same in lane tags," is the number of magnets,!
is the tag length,(463 is segmentation distance,Ais the distance
ratio.

Polarity design. The polarity orientation of transverse mark-
ings is forward (i.e.,q = 0° relatives to the ground, as shown in
Fig. 3(b)) aligned with the tra�c direction. Thus, upon detection of
the �rst 0°magnet, the detection e�ort will continue until the last
magnet is found.

Distance ratio design. The encoding capacity would be lim-
ited with the use of polarity only. A large number of magnets
would signi�cantly increase the deployment cost. To mitigate this
problem,METROencodes information by tuning both polarity and
inter-magnet distance. To retrieve accurate distance information,
we propose two steps: (1) analyze the vehicle motion in real time
with CAN bus data; (2) employ the distance ratio, i.e., the ratio of
di�erent segments.

Due to the arbitrary driving trajectory when detecting magnets,
driving distance calculated only with speed data from the vehicle's

CAN bus may not be equal to the inter-magnet distance, e.g.,B2 < 32
in Fig. 4. To tackle this problem, we leverage the heading angle
from the vehicle's CAN bus. Speci�cally, if we know the initial
heading angle\ 0 when the �rst magnet is detected, we can calculate
the distance components in the direction of\ 0, e.g.,G1 and G2
in Fig. 4, respectively. The ratio of the distance components is
approximately equal to the ratio of the inter-magnet distance (i.e.,
G2•G1 � 32•31 in Fig. 4) for a speci�c information tag. Thus, with
the speed and heading data from the CAN bus, we can derive the
distance component accurately. For a tag consisting of" magnets,
the number of segmentation is" � 1. For the8C� segmentation, we
can calculate the distance componentG8 in the direction of\ 0 by
leveraging �ve key pieces of information: polarity index?8 of the
8C� magnet,?8̧ 1 of the next magnet in the time-series data, sample
rate 5, speedE, and heading angle\ . Its calculation formula is:

G8 =
?8̧ 1Õ

9=?8

E9cosj \ 9 � \ 0 j �
1
5

(1)

The distance ratio of total" � 1 segmentation can then be
calculated byG1 : G2 � � � G" � 1, which is approximately equal to
31 : 32 � � � 3" � 1. Let us elaborate on the inter-magnet distance set-
ting scheme for an information tag with given! and" . The �rst
and the last magnets are �xed/stationary as reference nodes. We
only move the remaining" � 2magnets to derive di�erent distance
ratios. Speci�cally, we divide the length! into several candidate
segments by utilizing the segmentation distance(463 as shown in
Fig. 3(b). Then," � 2 magnets can be deployed in total! •(463 � 1
positions. For example, with a length of4< and a segmentation
distance of1< , there are three candidate ratios:A= 3•1•2•2•1•3.

Encoding capacity analysis. For given" , ! , (463 , the total
number of polarity con�gurations are2" and the number of the
possible positions is! •(463 � 1 for " � 2 magnets. Thus, with-
out magnetic �eld coupling, the ideal encoding capacity can be
calculated by:

� = 2" �
�
! •(463 � 1

" � 2

�
(2)

where
�! •(463 � 1

" � 2
�

represents the combination types for" � 2 mag-
nets from! •(463 � 1 candidate positions.

We analyze the impact of! , " , and(463 on encoding capacity
using Eq. (2). Obviously, the tag length! contributes linearly to
the encoding capacity. The e�ects of" and(463 are plotted in
Fig. 5. As shown in Fig. 5(a), with! = 4 and(463 = 0”5< , we can
achieve an encoding capacity of 2688 with only 7 magnets. When
" ¡ 7, the encoding capacity decreases because the combination
of " � 2 magnet positions from a total of! •(463 � 1 = 7 candi-
date positions reduces with more magnets. As shown in Fig. 5(b), a
small segmentation distance yields high encoding capacity. With
" = 3, ! = 4< , METROsupports encoding 312 types of road infor-
mation when(463 = 0”1< . As we will elaborate in Sec. 7,METRO's
sensing pipeline is able to di�erentiate the ratio at �ne granular-
ity, indicating the practicability of encoding rich information with
METRO.
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(a) Varying" , ! = 4<• (46 3 = 0”5< (b) Varying(463 , " = 3• ! = 4<

Figure 5: The encoding capacity with di�erent factors.

5 SENSING PIPELINE OFMETRO
METROneeds to tackle several unique challenges to facilitate the
harsh on-road scenarios. In particular, high speed (e.g.,¡ 50mph),
adverse weather, and rough pavements. We propose anautomotive-
grademagnetic sensing pipeline for interpreting on-road magnetic
tags, consisting of a novel hardware design and a robust sensing
algorithm.

5.1 Hardware Design
We focus on three key design goals, high sensing accuracy, robust
sensing reliability, and low manufacturing cost. To detect on-road
magnets, we propose a one-layer bar layout of the sensor array.
Placing all magnetometers in one layer facilitates their installation
on vehicles. Next, we need to determine the inter-magnetometer
distance. To balance the trade-o� between detection performance
and cost, based on our empirical study, the inter-magnetometer
distance is determined to be162<. The average vehicle width is
around 5.8 ft (1”77< ) [12]. In the design ofMETRO, a total of 12
magnetometers (to �t a1”77< sensor array) are used for detecting
magnetic tags. As we will show in Sec. 6, this distance is also suitable
for the magnetic �eld strength ofMETROtag. We can, of course,
change the number of sensors to �t di�erent car types (Sec. 6.1).

5.2 Sensing Algorithm
Based on the hardware design, we propose a high-accuracy and low-
latency (Ÿ 25ms) sensing pipeline for decoding rich lane-speci�c
information from passive magnets. It includes two key modules:
magnetic tag detection and identi�cation.

5.2.1 Magnet detection.As described in Sec. 4, we encode informa-
tion by leveraging the N/S polarities. A straightforward method is to
detect the peak from the time-series magnetic �eld data. However,
it is not feasible in practice to set a �xed threshold for detecting
the peak because the magnetic �eld strength varies with road con-
ditions and driving behaviors.

To handle this di�culty, we develop and implement a novel peak
detection algorithm based on the �rst and second derivatives of
the raw data. We notice that the �rst derivative of a peak has a
downward zero-crossing point at the peak maximum, while the
�rst derivative of a valley has an upward zero-crossing point. Com-
pared to the direct use of raw data, the derivative eliminates the
o�set resulting from the varying environmental magnetic �elds and
di�erent sensor con�gurations. This is the core that enablesMETRO
to operate inhigh-speed scenarios. Our approach consists of three
key steps: preprocessing, derivation, and peak/valley detection.

(a) Raw peak signal (b) First derivative signal

Figure 6: (a) shows the smoothed peak signal; (b) shows the
derivative of the smoothed peak.

Step 1, Preprocessing.We �rst apply a Gaussian kernel smoother
to denoise the real-time magnetometer data, as shown in Fig. 6(a).
We propose a low-latency scheme for adaptively setting the speed-
aware denoise window size. Speci�cally, we set the window size
to 15 and 5 for slow (Ÿ 20mph) and fast (¡ 40mph) scenarios,
respectively. We set the window size to 9 points for other speeds.
Based on our empirical results, at more than 350 Hz sample rate,
the maximal delay caused by this step is less than 20 ms.
Step 2, Derivation. After the data preprocessing, we calculate the
�rst derivative of the smoothed data by using a Savitzky-Golay (SG)
�lter [ 61]. Speci�cally, we initially apply the SG �lter to smooth
the di�erential data of the peak signal. The window size is set to
5 points, and the polynomial order to �t the samples is 2 through
our empirical study. Then, we can calculate the �rst derivative data
by dividing the �ltered di�erential data by the sample interval.
This way, most undesired zero-crossing points and high-frequency
noises can be e�ectively eliminated, as shown in Fig. 6(b), with a
maximal time delay of less than 5 ms.
Step 3, Peak/Valley detection. The peak/valley can be detected re-
liably by searching for the downward/upward zero-crossing points
in the �rst derivative data. To eliminate the false zero-crossing
points incurred by random noises, we introduce the slope data of
the derivative data and implement a threshold-based detection al-
gorithm. The slope caused by the noise is smaller than that by the
magnet, so we �rst calculate the slope for each zero-crossing point
pair. We then initialize the slope threshold that re�ects the impact
of the surrounding environment. Finally, the slope exceeding this
threshold implies a candidate magnet. To further eliminate false
alerts, we introduce an amplitude threshold for each candidate zero-
crossing point. Speci�cally, we compare the amplitude di�erence
between the raw candidate data point and a preset value based on
the magnet with the threshold.

5.2.2 Tag identification.The peak detection algorithm can �nd
peaks robustly. To distinguish two types of tags (i.e., lane tags and
information tags), we use two corresponding axes data based on the
speci�c orientation of magnets. Speci�cally, the x-axis peak detec-
tion algorithm �nds a peak indicating the existence of a0°magnet.
The z-axis peak detection algorithm �nds a peak indicating a90°
magnet. Thus, we can distinguish a lane tag from an information
tag. To further decode the information tag, we combine the speed
and the heading data from the CAN bus network of the vehicle. By
employing Eq. 1, we can precisely calculate the distance ratio of
an information tag and thus interpret the embedded lane-speci�c
information.
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(a) W/ the wheel noise (b) Filtered by AMN

Figure 7: (a) shows the signal with the wheel noise; (b) shows
the cancellation performance of AMN.

5.3 Noise Cancellation
For high-accuracy and robust detection,METROneeds to remove
real-world noises induced by environmental factors and the ego
car. Environmental noises from road infrastructures and bypassing
cars can be mitigated by the derivative-based sensing algorithm, as
shown in Sec. 7.2.

The key challenge is removing the dynamic noises from the
ego car. Speci�cally, we found the rotation of the car's wheels can
incur severe magnetic noises, i.e., frequent spikes in the sensor
reading. Fig. 7(a) shows the reading of the sensor in front of the
wheel. This dynamic noise may reduce the magnet signals or incur
frequent false alerts. Legacy noise cancellation algorithms based
on frequency domain analysis, such as wavelet denoising and non-
adaptive �lters, are not feasible for two reasons. First, the cuto�
frequency cannot be determined due to the frequency of the noise
varies with the speed. Second, these methods may �lter the desired
signal of magnets since the frequency components of the noise and
the signal are close to each other.

To overcome this problem, we propose a novel denoising scheme
calledAdaptive Magnetic �eld Neutralization(AMN). It uses two
reference sensors mounted in the left and right wheel well. Let
B5 A>=Cbe the signal of the sensor for detecting magnets in front of
the wheel, which contains the periodic noise=5 A>=Cand desired
magnet signalB<06 , i.e.,B5 A>=C= =5 A>=Ç B<06 . Each reference
sensor records the periodic magnetic noise from the wheel denoted
as=A45. Thus, a direct method is to remove=5 A>=Cby utilizing the
reference noise=A45. To achieve this, AMN consists of two core
steps: sensor coordinate alignment and adaptive noise cancellation.
Step 1, Sensor coordinate alignment. Due to the coordinate
system relative to the wheel of these two sensors are di�erent, we
choose the coordinate of the front sensor as the reference coordi-
nate, then align the coordinate system of the reference sensor using
the rotation transformation.
Step 2, Adaptive noise cancellation. After the coordinate align-
ment, the reference sensor contains the same feature of wheel noise
as the front sensor. However, due to the time delay between these
two time-series data, we cannot subtract the aligned sensor reading
directly. To solve this problem, we implement an adaptive �lter for
noise cancellation by using the Least Mean Square (LMS) algorithm.
The system structure is shown in Fig. 8. At the initial phase without
detecting magnets, AMN �rst extractsB5 A>=Cand=A45and elimi-
nates the di�erent scale and o�set of=A45to B5 A>=C. Then, we set
=A45as the desired signal andB5 A>=Cas the input signal. The �lter
can extract the signal component fromB5 A>=Cthat related to=A45

Figure 8: Block diagram of LMS-based �lter in AMN.

by yielding the LMS of the error signalB4AA, i.e.,B>DC� =5 A>=C. By
subtracting the output signalB>DCfrom B5 A>=C, we can deriveB<06 .

6 SYSTEM IMPLEMENTATION
6.1 Hardware Con�guration
Sensor array construction. We built a sensor array using the stan-
dard PCB production process, with a size of 3.2 cm� 177.0 cm. Due
to the maximum length limitation of the PCB production (usually
50 cm), for better extensibility and mass production, we divide the
long sensor bar into six segments. Each segment is connected with
a female and a male pin header e�ciently. For reference sensors,
the size is 3.2 cm� 3.2 cm. Fig. 9 shows the sensor array and Fig. 10
shows its circuit schematic.

Sensor array con�guration. A high sample rate of the mag-
netometer array is essential forMETROto operate in high-speed
scenarios. We choose MLX90393 [10] as our magnetometer chips.
Compared to other chipsets, MLX90393 has a wide sensing range
(i.e., 5 � 50 mT) and high sample rate of up to 500 Hz. To ensure
a high sample rate, we set the sampling ratio (OSR) to 0 and the
digital �lter (DIG_FILT) to 2. To minimize noise, we tune the gain
(GAIN_SEL) and sensor reading resolution (RES) to 7 and 0, respec-
tively.

Data transmission setting. For fast data processing, we choose
Teensy 4.1 [13] as our microcontroller unit (MCU), which supports
data transmission via USB with a speed of 480 Mbps. We use the
SPI [3] protocol over� 2� [2] for fast data communication and syn-
chronization between multiple magnetometers. The aggregated
magnetic �eld measurements are sent to Teensy 4.1 via SPI protocol
at a clock frequency of 10 MHz. Then, the data is transmitted to the
computing unit (a laptop equipped with an i7-1260P CPU and 16 GB
of RAM) via a wired connection with a baud rate of 921,600. Com-
pared to a wireless connection (e.g., Bluetooth), a wired connection
enables high-speed data transmission and provides high reliability.
Note that the wired transmission can also be incorporated with
the CAN bus [68]. The sensor array consists of 14 MLX90393 mag-
netometers and can achieve an overall sample rate of¡ 350 Hz.
Note that we applied the 350 Hz sampling rate to limit the data syn-
chronization and communication overhead. As we will elaborate in
Sec. 7.3,METRO's sensor array can reliably detect on-road magnetic
tags even in high-speed scenarios (e.g., > 50 mph) while operating
at the sample rate of 350 Hz.

6.2 Magnet Con�guration
To �nd an ideal con�guration of passive magnets, we �rst ana-
lyze the magnet �ux distribution in the far �eld of magnets. The
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Figure 9: The implementation and deployment of METRO. A and B show how the sensor array is installed on commodity cars (a
smart electric car and a Tesla Model Y). C and D show the installation of the reference sensor for calibrating the wheel noise. H,
I, and J show the METROtag's side, top, and bottom views, respectively. E, F, and G show the exemplary installation of the METRO
tag on public roads.

Figure 10: The circuit schematic of METROsensor array.

magnetic �eld of a spherical magnet with uniform permanent mag-
netization follows the dipole model [70]. Cylindrical magnets can
be modeled by an idealized solenoid [42]. For a cubic magnet, the
spherical model is a reasonable approximation for evaluating the
�eld distribution in the far �eld [ 35]. Thus, the geometry does not
a�ect the magnetic �ux distribution in the far �eld.

Now, we design the form factor of magnets guided by three
key principles, durability, cost-e�ectiveness, and compact design.
Speci�cally, the magnetic �eld generated by a magnetic dipole is
proportional to its magnetic momentm, which is proportional to
the residual magnetic �ux densityBr and the volume+ of the
magnet, i.e.,m = 1

` 0
Br+ . Thus, we choose the N52-grade magnet to

reduce the size of the magnets due to its high strength-to-size ratio.
Moreover, with the sameBr and+ , the magnetic dipole moment is
the same. Cuboid magnets can be easily deployed on the road with
the N/S polarity for di�erent directions. Thus, cuboid N52-grade
neodymium magnets are used for encoding road markings. The
length, width, and height of the magnet are 15 mm, 15 mm, and 9.5
mm, respectively.

6.3 System Deployment
Sensor array deployment. For �ne-grained sensing, the sensor
array is mounted under the front bumper of a vehicle, two reference
sensors used for wheel noise cancellation are mounted in the left
and right wheel wells separately.
Magnetic tag deployment. For line markings, the most essential
principle is to promptly alert the driver when the vehicle begins

to move out of its lane. For these markings, magnets are deployed
directly above the existing painted markings, i.e., dashed or solid
lines. The sensor array can detect the magnet when a vehicle be-
gins to move out of the lane. Then, the vehicle can take action
accordingly. To design the inter-magnet distance of two neighbor-
ing magnets, we need to balance the trade-o� between the lateral
deviation distance and detection performance. Speci�cally, we de-
sign the maximal distance to be 6 m. For transverse markings, e.g.,
straight arrows, the corresponding magnetic tags are deployed on
the original road marking in the middle of each lane. For some
safety-critical transverse markings, e.g., stop line, the magnetic tags
can be deployed a few meters (e.g., 20 m) before to provide su�cient
reaction time for drivers.

To improve the resilience ofMETROagainst external factors, e.g.,
being crushed by passing vehicles, we built a PLA-based 3D-printed
protective shell. The protective shell is pie-shaped to minimize the
impact of vehicles when it is run over. Fig. 9 shows an exemplary
deployment. We also examined its practicality (Sec. 8.2) with a
one-month deployment on public roads. Our experiment plan was
reviewed and approved by our IRB board.

7 EVALUATION
7.1 Experimental Method
Implementation. We use the sensor array aforementioned in
Sec. 6.1 and the cuboid magnets as described in Sec. 6.2. We use
the magnet with90°orientation for line markings. For transverse
markings, we implement tags consisting of three magnets with0°
orientation; the length and segmentation distances are 4 m and 1
m, respectively. The default tag used in our tests is {�# # # �, 0°, 3,
4, 1, 3•1}. We use the x-axis and z-axis time-series data from each
magnetometer of the sensor array for detecting0° and90° magnets
(Sec. 5.2.2). We use the compact electric vehicle (EV) equipped with
the METROsensor array in Fig. 9(A) as our testing vehicle, with
a ground clearance of 16 cm. A PCAN-USB adapter [7] is used
to connect the CAN bus of the testing car. The sample rates of
speed and heading angle are 10 Hz and 100 Hz, separately. We
synchronize the sample rate to the sensor array (i.e.,¡ 350Hz)
with interpolation.
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Figure 11: The emulated tra�c jam scenario. A total of 15
vehicles were parked along the roadside.

Evaluation setup. We �rst evaluate the impact of real-world
magnetic �eld interference, including environmental noises and
ego-car noise. Then, we evaluate the impact of di�erent real-world
factors (e.g., speed, ground clearance, etc.) forMETRO. Finally, we
investigate the potential ofMETROfor a higher encoding capacity
with limited length and number of magnets and wider deploying
scenarios. We chose a total of three road segments for �eld tests,
including a typical straight road, a rough road, and a90� curvy
road.

Evaluation metrics. For evaluation of the polarity detection
performance, we measure the accuracy of detecting N/S polarities.
To evaluate the ratio detection performance, we examine the devia-
tion ratio. For example, for a tag with a distance ratio of 3, if the
measured distance ratio is 3.012, the corresponding deviation ratio
is 3”012•3, i.e., 1.004.

7.2 Real-world Interference
Environmental noises. METROmust di�erentiate on-road mag-
netic tags from other environmental noises. Hence, we analyzed
the impact of several on-road infrastructures, including manhole
covers, speed bumps, and bridge connectors. We mounted the sen-
sor array on the testing car and then drove over each on-road object
�ve times. The experimental results showed that maintenance hole
covers, speed bumps and bridge connectors had a negligible e�ect
on the detection pipeline. Speci�cally, no false positive/negative
detection was found from the experimental results.

Disturbances from surrounding vehicles. Now, we analyze
the impact of metal structures from surrounding vehicles on the
decoding performance ofMETRO. We employed a public road seg-
ment where �fteen vehicles were parked along the roadside to
emulate a tra�c jam scenario. The total length of this testing road
segment was around 80 m. We installed the default information
tag (i.e., {�# # # �, 0°, 3, 4, 1, 3•1}) in the middle of the testing road.
In the experiment, three line tags { �# �, 90°} were placed next to
the stationary vehicles parked along the roadside with the same
longitudinal distance of 6 m, as shown in Fig. 11. Considering the
average lane width of 3.6 m and a vehicle width of 1.8 m, the lateral
distance between the information tag and the stationary vehicle
was set at 2.7 m, and the distance for the line tag was set at 0.9 m.
We drove the testing vehicle over these tags with a lateral distance
of 0.9 m from the stationary vehicles at 30 mph ten times. The po-
larity detection accuracy of both tags was 100%, and no erroneous
N/S was detected byMETRO. This accuracy is enabled byMETRO's

Accuracy Precision Recall
W/o AMN 28.8% 37.0% 56.7%
W/ AMN 96.7% 100% 96.7%
Table 1: Noise cancellation performance of AMN.

Cost Chip Size (mm) Range (m)
Type 1 [26] $8.4 Alien Higgs 3 31”7 � 12”8 � 4”8 6
Type 2 [25] $14.4 NXP UCODE 8 51� 36”3 � 7”5 10
Type 3 [24] $12.8 Monza R6-P 138”8 � 42� 12 20

Table 2: The three types of rugged RFID tags.

robust derivative-based peak detection algorithm (Sec. 5.2). The
mean and STD of the deviation ratio of the information tag were
0.989 and 0.019, respectively.
Ego-car noise.As shown in Sec. 5.3, the periodic noise generated by
the rotating front wheels is the major noise forMETRO. We veri�ed
the AMN algorithm for eliminating the periodic magnetic �eld
noise. We used the sensor directly in front of the left front wheel
to detect the magnet. The reference sensor was deployed in the left
wheel well, as shown in Fig. 9 (C). We installed three magnets on
a straight road, with the inter-magnet distance of 1 meter and 3
meters, respectively, and the polarity orientation is90°, i.e., N-pole
up. We used the z-axis data for the sensing pipeline. We drove
the vehicle past these magnets 10 times without using the AMN
algorithm at 30 mph. Then, we drove at the same speed with the
AMN algorithm. Table 1 shows the polarity detection performance.
The AMN algorithm cangreatlymitigate the periodic noise from
wheel rotation in real time. Speci�cally, using the AMN algorithm,
METROcan achieve an accuracy of 96.7%, approximately 70% more
than that without AMN.

7.3 Impact of Varying Factors
Watery disturbances. METROhas the advantage over RFID in that
water molecules do not attenuate magnetic �elds [31]. To demon-
strate this, we dug a puddle of 25 cm diameter and 20 cm depth, as
shown in Fig. 12(a). Our magnet was placed at the bottom of the
puddle, and the depth of the water was varied from 0 to 20cm with
2cm increments. We then took the mean magnetometer readings of
2,000 data points at a height of 25 cm at each depth 10 times. The
result, shown in Fig. 12(c), con�rms that water does not attenuate
the magnetic �eld. Three types of rugged RFID tags, as shown in
Fig. 12(b) and Table 2, are tested. A Chainway C72 handheld RFID
reader with an Impinj R2000 chip [15] is employed to measure
the received signal strength (RSS) under the same conditions, as
shown in Fig. 12(a). The reader operates in a frequency range of
902.75-�927.25 MHz. As shown in Fig. 12(d), the RSS of each tag
gets signi�cantly distorted as the depth of the puddle increases.

Vehicle speed. To evaluateMETRO's performance at varying
vehicle speeds, we ran it on the testing car moving at 15 � 55 mph
(i.e., 24 � 88 km/h). 55 mph is the fastest speed we can achieve
due to the experiment regulation. Note that adverse weather could
reduce vehicle mobility, e.g., speed can be reduced up to 40% under
heavy snow, according to FHWA [18] . As shown in Fig. 13(a), the
accuracy of detecting90° and 0° magnets consistently exceeded
93% and 90%, respectively, even at¡ 50mph. Then, we evaluated
METRO's performance in detecting the information tag 10 times. The
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(a) Test scenario (b) Three rugged RFID tags (c) Impact on magnetic �eld (d) Impact on RSS

Figure 12: Impact of watery disturbances. (a) and (b) show the test settings; (c) and (d) show the result of magnet and RFID tags
at varying water depths, respectively.

(a) Accuracy w/ di�erent polarities (b) Distance ratio result

Figure 13: The impact of vehicle speed.

distance ratio results are shown in Fig. 13(b), indicating that even
at 55 mph, the testing tag was correctly decoded. These results
demonstrateMETRO's e�ectiveness in detecting and interpreting
METROtags in high-speed scenarios.

Ground clearance. Due to the limited magnetic �eld range of a
magnet, the sensor height to the ground is essential for the detection
performance ofMETRO. Thus, we focus on the ground clearance,
i.e., the shortest distance between a �at ground surface and the
undercarriage of vehicle. We �rst measured the ground clearance
of total four typical types of vehicles, including �ve sedans, �ve
utility vehicles (three SUVs, two pickup trucks), �ve vans (two
minivans, three box vans), and �ve heavy trucks (two box trucks,
three tank trucks), total 20 vehicles. As shown in Fig. 14(a), the
average ground clearance are 15.5 cm, 21.1 cm, 28.8 cm, and 37.2
cm separately. According to FHWA's 2021 study [27, 29], light-duty
cars, e.g., passenger cars, light trucks, vans, and SUVs, account for
about 88.7% of highway tra�c.

Thus, we evaluateMETROunder a ground clearance ranging from
15 cm to 35 cm. We �rst evaluate the detection performance of
one magnet. We set the orientation to be90° and0° for line and
transverse markings, respectively. For each polarity orientation,
we drove past it 15 times at 30 mph. As shown in Fig. 14(b), both
types of magnets can be detected reliably in all tests when the
ground clearance is less than 25 cm. Even at 30 cm, the detection
performance of line and information magnets are 0.93, and 0.87,
respectively. The performance at 35 cm degraded due to the cubic
decrease of magnetic �eld strength with distance. Note that the
ground clearance of 30 cm covers the vast majority of real-world
vehicle types as shown in Fig. 14(a). For heavy trucks with higher
ground clearance, one may tune the sensitivity settings of magne-
tometers (Sec. 6.1) to improve the detection accuracy. The results

also indicate the performance of detecting a 0-degree magnet de-
grades faster than that of a 90-degree magnet after 25 cm. This
observation also justi�es the design choice of using90° for line
markings (Sec. 4.1) , as detecting tra�c line is more safety-critical.

Then, we evaluated the detection performance of the default
information tag, i.e., {�# # # �, 0°, 3, 4, 1, 3•1}. Speci�cally, we tested
the detecting performance under 15 cm, 20 cm, 25 cm, 30 cm, and
35 cm, respectively. The experiment of each clearance setting was
repeated 10 times.METROcorrectly detected the polarities of each
tag when the clearance was� 30 cm, with an overall accuracy
exceeding 97%. At 35 cm,METROdecoded the tag in 5 out of 10
attempts. For all detected cases, the distance ratio result is shown in
Fig. 14(c). Therefore,METROcan accurately interpret the magnetic
tag within a ground clearance of 30 cm.

Road condition. The road condition (e.g., roughness) may
a�ect the performance ofMETROdue to the mechanical vibration
of the vehicle. To verify this, we use the rough road and test the
performance ofMETRO. We evaluated the impact of using three tag
con�gurations, i.e., tag {�# # # �, 0°, 3, 4, 1, 3•1}, tag {�# # # �, 0°, 3,
4, 1, 2•2}, and tag {�# # # �, 0°, 3, 4, 1, 1•3} . For each tag, we repeat
�ve times at 30 mph.METROcan correctly identify each tag without
any miss detection or false alarms in all tests. The distance ratio
result is shown in Fig. 15. These three tags can be decoded even
under rough road conditions, implying the practicability ofMETRO.

Temperature. Resilience to harsh temperatures is a critical
requirement of road infrastructures. The typical pavement tem-
perature isŸ 75°C due to the solar re�ectance of paved surfaces
[28]. According to the datasheet, the operational temperature of
our magnets and sensor array isŸ 85°Cand -40�85°C, respectively.
We empirically verify their temperature tolerance. We thoroughly
heat the magnet for 15 minutes using an HN-25BS temperature
chamber [17] from 25°C to 85°C with a step of 10°C while keeping
the sensor array at 18°C. We then took the mean magnetometer
reading of 2,000 data points at a height of 25 cm above the magnet
for each temperature setting, and repeat it 10 times. For the sen-
sor array (a Teensy 4.1 and an MLX90393 chip), we heat it while
keeping the magnet at 18°C and measure in the same settings. As
shown in Fig. 16, the results indicate that high temperatures have
a limited impact on the magnet and sensor array. Moreover, we
continually heat both the magnet and sensor array at 75°C for 7
hours. The [mean, STD] of measurement is (89.97, 1.20), further
indicating thatMETROis highly resilient to harsh temperatures.
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(a) Ground clearances of di�erent cars (b) Detection acc. w/ di�erent polarities (c) Distance ratio performance

Figure 14: Impact of vehicle ground clearance.

Figure 15: Distance ratio on rough roads.

Figure 16: Impact of temperature.

7.4 Encoding Performance of METRO
Varying segmentation distance. The encoding capacity ofMETRO
tags is related to the segmentation distance(463 (Sec. 4.2). A small
(463 enables a large encoding capacity, but it may also lead to er-
roneous detection of the ratio. To better understand the impact of
segmentation distance, we evaluated the detecting and decoding
performance with the segmentation distance shrinking from 1 m
to 0.02 m. Under each distance setting, we deployed two neigh-
boring tags on the straight road separately and test the detection
performance for each tag at 30 mph.

Fig. 17(a) shows the encoding capacity of the 4 m long tag under
di�erent segmentation distances according to Eq. (2). Fig. 17(b)
shows the detection accuracy of each tag. When3 � 0”1 m, each
tag can be detected and decoded correctly. The results indicate that
a segmentation distance ofonly 0.1 m is su�cient to decode the
METROtags at high accuracy. This granularity supports encoding
248types of information with a length of 4 m with only 3 magnets.
Note that the results in Fig. 13(b) also demonstrate that even when
the segmentation distance was reduced to 0.1 m,METROcan still
accurately decode the information tags at 55 mph. This performance
suggests a more compact design ofMETROtag. One can easily extend

(a) Encoding capacity under di�erent
segmentation distances

(b) Detection accuracy with di�erent dis-
tances

Figure 17: The impact of segmentation distances.

the encoding capacity by improving the number of magnets and/or
tag length (Sec. 4.2).
Curvy road. Compared to the legacy transverse markings,METRO
provides the potential of embedding information for the curvy road
segments. To evaluate the performance ofMETROtags on curvy
roads, we placed a tag {�# # # �, 0°, 3, 6, 1, 3•3} on the curvy road
segment and drove pass it at 10 mph 10 times. The experiment
results show the [mean, STD] of deviation ratio to be in (0.965,
0.044).

8 PRACTICABILITY ANALYSES OF METRO
To assessMETRO's practicability, we analyze its cost, deployability,
durability, and usability via �eld tests on real-world roads and
commodity cars.

8.1 Cost Analysis of METRO
METROsensor array. The hardware cost of a single sensor array,
including one Teensy 4.1 ($31.5) and 14 MLX90393 magnetometers
($40) is less than $75. Including the manufacturing cost of PCB
production, the total cost would be less than $85 for a regular-sized
car (i.e., car width of 1.8 m). Moreover, the sensor array requires
minimal maintenance cost thanks to the modular hardware design
(Sec. 6.1). For example, replacing a damaged sensor is cost-e�ective.
METROtags.The total cost of the N52-grade cuboid magnet we used
is $1, including $0.25 for the 3D-printed protective shell. For lane
markings,METROonly utilizes the polarity of the magnet to digitize
di�erent markings, e.g., solid or dashed lines (Sec. 4). Per S-pole
or N-pole magnet is installed on the road with an inter-magnet
distance of 6m (Sec. 6.3). So, the material cost is $1 per 6m (i.e., $0.17
per meter [65]). In contrast, the traditional marking (paints and
thermoplastics) costs $0.21 � 7.70 per meter [4]. For further cost
reduction, the magnetic tags for lane markings can be deployed
only in accident-prone road segments. For transverse markings (e.g.,
left arrow), we implemented a tag prototype with three magnets,
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Figure 18: Manufacturing and deploying a METROtag.
at the cost of $3. In contrast, each rugged RFID tag designed for a
similar purpose demands a cost of $8 as described in Sec. 2.

8.2 Deployability of METRO
To evaluate the long-term durability and robustness ofMETROin
real-world settings, we deployed both the sensor array and tags on
a public road for a month.

Long-term deployment. We installed the sensor array under
the front bumper of the compact EV used in Sec. 7. To provide
further protection against potential damage from road debris, we
implemented a PVC shell to shield the sensor array. For theMETRO
tag, we deployed a line tag { �# �, 90°} and an information tag {�((( �,
0°, 3, 2, 1, 1•1} on a busy public road with an average daily tra�c
volume exceeding 2,200 vehicles based on the statistics from road
surveillance over three days, as shown in Fig. 9(F) and (G). The
detailed process of manufacturing and deploying aMETROtag is
illustrated in Fig. 18. We use epoxy as the adhesive to �x the tag on
the road. The deployment process is compatible with the standard
installation procedures speci�ed by the FHWA for raised pavement
markers [8]. Therefore the installation process would be friendly
for construction workers.METROtags can also be deployed near
existing retro-re�ectors thanks to their compact design. One can
also visually protect the tag by concealing it with asphalt/bitumen
coating.

Durability test. During the one-month �eld testing, the accu-
mulated precipitation was 260 mm, and the highest temperature
was 36� C. The EV equipped with the sensor array covered a total
travel distance of over 150 km. The sensor array remained resilient
against various factors such as debris, puddles, and vehicle vibra-
tions, i.e., there were no anomalies such as sensor malfunctions or
unexpected power loss.

ForMETROtags on the road, both the shell and magnet were not
damaged as vehicles ran over them. The displacement of each tag
caused by running-over vehicles is less than 3mm. This displace-
ment is incurred by the �xation process of the adhesive. After tags
were fully �xed to the road in 24 hours, the displacement of each
tag was e�ectively reduced to 0 mm. To assess the impact of road
conditions on the magnetic �eld, such as demagnetization due to
adverse weather or distortion caused by accumulated metallic de-
bris, we evaluated the detection performance ofMETRO. We drove
the test EV over the tag at 40 mph for 10 times at the end of the one-
month �eld study. The polarity detection accuracy for both the lane
tag and information tag was 100%. Additionally, the [mean, STD]
of the deviation ratio of the information tag were (0.993, 0.017),

respectively. These empirical studies con�rmed the durability and
resilience ofMETROin real-world road environments. Note that the
ultimate deployment scheme should be a collaborative e�ort of dif-
ferent domain experts (e.g., material science and civil engineering)
for further enhancing the lifespan ofMETRO.

Bumpiness test. We examined ifMETROtag would incur un-
comfortable bumpiness when the car ran over the tag (with the
3D-printed shell). We quanti�ed the bumpiness by using an embed-
ded accelerometer on the testing car. Speci�cally, running over the
METROtag only incurs a peak with the amplitude ofŸ 0”028< •B2.
This is only 0.0029 G vibration force, thanks to the thin design of
METROtag (Sec. 6).

8.3 Usability of METRO
Now we assess the usability ofMETROwhen road markings are oc-
cluded. We evaluateMETRO's performance with the most commonly-
used road marking detection � the camera-based method [52, 67].
For example, Tesla uses only Tesla Vision [19] for detecting these
markings, and has a delivery of more than 1.31 million vehicles
in 2022 [22]. In this study, we explorehowMETRObene�ts existing
systems.

We selected three typical road markings: a straight arrow, a left
arrow, and a straight-right arrow. To digitize each arrow, we con�g-
ured the correspondingMETROtag with the following parameters:
tag {�# # # �, 0°, 3, 2, 1, 1•1}, tag {�((( �, 0°, 3, 2, 1, 1•1}, tag {�(#( �,
0°, 3, 2, 1, 1•1}. Then, weemulateddi�erent levels of snow cover-
age on the arrows with super-absorbent polymers [48], a common
material for arti�cial snow. We tested three scenarios, i.e., no snow,
light snow, and heavy snow, as shown in Fig.19. We implemented
a vision-based pipeline based on YOLOv7 [72], a SOTA real-time
object detection framework, and trained it with a widely-used road
marking dataset, CeyMo, consisting of 2,887 images captured under
various adverse conditions [51]. For each emulated snow-covered
scenario, we drove the test EV past the arrow straightly at a speed
of 15 mph for 10 times. We mounted a OnePlus 9R smartphone on
the rear-view mirror to record the video with a resolution of 1920
� 1080 pixels. We processed the video with YOLOv7 on a server
with an NVIDIA RTX3080 and 80 GB of RAM.

The results in Table 3 indicate that the performance of the vision-
based pipeline is highly a�ected by the levels of snow, with the
pipeline failing to detect any arrow in the heavy snow scenario
even at 15 mph. In contrast,METROoperates accurately and reliably
even in heavy snow scenarios. Compared toMETRO, the vision-based
pipeline also requires signi�cantly more computational resources.
The side-by-side comparison with the predominant camera-based
method suggests thatMETROcan be a cost-e�ective complement
to existing perception systems. Speci�cally,METROwould be cru-
cial for extreme environments, e.g., snow squall [14], white-out
weather [23], and dust storm [11], as vision-based approaches can-
not to �see� road markings.

9 RELATED WORK
In this section, we review related work that aims to improve the
road-marking perception with various methodologies.
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