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leti COOPERATIVE - INTELLIGENT —
a3 TRANSPORT SYSTEMS (C-ITS) EURECOM

SSSSS a Antipolis

* Wireless communication between vehicles (V2V)
and roadside infrastructure (V2I) > V2X

* Road traffic safety Souree.
* Road traffic efficiency Daimler ,/
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COOPERATIVE LOCALIZATION BASICS EURECOM

° Expected benefits

* Neighbors (hopefully well positioned) - “Virtual anchors”
* Diversity, redundancy, geometric ambiguity solving - Better accuracy/
resilience

@ -

() | ()

* Methods mostly validated under moderate mobility so far (e.g., WSN)

- Open/unprecedented challenges in the vehicular context
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CONSIDERED TECHNOLOGIES EUREGOM
Maturity Technology Frequency Metric
Today ITS-G5/802.11p 5.9 GHz RSSI
Today IR-UWB / 802.15.4a ~ 4 GHz TOA / RT-TOF
Prospective 4G LTE V2X 2 GHz Under specification
Prospective 5G mmWave V2X 30-100 GHz AOA/AOD/TOA
Prospective WiFi extension 2.4 GHz Not standardized
555 i Neighbors’
02.11 p estimated position/speed &
UZ Cooperative related uncertainty Ego car’s
M - Awareness refined position/speed &
Messages (CAMs) related uncertainty ==
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Highly dynamic mobility Large amount of vehicles Limited V2X communication
channel
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Can sub-meter localization accuracy be already met through low-complexity
CLoc strategies between connected vehicles with standard technologies?
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GRADUAL ASSESSMENT APPROACH
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OUTLINE EURECOM

.O -
* V2V Cooperative Localization E&gﬁfp




°* At each “ego” vehicle...

Timestamped
“ego” belief

Prediction
“Synchronization”

Link Selection

Correlation
Mitigation

Correction

Tx Control
Strategies

Message
Approximation

NOMINAL COOPERATIVE FRAMEWORK EURECOM
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LINKS SELECTION -
NON-BAYESIAN VS. BAYESIAN CRITERIA EURECOM

op il a Ant ipoelis

Link selection based on
theoretical positioning performance

bounds (CRLB) conditioned on
a priori sub-constellations

* Non-Bayesian CRLB criterion [Hoang15a]
* Radio link quality
Geometry of neighboring vehicles (GDOP)
- Allinvolved positions assumed deterministic
(& perfect)

* Bayesian CRLB criterion [Hoang15b]
« Radio link quality
«  Geometry of neighboring vehicles (GDOP)
* Uncertainty of neighbors’ estimated positions

Presumed probability densr
local position estimates
(possibly transmitted also in CAMSs)
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* Large-scale GNSS error (urban canyon)

Saved complexity at (almost) no accuracy
degradation (vs. exhaustive cooperation)

LINKS SELECTION

PERFORMANCE EVALUATION

* Small-scale locally degraded GNSS capability
Local accuracy gains with Bayesian-CRLB 4

criterion (vs. non-Bayesian)

\_zn —
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NOISE CORRELATIONS

°* Why is correlation a threat ?

* Inherent/specific to constrained vehicular
* Cannot properly filter out error processes
* Misses hidden/fruitful location info

IMPACT OF SPACE-TIME MEASUREMENT —

S0

mobility under typical refresh rates
(assumed white)

* Causes filter over-confidence (in inaccurate estimates)
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MITIGATION OF SPACE-TIME CORRELATIONS £ RECOM

Signal level mitigation

Empirical cross-measurement correlations

— Compensate for info loss 724cross 7Sh (2—)1, 3—)1)=exp (_
* Differential measurements//X‘lB — X2 //+M‘l1 /dlCOI‘ ISh

— Eliminate the correlated pelr@(ga'&k)o .i.d./white assumptions)
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Protocol level mitigation

(/;1/775% correl:;a;ci;r\w\ %
* Adaptively decreased cooperative <" ,@_@3
fusion rate (s P SR
— Collect uncorrelated measurements ()
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MITIGATION OF SPACE-TIME CORRELATIONS e
PERFORMANCE EVALUATION EURECOM

t Lpordi o s

* ECDF of localization errors for different correlation mitigation
schemes in a highway scenario (steady-state mobility)

I.i.d/white ’ T
— Pt correlated
processes 7
0.8 T _© pracesses
5
= s
L 06} i
L
a
O
§ 0.4 — © —filtered GNSS @ 10 Hz |
a — 8 — fused GNSS + ITS-G5 @ 10 Hz
5 —&— filtered GNSS (DM) @ 10 Hz
—A— fused GNSS + ITS-G5 (DM) @ 10 Hz
0.2 —— fused GNSS (DM) @ 10 Hz & ITS-G5 @ 1.43 Hz| T
—-P-—filtered GNSS (i.i.d.) @ 10 Hz
—-<4-—fused GNSS + ITS-G5 (i.i.d.) @ 10 Hz

0 0.5 1 1.5 2 2.5 3 3.5 4
positioning error [m]

JS 2018 URSI, Meudon | March 29, 2018 | 15



ooooooooooooooo

IMPACT ON V2X COMMUNICATIONS EURECOM

* Location estimation by distributed particle filter (PF)

* Posterior by a set of random state samples

* Any process nonlinearity and noise distribution

* High number of particles, generating heavy communication load due to
belief messages passing

B i TS | [

300 — 800 Bytes

° Challenges

* Limited CAM size
* Limited channel capacity
* ETSI Decentralized Congestion Control (DCC)

* Reduced CAM rate (e.g., 2 Hz) > Expected accuracy degradation
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MESSAGE APPROXIMATION & TX CONTROL EURECOM

Parametric message approximation — Reduce the size of particles info

Particle Message Message - Particle

position error

Filter Approximation Reconstruction Filter
Gaussian mixture Resampling
Tx payload/rate control — Standard CAM Tx policy vs. mixed CAM traffic
[0 CAM [ “tiny” CAM (i.e., no GNSS, no belief) _
A A O 4 update update update update 4
40% |Oad ) = delay delay delay delay qNJ
N o | [z
7] g —
(&) (72}
@ o @©
Q. o Q
0 0102030405 1 15 2 time(s] 0 0102030405 1 15 2 time [S]
Standard CAM R “Tiny CAM™
—7 @' (Actually “fat” due to location info) @®' (Justthe ID/~ping message)

Tx power control for “tiny CAMs” (for RSSI only)
&3

3.5m

[Hoang16a]
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MESSAGE APPROXIMATION & TX CONTROL —_—
PERFORMANCE EVALUATION EURECOM

* ECDF of localization errors for different message approximation
and transmission control strategies (1000 particles)
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OUTLINE EURECOM

_ . L & ' )
* Hybrid V2V Cooperative Localization Eﬁ%gfp




leti CHALLENGES TO PARTICLE FILTER BASED —

SSSSS a Antipolis

* High dimensional state and high/peaky likelihood > Harmful to PF

* Number of particles vs. state space likelihood
* “Mismatch” between prior and likelihood

* Particles depletion

° Filter overconfidence

* Bias propagation through CLoc prior
— 0 00 00
particles
Particles with
meaningful
i ight
* PF-based GNSS+IR-UWB fusion welghts
* Neighbors positioned with uncertainties — High dimensional estimation
space

* Good prior not always guaranteed — Wide prior
* Accurate ranges (e.g., IR-UWB) — Peaky likelihood

° Questionable PF efficiency in case of IR-UWB+GNSS fusion ?
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PF DEPLETION & BIAS PROPAGATION (1) EURECOM

* Ex. of overconfidence in

20 -
biased state estimates due to E 5 2 1
i : - g op & a0 A g A° P At
particles depletion (large prior ¢

vs. narrow likelihood) with 2
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PF DEPLETION & BIAS PROPAGATION (2) EURECOM

* Ex. of unrealistically higher (10%!) nb of particles (same scenario)

* More particles have meaningful weights - No more overconfidence and
preserved correction power from accurate observations but...
* Unaffordable for real-time (high computational complexity)

 prior position belief (particles)

8 ' | ' 7| ® prior mean 0.25 . . : .
_ .-:|——prior 95% confidence ellipse :
l Ziad . Proras% confidenca ellipse More particles o
4| * posterior position belief (particles) . )
sl = posterior mean 02t With meanlngful
—posterior 95% confidence ellipse :
posterior =-7 - weights
5t 4 true position
- | . © 0.15
E a} =
o | Z
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" 0.05
O -
1 A . ol » _ - Lt
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PF DEPLETION & BIAS PROPAGATION (3) EURECOM

* Bias propagation from “Virtual Anchors”

Unbiased
neighbors’
estimates

»
+HTL
—, o I S
BN
VL
(I

~} Trilateration-based positional belief

4+ True vehicle’s position

Predicted/perceived positional belief @ Estimated positional belief
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PSTH MPROVED PF EFFICIENCY FOR HIGH DIM. —
=0 ESTIMATION WITH ACCURATE V2V RANGES EURECOM

* Scheduling (heterogeneous GNSS conditions) [Hoang16c]

* Adaptive Bayesian dithering (homogenous GNSS conditions)

* Adaptive smoothed likelihood in perception model
° Based on theoretical bounds e.g., BCRLB (same as for link selection)
* Dithering noise gradually added in filter’s perception so as not to outperform the
BCRLB

Smoothed

likelihood <— likelihood

smoothed
/' likelihood

More particles
alive!

* Main expected benefits
* Reasonable number of particles predicted
* Minimized loss of accurate range info posterior

[Hoang17a] orior

JS 2018 URSI, Meudon | March 29, 2018 | 24




IMPROVED PF EFFICIENCY ' —
SETTINGS B EURECOM
* Highway environment / «L“ff -
* 3-lane highway 3~5m: @ﬁé () @ﬁ,/@ \ga., —
* IR-UWB network ~ 10 neighbors (| (Gl .@6 4; I
e Gauss-Markov traffic (G (G (G [y I

vik=avik—1 +(1—a)v+v1—al2 €lk \

°* Main simulation parameters

GNSS errors in x-/y-axes (10) 1.5 m* JL Unbalanced
IR-UWB ranging error (10) 0.2m noises
Initial positional errors in .x-/y-axes (10) Tm large prior
Initial velocity errors in x-/y~axes (10) 0.1 m/s
Number of particles 1000 reasonable nb

° Performance comparisons

* PF (GNSS, GNSS+RSSI, GNSS+IR-UWB (part. depletion vs. adapt. dithering))
* EKF (GNSS+IR-UWB)

*Satellite-Based Augmentation Systems (SBAS) JS 2018 URSI, Meudon | March 29, 2018 | 25




IMPROVED PF EFFICIENCY =
PERFORMANCE EVALUATION EURECOM

* Over-confidence depending on both

* Actual 1-0 (68" percentile) localization errors
* Perceived/Estimated 1-o localization errors by fusion filters

1 ______ — === 1.2* T T
—6—PF (GNSS)
L —»— PF (GNSS+RSSI)
08l 1 —e— PF (GNSS+IR-UWB) (sample depletion)| |
) E —— EKF (GNSS+IR-UWB)
’g - 0.8 —#— PF (GNSS+IR-UWB) (adaptive dithering
£ e |
q) —
T 061 °C>
=) o
O = 0.6
© £
204r =
ey . [} i
g 4 —6—PFi(GNSS) S 04 s
—%—PFi(GNSS+RSSI) - -] K
0.2 —e— PFi(GNSS+IR-UWB) (sample depletion) | | 0.2 i 0.151
—— EKF (GNSS+IR-UWB) T e e g = = e = = = =
: —#- PF3GNSS+IR-UWB) (adaptive dithering)
0¢ Y ' v : 0 ; ' ' : \v vy v
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 10 20 30 40 S(b 06230
0.13 localization error [m] global time [s] :
0.32 — Over-confident PF under
0.33 particles depletion (id. EKF)
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OUTLINE EURECOM

* Hybrid V2X Multisensor Cooperative Localization
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REMAINING CHALLENGES &

PATHOLOGICAL CASES EURECOM

n

t Lpordi o s

Unbalanced vehicular geometry ~ 1-D - Singular cross-track axis

. safety distance 50 — 100 m

lane width
~3.5m

° Dead reckoning errors accumulation in GNSS-denied scenarios
-> Error propagation
Along-track error Cross-track error
0.15 v w v ' . 0.8 . v v . . 1
——non-CLoc (IMU+WSS) I —+—non-CLoc (IMU+WSS)
——CLoc (IMU+WSS+IR-UWB) ——CLoc (IMU+WSS+IR UWB) \
0.6 O et
E 01 1 B gé‘
g g 04l geometry
® 005 3 erproductive
T oz cooperation
Good geometry o2 q?
L= beneficial cooperation .
0.5 1 1.5 2 25 3

0.5 1 1.5 2 25 3

global time [s] global time [s]
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leti MULTISENSOR FUSION FOR —
- IMPROVED CROSS-TRACK LOCALIZATION EURECOM

* IMU gyroscope w!k integration
xl&+1 =1l +A7slkcos(Blk+0.5A7wik )
L FPeAICHION \ 7o)k sin (0L +0.5ATwlk )
€§;§B?JP+PAFT Wk

A true position

T T B unconstrained mean
°* Camera-based lane detection 4 anconstaned sampes.
3l e oo 65% elipse)
, £\ll'7\left * constrained samples
o x X
1« %% o
#*
1+ LLiTri e
_2 F
4 2 0 2 4
x-axis [m]
j LliTright <XliT(particle) <
LliTleft ,
XliT(particle) >ZJiTeft,
[Hoang17b] XliT(particle) </ZJ/Tright
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EURECOM

Sophi a Ant ipodid s

IMPROVED CROSS-TRACK ERRORS
SETTINGS

110 km/h

—
—

* Highway environment T (2 e
. . ("oéo5 ) (¢ ‘ohoﬁ’) « ﬁo")
* 2-lane highway, 7 vehicles —

@) 7 () 6 @) 5 @ 4
* Gauss-Markov mobility traffic (G Sor (Gume)  (Gum) ()
vik=avik—1 +(1—a)v+V1—al2 elk

-

35m

N
4
N
v

& > &2 >

°* Performance comparisons
* 2 main configurations: non-CLoc vs. CLoc (V2V IR-UWB)

GNSS Non-CLoc
GNSS + IMU + WSS Non-CLoc
GNSS + lane constraints Non-CLoc
GNSS + V2V IR-UWB CLoc
GNSS + V2V IR-UWB + IMU + WSS CLoc
GNSS + V2V IR-UWB + lane constraints CLoc
GNSS + V2V IR-UWB + IMU + WSS + lane constraints CLoc
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IMPROVED CROSS-TRACK ERRORS —
PERFORMANCE EVALUATION EURECOM

Sop hi a

* ECDF of 1-D localization errors along x (left) and y (right) axes

Non-CLoc enhanced with IMU gyro or  without IMU gyro and
ClLoc by IMU/WSS Non-CLoc lane constraints lane constraints

0.9 0.9
0.8 0.8
0.7 0.7

o
)
T
o
o
T

o
~
T
o
~
T

—@— GNSS —@—GNSS

empirical CDF(error)
o
(6]
empirical CDF(error)
o
(&)}

03F —#— GNSS+IMU+WSS 0.3+ —#— GNSS+IMU+WSS
—P>— GNSS+LC —b>— GNSS+LC

0.2 —4— GNSs+UWB ] 02 —— GNSs+UWB _

GNSS+UWB+IMU+WSS GNSS+UWB+IMU+WSS

0.1 GNSS+UWB+LC 4 0.1 1 GNSS+UWB+LC

—»— all-in-one —»— all-in-one
0 1 1 1 1 1 1 1 1 0 1 1 1 1 1 Il 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
| x-axis (along-track) error [m] | | y-axis (cross-track) error [m] |

Individual information source affects each component of position error differently
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CONCLUSIONS ==

* Sub-meter accuracy through CLoc with existing technologies?
* (Conditionally) yes !

* Typically, precision improved from 2 m down to 30 cm in 80% in most favorable
simulated scenarios

* \Various challenges inherent to the cooperative vehicular context
* Information asynchronism
* Space/time measurement correlations
* Computational complexity and information selection
° Communication constraints (imposed by underlying standards)
* Relative geometry

* Other open questions ahead (future work)
* Context-aware cooperative fusion (large-scale/long-term)
* Security and privacy of involved V2X cooperative links
* Fusion partitioning and data kind (e.g., wrt. juridical responsibility
- See autonomous cars accidents)

* New location-enabled applications and services (mapping/cartography,
automotive loT, crowd sensing...)
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EXPERIMENTAL VALIDATIONS gy
EURECOM
>
° Large-scale field trials in Helmond, Netherlands g
* 4 vehicles with varying fleet topology over long-term RS
trajectories (multiple trips of several kms each) L))D
* RTK GPS - Ground truth —
* Singe-band GPS H : G H 19
* ITS-G5 platform (Cohda MK5) > V2V data (+ RSSI) o hiahts au e
°* IR-UWB tag - V2V RT-ToF (H2020 -v636537)
Alvershool ’
51.48 _ »
- : % Schooten©
g 51.47 <
-8 Medevoort
°* Performance comparison g s )
* Non-Cloc > Standalone GPS+IMU) 5146 % v gy PG SIS
* CLoc » GPS+IMU+ITS-G5+IR-UWB)
51455 Diere%gjclz <
° Processing of collected data Heiderschoo
. 5.56 5.57 5.58 5.59 5.6 5.61 5.62
currently in progress longitude [deg]
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VALIDATION BASED ON MOBILITY TRACES —

SETTINGS EURECOM

* Simulation of Urban MObility (SUMO) traffic

* Wide-scale urban case calibrated for the city of Bologna
* 10 vehicles’ trajectories forming a consistent group for 100 s
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GNSS , Slightly Severely
cond. Nominal degraded degraded lost
IIIII Color 206ps 20¢ps
* Key points
* Various GNSS classes (SPS, SBAS,
DGNSS, RTK) and varying operating ' ’
conditions (ox1 to ox5 and even lost)
* Erratic mobility (intersections,
lane changing...) 0 og O
L] .%
° Performance comparison o
O
°* Non-CLoc (GNSS+IMU+WSS) Q

¢  ClLoc (GNSS+IR-UWB+IMU+WSS) e —
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VALIDATION BASED ON MOBILITY TRACES
PERFORMANCE EVALUATION

ECDF of localization errors over all 10 vehicles

Median error of 0.18 m

Sub-meter (0.75 m) worst-case accuracy at 90%
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HIGHTS’ OVERALL ARCHITECTURE AND PARADIGM

Local Dynamic Map
« Ego vehicle » (X;, Y;, V;) at t

« Active neighbors » {(X,, Y, V|)}, jeNal(i) at t
« Passive entities » {(X, Y,)}, keNp(i) at t

Passive Obstacle k

Vehicle i

Fusion plane
Vehicle j
Passive wrangingn
Protocol [ DSRC/V2x
(LzserScanner,
Stack | (ex. |IEEE802.11p, mmW) Radar...) L Fusion plane

V2x communjication plane
Radio-based

«rangings
{IR-UWB,
Zighee, 11p)

V2x communication plane

; DSRC/V2x Protocol
.5 {ex. IEEESD2.11p, mmW) Stack

/,,-""' Localization sensing plane

Kinernatics
{IMU, Wheelcouner)

Passive aranging» GPS \

Radio-based
wranging»

Infrastructure resource
{Calculation server, {IR-UWSE,
database, cloud, www Il Zigbee, 11p) {LoserScanner,
Radar...)

services...) G = e

vai
(ex. IEFE802.11p, mmW) Passive «rangings
I (LaserScanner,

Radio-based

Protocol | «ranging» e 55
Stack (IR-UWB, 11p ‘-—_________
Zighee, RFID) "‘———--—____ Radic-based '
e ——— .
wrangings  § Protocol i

{IR-UwE, Stack

Zighee, RFID...)
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TIME RE-ALIGNMENT OF RECEIVED COOPERATIVE DATA

« Proposal: Prediction of both ego and neighbours’ positions based on
specific mobility models (e.g., Gauss-Markov)
re-synchronize

with “ego”
estimation
siction by instant k '
K* — gk prediction by “ego” i ]
Zy =17; ~ :
Ojk =0k 0 k; i :
tj-, - t-]' il i > neighbor j
Ll — YLk i
1

included info in CAM

asynchronous position
Tx after a random Y P

estimations from car to car

self prediction

ol 1 ! i ) “ ” -
ego’ i
Lik-1 tik E J
|
Zk* —_ Zk—l ! TX i
L= included info in CAM ~ CAM _ i
0, = 03,1 Txaftenarandom O, |mp0;,. 01, | _
— i > neighbor
Lk = ti k-1 ! tie 1
: prediction by “ego” i :
>c >
global time global time
window k — 1 window k
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V2V COOPERATIVE FILTERING APPROACH EURECOM

///////////////

* Info available for “ego” vehicle 7 at time l(

tlik AR : -------------------
. . . o (s Xll?GNSS (((@
*  Prior “ego” belief bel (X7 (#44,4)) — Mobility =~ € l
* “Ego” position X47/TGNSS (£lik) — GNSS L /,(((m:~ ‘.‘
* Neighbors’ beliefs bel (X{/ (¢J/,£)) — ITS-G5 r/l #;bel (‘Xlz) !
* V2Vranges 7ji (tlk <tljihk <tlik) —IR- & =7 ?/
UWB N ;
* Goal () (Ewms)
#jbel(XY/ )

* Estimate the “ego” vehicle’s state vector (2D
position, speed, etc.) X {7/ (£, ) of posterior
bel (Xl (¢li /) ) from prior bel (X7 (2l k)) |
using distributed bootstrap particle filter posterior

°*  Why choosing a bootstrap particle filter ?

* Particle filter (PF)
° Posterior by a set of random state samples

— Non-linear & non-Gaussian processes
sample space
* Bootstrap

°  Prediction by mobility
*  Correction by likelihood
y G.M. Hoang, ICC’17, Paris, 23/05/2017 | 41
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PARTICLE FILTER STEPS

°* For vehicle 7 at time zli/k, wrt. a set Alik of “virtual anchors”

* Inputs:
°p Local info: “Ego” belief Bel (X4 (¢4i4—1)) and GNSS positon XL/TGNSS (¢lik )
° External info: V/eAls 4, neighboring belief Bel(X./ (¢l,£)) and V2V meas.
rdj—=i
* Mobility-based prediction at both “ego” and neighboring vehicles
(= compensate for received data asynchronism)

* Likelihood-based particle weights correction
wii k XpXLiTGNSS (tlik ),..rdj=i . .Bel(Xli (tiik)),..Bel(Xli (¢iik))....
*  OQOutput: MMSE estimator X {7 (¢, )=MMSE (Bel (Xl (¢tlik ) wilik )
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leti LINK SELECTION STRATEGIES —
T BAYESIAN CRLB - A CLOSER LOOK EURECOM

°* Bayesian CRLB (BCRLB) solution
BCRLB.Z =(JIE1B )11

* Baygsipn fptepnsiion Matrixry )r—1 +
Ji-EfM )T-1 J—-1

“Ego” prior info Neighbors’ prior info Measurement info

St EJXIi [OT2 logp (X iﬁ}% (Xdi)1-1

I /
3. neighboring uncertainty Gaussian
(from CAM info) approximations

2. relative geometry

Ji= ETM =—EJIRSSLXLE XLi [0T2 logp(RSST SN XL [H(XIE —XIi ) (XIE —Xii

XIE XL ) JOXLE)T2 ] />

Estimate using Monte Carlo integration

b=10nlp /oiShlogl0

| 43

1. Radio link quality




