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We  need  reliable  informa(on  about  posi(oning  uncertainty

PosiSoning  confidence  
informaSon  is  required,  to  
decide  if  posiSon  informaSon  
can  be  used  for  a  given  task.
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We  need  reliable  informa(on  about  posi(oning  uncertainty

You  are  probably  here...

...and  less  probably  here

You  are  inside  this  box

Second  order  moments ProtecSon  levels

PosiSoning  confidence  
informaSon  is  required,  to  
decide  if  posiSon  informaSon  
can  be  used  for  a  given  task.
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Set-­‐membership  approach  for  localiza(on

Compute  a  posi(oning  confidence  domain

Set  of  possible  vehicle  posiSons  (or  poses),  associated  to  the  risk  that  this  set  
does  not  contain  the  true  posiSon.

Interval  analysis,  in  a  bounded-­‐errors  context

Arbitrary  shaped  soluSon  set  (subpaving)
Robustness  to  erroneous  data  (q-­‐intersecSon,  GOMNE)
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Outline

1.  Overview  of  the  posi(oning  system

2.  Tightly-­‐coupled  GPS  and  map  posi(oning

3.  Robust  pose  es(ma(on  with  data  horizon
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Informa(on  fusion  for  vehicle  localisa(on  in  urban  areas
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Informa(on  fusion  for  vehicle  localisa(on  in  urban  areas

In  urban  areas:

– GPS  measurements  
(masking,  tunnels)

+ Errors  (mul0path,  NLoS)
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GPS
Absolute  posiSon

Unreliable
Masking

Propriocep(ve
RelaSve  moSon
High  update  rate

Dri_

Absolute  pose  at  any  Sme
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Pose  es(ma(on  with  GPS  and  propriocep(ve  measurements

Fusion

3D  Map  (surface)
Contrains  posiSon  on  
the  drivable  space
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Posi(oning  system  overview

8

  

 


 
   





 

 

  
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Posi(oning  system  overview

Compute  GPS  posiSons
(or  use  receiver  computed  posiSons)

Keep  a  short  history  of  past  posiSons  
and  propriocepSve  measurements

Compute  current  pose  from  the  history

  

  

  








 
   






 

 

   
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Tightly-­‐coupled  GPS  and  3D-­‐map  posi(oning
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Bounded-­‐error  GPS  posi(oning

Bounded-­‐error  framework

• Measurements = Intervals

• Intervals are assumed to include the true value

Posi(oning  as  a  Constraint  Sa(sfac(on  Problem

• Measurements = Contraints on position

• Map = Constraint on position

• Position belongs to the domain which satisfies the constraints
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B1

B2

B3

Localiza(on  confidence  domains  via  set-­‐inversion  on  short-­‐term  trajectory
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Simplified  2D  example:  ranging  beacons

Distance  measurements  to  known  beacons  -­‐  Intervals  represent  inaccuracy

B1

B2

B3

13

constraint  from  B1  
range  measurement

constraint  from  B2  range

constraint  from  B3
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GPS  pseudorange  observa(on  model

Receiver  measures  pseudoranges:
                                      range  +  offset

4  unknowns:  x,  y,  z,  dtu  -­‐>  4-­‐D  boxes

Pseudorange  observaSon  equaSon

Introduction
Measurements modeling and risk computation

Location zone computation
Summary

Motivation
GPS localization with code measurements

Pseudorange observation equation

�
⌅⌅⇤

⌅⌅⇥

�1 =
⇧

(x � xs1)2 + (y � ys1)2 + (z � zs1)2 + c · dtu
�2 =

⇧
(x � xs2)2 + (y � ys2)2 + (z � zs2)2 + c · dtu

. . .
�p =

⇧
(x � xsp)2 + (y � ysp)2 + (z � zsp)2 + c · dtu

Satellites broadcast IDs -> no data association needed
xsi , ysi , zsi are satellite positions (broadcast)
�i are corrected pseudoranges:

satellite clock bias
relativistic e⌃ects
ionosphere and troposphere propagation delays

Vincent Drevelle, Philippe Bonnifait Robust set inversion for GNSS protection levels
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Set-­‐membership  GPS  posi(oning,  Paris
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3D  map  (Paris,  XIIth  arrondissement)

16

Produced  by  the  French  Ins0tut  Géographique  Na0onal
• Photogrammetry from aerial photographs

• Surface generated from sidewalk limits

• Precision of vertices : 5 cm planar / 20 cm altitude

• Triangular facets
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3D  facets  constraint

Facet  constraint

• Vertices coordinates are boxes (uncertainty)

Drivable  space  constraint

• Union of facet constraints

• Pruning with facet bounding boxes

C

B

A

M

n
AB

n
CA

n
BC
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3D  facets  constraint

Facet  constraint

• Vertices coordinates are boxes (uncertainty)

Drivable  space  constraint

• Union of facet constraints

• Pruning with facet bounding boxes

contracted  box
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Facet  selec(on  (map  matching)

Use  topology  to  mark  eligible  
neighbors  from  previous  epoch  
facets  set.

• Speeds up computation

• Limits ambiguous solutions in 

poor GPS conditions and 

dense road networks

facet  consistent  
with  x(tk-­‐1)
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Use  topology  to  mark  eligible  
neighbors  from  previous  epoch  
facets  set.

• Speeds up computation

• Limits ambiguous solutions in 

poor GPS conditions and 

dense road networks

facets  compaSble  
with  predicSon
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Facet  selec(on  (map  matching)

Use  topology  to  mark  eligible  
neighbors  from  previous  epoch  
facets  set.

• Speeds up computation

• Limits ambiguous solutions in 

poor GPS conditions and 

dense road networks

topological  
facet  selecSon
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Posi(oning  algorithm

Raw  GPS  
measurements

3D  map  (facets)

SIVIA

Pick  a  box

GPS  contracSon

Map  contracSon

BisecSon

pseudoranges
candidate  facets

soluSon  subpaving

SNR  Threshold
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Robust  pose  es(ma(on  with  data  horizon

20

Data fusion

Buffer management

GPS positions 

buffer

Proprioceptive 

buffer

GPS receiver
Proprioceptive 

sensors

GPS position 

computation

ρ

(x,y)

(v,ω)

pose (x,y,ψ)
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Data fusion

Buffer management

GPS positions 

buffer

Proprioceptive 

buffer

GPS receiver
Proprioceptive 

sensors

GPS position 

computation

ρ

(x,y)

(v,ω)

pose (x,y,ψ)

Data  horizon  buffer
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data horizon

p(t1)
p p(t4)

p
p(t3)

pp(t2)
p (v,ω)(tk)

Data  horizon  buffer

22

Keep  track  of  previous
• Positions as boxes

• Proprioceptive measurements as intervals

Limited  size
All  data  are  Smestamped  &  ordered  by  date  of  value
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Posi(on  buffer  management

Try  to  keep  only  useful  posi(on  informa(on  in  the  buffer

Do  not  add  posiSon  if  it  intersects  the  previous  posiSon
Replace  previous  posiSon  if  new  posiSon  if  more  precise

p(t)

p
m

p
m–1

p(t)

p
m

p
m–1

p(t)

p
m

p
m–1

add p(t) discard p(t) discard p
m
, add p(t)
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Data fusion

Buffer management

GPS positions 

buffer

Proprioceptive 

buffer

GPS receiver
Proprioceptive 

sensors

GPS position 

computation

ρ

(x,y)

(v,ω)

pose (x,y,ψ)

Robust  pose  es(ma(on  with  data  horizon
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(x,y,ψ)  Pose  es(ma(on

GPS  posi(ons  constraints  (unreliable  -­‐>  q-­‐relaxed)

x(t)  ∈  xGPS(t)
y(t)  ∈  yGPS(t)

Map  constraints  (hard  constraint)

(x,y)(t)  ∈  Map

Propriocep(ve  measurements  constraints  (reliable  -­‐>  hard  constraints)

x(tk+1)  =  x(tk)  +  (tk+1−tk)⋅vodo(t)⋅cos  ψ(tk)
y(tk+1)  =  y(tk)  +  (tk+1−tk)⋅vodo(t)⋅sin  ψ(tk)
ψ(tk+1)  =  ψ(tk)  +  (tk+1−tk)⋅ωgyro(tk)
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p(t1)
x(t)|p(t1)
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Example:  Current  pose  from  a  2-­‐posi(on  history

26
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p(t2)

x(t)|p(t2)
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Example:  Current  pose  from  a  2-­‐posi(on  history
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p(t1)

p(t2)

x(t)|p(t1),p(t2)
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Example:  Current  pose  from  a  2-­‐posi(on  history
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Experimental  results  (CityVIP  project)

16  minutes,  3  km,  XIIth  arrondissement  of  Paris
GPS,  pseudoranges  with  SNR  ≥  35dBHz

• 85% of time, less than 4 satellites

• 56% of time, less than 3 satellites

3D  map  of  the  drivable  space  (IGN)
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Horizontal  Posi(oning  Error  vs  Confidence  Radius  (10-­‐3  risk)

Particle filter
- 2.50 m mean HPE
- confidence bounds 
violated 41% of the 
time

Set-membership method
- 2.43m mean HPE
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Horizontal  Posi(oning  Error  vs  Confidence  Radius  (10-­‐3  risk)

Set-membership method

1-relaxed
Set-membership method
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Conclusion

Localiza(on  confidence  domains  via  set-­‐inversion  on  short-­‐term  trajectory  

1)  Tightly  coupled  GPS-­‐3D  map  posiSoning
2)  Robust  esSmate  of  current  pose  from  short  term  history  of  posiSons

• Runs in real-time with true sensors, handles out-of-sequence data

• Point-positioning accuracy similar to constrained particle filter

• Confidence domains are consistent with true position (≠ PF)
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Thank you!
Questions?
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