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3D Mapping Aided GNSS-Base
Cooperative Positioning Using Factor
Graph Optimization

Guohao Zhang
Positioning and Navigation Laboratory
Interdisciplinary Division of Aeronautical and Aviation Engineering
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GNSS Data for Location-Based Service (LBS)

Proximity-based
marketing

73 -

Server

The big data can be used to improve the

effectiveness of various LBS applications.

Roadside
assistance

Not accurate in dense urban

Solution:

3D Mapping Aided (3DMA) GNSS-Based

Navigation

Cooperative Positioning
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GNSS-Based Cooperatlve Posmonlng

g

W

2N

Absolute position

Weighted least squares

3DMA GNSS
(Wang, Groves et al. 2015,
Hsu, Gu et al. 2016)

X
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GNSS-Based Cooperatlve Posmonlng

-

Relative position:

Double difference (DD)
(Liu, Lim et al. 2014)

3DMA cooperative
positioning
(Zhang, Wen et al. 2018)
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" Opening Minds * Shaping the Future »




ONUNUNNNNRRRNN L TN e @I

tli.'al dA'la tion l". ngineering

ﬁﬁlﬁﬁﬁﬁmﬂ v s B TR 5

GNSS-Based Relative Positioning

Pseudorange:
~i _ pl [
Pl = Ri, +[opalH{ 601+
Receiver clock offset Atmospheric delay Satelllte l Satellite j

Satellite clock/orbit bias
Double difference (DD):

Dciljllg = (ﬁé — ﬁll)) - (pa pa
— (ﬁ] - ﬁl) - AXgp [( Eb) (E Ea

Least square solution: Multipath and NLOS

;

Recelver a Axab > A

Receiver b

Axgp = (GTG) " GTDy,
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3DMA Cooperative Positioning (oN GNss+ 2018)

User status evaluation (healthy/NLOS degraded)

D
3D building
ephemeris models

2x2 metersgrid in a Ray-tracing algorithm
selected area (RT)
|
y
Grids with simulated Predicted GNSS
GNSS LOS/NLOS ranges positioning error map

v

Single point positioning
(SPP) using simulated
ranges on each grid

Digital terrain
model

Zhang, G., et al. (2018). Collaborative GNSS Positioning with the Aids of 3D City Models. Proceedings of the 31st International
Technical Meeting of The Satellite Division of the Institute of Navigation (ION GNSS+ 2018), Miami, Florida.
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3DMA Cooperative Positioning (oN GNss+ 2018)

User status evaluation (healthy/degraded) for NLOS-mitigation

Positioning Error

'uh i I
| Tl Degraded user

I
u“

i
22.2995 ' ‘:“" ““ o
’ N, gt .
; i | > Need to be aided
22.299 L i A
-qc) .....
% 923, 2985 il
fi | Aiding
22298 l { |
222975 ‘ ”] 10
N il |
114178 1141785 114179 1141795  114.18 ° Healthy user
.

Longitude
Zhang, G., et al. (2018). Collaborative GNSS Positioning with the Aids of 3D City Models. Proceedings of the 31st International
Technical Meeting of The Satellite Division of the Institute of Navigation (ION GNSS+ 2018), Miami, Florida.
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3DMA Cooperative Positioning (oN GNss+ 2018)

NLOS mitigation by integrating shadow matching & double difference

(Mobile)

! Absolute
Degraded user ‘ satellite position
Shadow | visibilit NLOS
B e 5 et
matching exclusion Averaging =2 Positioning
lution for
Double A >0
—>{ . degraded user
difference | Relative
5[ shad NLOS position
adow
’ matching | Satellite exclusion
visibilit
Healthy user ‘ Y Abs‘_’tl_“te
osition
(Anchor) P

Zhang, G., et al. (2018). Collaborative GNSS Positioning with the Aids of 3D City Models. Proceedings of the 31st International

Technical Meeting of The Satellite Division of the Institute of Navigation (ION GNSS+ 2018), Miami, Florida.
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3DMA Cooperative Positioning Performance
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Relative positioning error between Receiver 1 and Receiver 4

Method LS DD SDM-DD
LS: Least square positioning
RMSE (m) 33.3 84.6 20.3 DD: Double difference positioning
SDM-DD: Shad hi
Availability | 100% 100% 70% e e

3DMA NLOS-excluded cooperative positioning RMSE (m)

Receiver 1 2 3 4
LS 3.7 5.0 14.7 | 30.9
SDM-CP 4.2 4.7 14.2 | 16.2

Limited measurements
after NLOS exclusion!

LS: Least square positioning
SDM-CP: Shadow matching NLOS-excluded cooperative positioning
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Challenges of GNSS Cooperative Positioning

Proposed
solution
* Limited common LOS satellite for Use ray-tracing algorithm to
cooperative positioning in urban correct NLOS instead of exclusion
* Single anchor-based method is Use factor graph optimization to
not robust for urban consider all available constraints

10
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Challenges of GNSS Posmonlng In Urban

Low - Pr9d|Ct9d pOSIt— ngh Environment

information

o

Factor graph
optimization

Y

Each user’s position

11
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Flowchart of the proposed algorithm

Grids with RT simulated
GNSS LOS/NLOS
measurements

Center Server

GNSS raw
data 1l

Predicted GNSS positioning

error map [41]

A 4

I—V

Ray-tracing (RT) based 3DMA
GNSS absolute positioning 1

3DMA GNSS relative
positioning (RT/DD) of 1 & 2

GNSS raw
data 2

.

Ray-tracing (RT) based 3DMA |

GNSS absolute positioning 2

3DMA GNSS relative
positioning (RT/DD) of 2 & 3

A 4

GNSS raw
data 3

|
v

Ray-tracing (RT) based 3DMA
GNSS absolute positioning 3

3DMA GNSS relative
positioning (RT/DD) of 1 & 3

Factor graph
optimization
using absolute
and relative
positions of the
road agents
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Improved

| GNSS result 1

Improved
GNSS result 2

Improved
GNSS result 3
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Ray-tracing algorithm (Hsu, Gu et al. 2016)
1. Sample candidates (digital terrain model) %“.‘ %

Y.

Satellite
X : X!

2. Simulate GNSS measurements " Simulated \
with NLOS geometrical relationship: reflected signal | u‘
L= ||.xn -XY|, ieLoS

”XRP - Xl” + 11X, — Xgell, i € NLOS

3. GNSS measurement Mirrored

correction sets: candidate *"
. . . X,
6py, = L}, — R " Building Candidate X,,  Building

n candidates
13
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Ray-tracing algorithm (Hsu, Gu et al. 2016)

4. Simulation-measurement

similarity estimation: ]

el . Low [T similarity A Hieh
(single differenced to cancel receiver clock offset)
Simulation: Sp=1L, — L}

Measurement: Si = pi —p™

¥i|Sh = S
[

Estimated
position X

Average difference: §S,, =

A, = e_(8511_Ssmin)/(ssmax_ssmin) '®)
" e
OOOOO (@
5. Weighted averaging .  2nln - Xy Building Candidate X,,  Building

. - XpT =
candidate positions: Ya A, n candidates

14

/" Opening Minds * Shaping the Future * Rl 2.4 « 5 # & %




QTN @ — ﬁ' & - - - -
3 RA ) o o % 7~ T Q THE HONG KONG
7 k_,, Y w A3 E ¢ Iy ———— . - Ap—
m\\\\ - B e - éﬁ@///’f o eineting Q'b POLYTECHNIC UNIVERSITY
T = grTamanss v HHEEH T RS

Flowchart of the proposed algorithm

Grids with KT simalated Center Server
R EREEEEEE > " él‘\:lsls Los;:\'r:;: ¢ Predicted GNSS positioning
| error map [41]
! measurements
: I —,
! ! 1 \ 4
1
| GNSS raw | Ray-tracing (RT) based 3DMA 3DMA GNSS relative [ =5 ,| Improved
: data 1 | GNSS absolute positioning 1 positioning (RT/DD) of 1 & 2 GNSS result 1
: [ i , Factor graph
: : v - v optimization
1 p = B H
! GNSS raw | Ray-tracing (RT) based 3DMA 3DMA GNSS relative » using abso.Iute .| Improved
! data 2 | GNSS absolute positioning 2 positioning (RT/DD) of 2 & 3 and relative GNSS result 2
! - positions of the
1
! v road agents
L GNSS raw | Ray-tracing (RT) based 3DMA ] 3DMA GNSS relative [ E=™ .| Improved
data 3 GNSS absolute positioning 3 positioning (RT/DD) of 1 & 3 GNSS result 3

15
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3DMA Double Difference with Ray-tracing

Building

1. Sample candidates for different user

2. Pair each candidates from different user

3. Apply ray-tracing NLOS-corrected double

difference relative positioning for each pair:

Candidate

Positions for a
User a

Candidate Building
Positions for b 16
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3DMA Double Difference with Ray-tracing
Building Low‘imilarit-High

Candidate
Positions for a

4. Pair-wise simulation-measurement
similarity estimation:

0AXp, ny = ”(an B X"a) N Aﬁ"a'"b”

An = e_(SAXna,nb_SAXmin)/(SAxmax_SAxmin)
a'tp

5. Pair-wise similarity-weighted averaging Pair-wise
relative position: similarity

Zna an Ana,nb Axna,nb

Zn Zn An n
43:] T
aTh e Candidate Building
Positions for b 17
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Flowchart of the proposed algorithm

Grids with KT simalated Center Server
R EREEEEEE > " él‘\:lsls Los;:\'r:;: ¢ . : Predicted GNSS positioning
| , ! error map [41]
| measurements ! !
: A Lo —,
: 1 | v | 1 A 4
| GNSS raw | Ray-tracing (RT) based 3DMA [ ™~ 3DMA GNSS relaflive Improved
: data 1 | GNSS absolute positioning 1 positioning (RT/DD) §f 1 & 2 GNSS result 1
: [ i i , Factor graph
: : v ! v optimization
| S - H
! GNSS raw | Ray-tracing (RT) based 3DMA 3DMA GNSS relaflive using abso.Iute Improved
! data 2 | GNSS absolute positioning 2 positioning (RT/DD) §f 2 & 3 and relative GNSS result 2
| : . positions of the
|
| v v road agents
L GNSS raw | Ray-tracing (RT) based 3DMA | | ] 3DMA GNSS relafive [~~~ Improved
data 3 GNSS absolute positioning 3 positioning (RT/DD) §f 1 & 3 GNSS result 3

18
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Factor Graph Optimization

QO User’s position

=== Absolute position
constraint (RT)

=== Relative position
constraint (RT-DD)

== Displacement
constraint (Doppler)

19
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Factor Graph Optimization
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& — cost function ) — covariance matrix
Absolute position constraint: 5
< abs (Wﬁg“) 0
Eat = H(Xa,t) — Xt Q-xa = h
0 (err"‘”’ )

Relative position constraint:
gabr = H(xpc) — H(Xqr) — ARy ﬂg(l = l

Displacement constraint: _ 0
_ ~ ﬂdlsplacement _ |9at-t+1
Eatot+1l = H(Xa,t+1) - H(Xa,t) — DXt X tot+1 = 0 Oatotst
Overall objective function: x* = arg min leekll —1
X= e XN] 20
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Experiment Setup

Experiment Static Dynamic
Receiver type Ublox EVK-MS8T
Constellation GPS/GLONASS GPS/BDS

Receiver 1 Open sky Open sky
. Open sky near
Receiver 2 bridge Open sky
. . Building corner Between
Environment | Receiver 3 . .
under bridge buildings
Receiver 4 Between One side
buildings building
Receiver 5 Urban canyon -

/" Opening Minds * Shaping the Future * Rl 2.4 « 5 # & %



Experiment Result — Static Experiment

Relative positioning performance between Receiver 1 (healthy) and Receiver 4 (degraded)

REIEEAEEN

A/ )¢ Interdisciplinary Division of
Acronautical and Aviation Engincering

THE HONG KONG
b POLYTECHNIC UNIVERSITY
&/ witm T

DD

SDM-DD
RT-DD

x  SDM-DD Invalid

140 ¢
120
§ 100 f
£
£ 5
95’ o 60f
é 40
g : * : ! 0.5 - - . ! 0
0 20 40 60 80 100 20 40 60 80 100 0
Epoch (s) Epoch (s)
Measurement A
Method HDOP RMSE (m) Availability
amount
DD 10.4 0.72 84.6 100%

20.3

20 40 60 80 100
Epoch (s)

DD: Double difference positioning

SDM-DD: Shadow matching
NLOS-excluded DD

RT-DD: Ray-tracing NLOS-corrected DD

22
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Experiment Result — Static Experiment

Absolute positioning performance Receiver 4 (degraded)

) s
i % m " terdiscipinaryDiiion of ZQ\, THE HONG KONG
o B v . eronautical any Aviation bP()LY'J'ECHI\‘[CUNlVI:'RSI'I‘Y

Acronautical and Aviation Engincering Q ~k LI
RETEEAREN v U T RE

60 1 LS 22.2991 b &
SDM-CP od
50 RT-CP 22.299 PY '0
SDM-FGO . %
40 RT-FGO 22.2989 Ve
®x  SDM-CP Invalid o "\
E S 22.2988
S =
= -
w 22.2987 LS
SDM-CP
22.2986 RT-CP
' SDM-FGO
22.2985 o ® ® RT-FGO
. . . . ‘ * Truth
0 20 40 60 80 100 114.1786 114.1788 114.179 114.1792
Epoch (s) Longitude
LS: Least squares positioning SDM-CP: Shadow matching NLOS-excluded cooperative positioning RT-CP: Ray-tracing NLOS-corrected
RT: Ray-tracing (zhang, Wen et al. 2018 on ION GNSS+ 2018) cooperative positioning 23

SDM-FGO: SDM-CP with factor graph RT-FGO: RT-CP with factor graph
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Experiment Result — Static Experiment

Absolute positioning performance

Receiver4  sooen: Absolute Positioning RMSE (m)

22,2988 ® True position Receiver 1 2 3 4
22.2987 e M%“é”mi%‘"d ® Optimized position
e SRS Dy s | 37 | s0 | 1a7 | 309
- e o RT 2.7 3.1 149 | 104
° e d
E 222084 | el %(5.\ @@ . SDM CP 4.2 4.7
S 22.2083 cE o D (100%) | (100%)
AD ~“ _Receiver 1 o - |
Mody R dF thrid
22982 B roiyer 3 e R RT-CP 2.3 3.5 12.5 7.8
22.2981 A\
> P SDM-FGO 2.3 2.6 14.7 12.6
22.298 Q,b;: A @
b\
rasare S RECEiVEr2 g * RT-FGO
1141786  114.1788  114.179 114 1792 1141794  114.1796
Longitude
LS: Least squares positioning SDM-CP: Shadow matching NLOS-excluded cooperative positioning RT-CP: Ray-tracing NLOS-corrected
RT: Ray-tracing (zhang, Wen et al. 2018 on ION GNSS+ 2018) cooperative positioning 24

SDM-FGO: SDM-CP with factor graph RT-FGO: RT-CP with factor graph
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Experiment Result — Dynamic Experiment

Absolute positioning performance

THE HONG KONG
b POLYTECHNIC UNIVERSITY

Receiver 3 Receiver 4 Receiver 5
® LS [ ]
A 99993 22.2986
22.299 -
: SDM.FGO ® % 222085 | 7 52 |
- Sarde ()
® RT-FGO ° 22.2992 ° ) Kong
22.2989 | === Truth . .}: ‘ ° é 22.2984 | °
[ ) ® o PY s)srneuc
) o 22.2991 %0 ® ® 222083 |Vl
2 222988 o Q@ = 2 P
T 22 = anese 5 B
5 e’ } S ) 00 B ‘ﬁn 5 222982 lﬁg Ho
: . L) o O
222987 22.2981 #
222989 . . o .
22.298 o 0 ®® o %,
22,2986 S 5 %
. 0
- ¥
22.208g 1 Court @ \g\@)@ 22.2979 P
EE ;
114.1786 114.1788 114.179 114.178 114.1782 114.1784 114.1776 1141778 114178 114.1782
Longitude Longitude Longitude

RT-CP: Ray-tracing NLOS-corrected

SDM-CP: Shadow matching NLOS-excluded cooperative positioning
(zhang, Wen et al. 2018 on ION GNSS+ 2018)

RT-FGO: RT-CP with factor graph

LS: Least squares positioning

25
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Experiment Result — Dynamic Experiment

Absolute positioning performance

THE HONG KONG
b POLYTECHNIC UNIVERSITY

e S ® True position Absolute Positioning RMSE (m)
: Receiverd (0) (Sptlmm‘ed poTll‘Uon
22209| © ‘ nce:alntye Ipse Receiver 1 2 3 4 5
NS
s i) Recgiver 3 LS 43 | 2.0 || 146 | 25.3 | 465
22.2986 [ wie W &5
£ 22 ona| i o NN, & RT 5.1 3.1 85 | 10.6 | 20.1
L P ot © ™ poceiver1 | SDMCP | 4.9 | 2.4 || 147 | 12.0 | 183
20005| RECEIVEr S . RT-CP 5.4 2.5 53 7.6 19.3
22,2078 Multlp')le o SDM-EGO 1.7
222976 Lr(-':'flectlon s Receiver 2
1141775 114.178 114.1785 114.179 114.1795
Longitude

PEM: Positioning error map prediction
LS: Least squares positioning

RT: Ray-tracing

SDM-FGO: SDM-CP with factor graph

RT-CP: Ray-tracing NLOS-corrected
cooperative positioning 26

SDM-CP: Shadow matching NLOS-excluded cooperative positioning
(zhang, Wen et al. 2018 on ION GNSS+ 2018)

RT-FGO: RT-CP with factor graph
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Conclusion

* The proposed ray-tracing NLOS-corrected DD method improves the relative
positioning performance in dense urban.

(factor of 4 comparing to conventional DD with 100% availability)

* The factor graph optimization can improve the robustness by considering all
the available constraints. (through space and time)

* The proposed 3DMA cooperative positioning algorithm with factor graph
optimization can improve the positioning performance in dense urban.

(25.3m - 4.2m for degraded Receiver 4).

27
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Future Works
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* The scalability of the proposed algorithm.

* Mitigate other types of error.
(Multipath, double reflected NLOS reception, etc)

 The computation load for pair-wise candidate matching is large and needs

to be reduced.

28
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Q&A

Guohao Zhang

guo-hao.zhang@connect.polyu.hk
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