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3D Mapping Aided GNSS Using Gauss-Newton
Algorithm: An example on GNSS shadow matching

Hoi-Fung Ng (Presenter), Guohao Zhang, Weisong Wen, and Li-Ta Hsu
IPNL, Department of Aeronautical and Aviation Engineering, The Hong Kong Polytechnic University, Hong Kong

Session B4b: A(gﬁllcatlons of GNSS Measurements from Smartphones,
[ GNSS+ 2021, 20-24 Sep 2021, Virtual
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Satellite 1

Urban GNSS Positioning == N

Line-of-sight (LOS) signal:
pt =D+ c(8t, — 8t )+ T + 1 + &
@' =D'+c(6t, — 6t ) + T + 1" + &' + A'N'
Reflected signal:
Presi = D'+ c(8ty —6t) + T+ 1" + &l p + €

(.b;efl

NLOS reception: LOS signal is blocked
only receiving reflected signal
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Popular 3D Mapping Aided (SDMA) GNSS -
Shadow matching GNSS Ray-tracing “°“g“” _;,, .

(Satellite Visibility) (Range and C/N,)

w I G Id
3USINESS & TECHNOLOGY OF GNSS

THE BUSINE LHNOLOGY OF GNSS
-

Uber: Rethinking GPS: Engineering

Next-Gen Location at Uber

2012 ANTENNA SURVEY

Patch Antennas forNew GNSS

Antenna-Human Body Interaction il s G OOg | e. I m p rOVI n g u I’ba n G PS
accuracy for vour app
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https://android-developers.googleblog.com/2020/12/improving-urban-gps-accuracy-for-your.html
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Powerful Resources: 3D Building Model!

-y . <~
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Powerful Resources: 3D Building Model!

Select a location Extract Identify
surrounding 3D (Skymask)
model
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Skymask — skyplot with building boundaries

Visibility prediction

Skymask

by 3D building model at receiver
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Shadow Matchin
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‘ Received satellite
. Not received satellite

Satellite visibility prediction
. NLOS satellite

N EE e
RRENRRpE

NI,
nnp
"

. LOS satellite

180

At truth location ‘T’ At wrong location ‘1’
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New York Central Park

[1] Groves, P. (2011). Shadow Matching: A New GNSS Positioning Technique for Urban Canyons. Journal of Navigation,

64(3), 417-430. doi:10.1017/S0373463311000087
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Slmulated Pseudorange
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[2] Ng, H.-F., Zhang, G., & Hsu, L.-T. (2020). A Computation Effective Range-based 3D Mapping Aided GNSS with NLOS Correction Method \\;‘
Journal of Navigation, 1-21.
[3] Hsu L.-T., Hu, Y., & Kamijo, S. (2016). 3D building model-based pedestrian positioning method using GPS/GLONASS/QZSS and its Opening Minds « Shaping the Futuro - BUB B # - RELFE g
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Shadow Matching v.s. Ranging Based 3DMA

o : Skymask 3DMA [2] & Likelihood-Based Ranging GNSS
Criteria Shadow Matching [1] RayYTracing 3DM,£\ E3 4] (5] ging
Inout Satellite position Satellite position
ararﬁeters Positioning candidate position and | Positioning candidate position and Pseudorange difference
P its skymask its enhanced skymask
SanallLaitglty Satellite visibility Pseudorange Pseudorange
Correction / Geometry Statistical
based
CA(\)Vr?clel?tti)cl)i . ] . d n delay and some noise
- These can be combined and integrating with -
Uncertaint Satellit niness of selected master
y satel L5-band measurements!! [6] satellite

[1] Groves, P. (2011). Shadow Matching: A New GNSS Positioning Technique for Urban Canyons. Journal of Navigation, 64(3), 417-430. doi:10.1017/S0373463311000087
[2] Ng, H.-F., Zhang, G., & Hsu, L.-T. (2020). A Computation Effective Range-based 3D Mapping Aided GNSS with NLOS Correction Method. Journal of Navigation, 1-21.
[3] Hsu, L.-T., Hu, Y., & Kamijo, S. (2016). 3D building model-based pedestrian positioning method using GPS/GLONASS/QZSS and its reliability calculation. GPS Solutions,
20(3), 413-428.

[4] Miura, S., Hsu, L.-T., & Chen, F. (2015). GPS Error Correction With Pseudorange Evaluation Using Three-Dimensional Maps. IEEE Transactions on Intelligent
Transportation Systems, 16(6), 3104-3115.

[5] Groves, P. D., Zhong, Q., Faragher, R., & Esteves, P. (2020). Combining Inertially-aided Extended Coherent Integration (Supercorrelation) with 3D-Mapping-Aided GNSS.
ION GNSS+ 2020.

[6] Ng, H.F., Zhang, G., L., Y. & Hsu, L. (2021). Urban Positioning: 3D Mapping Aided GNSS using Dual-Frequency Pseudorange
Measurements from Smartphones. Journal of Institute of Navigation. (Accepted).
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Positioning Hypothesis Candidate-Based Evaluation

oogo My
0000”0 :
T ee000. —)

Evaluate similarity
Simulated v.s. Received

ing the Future » Bl B4 - B A K 10
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Candidate-Based Shadow Matching R S

0.7

GNSS
3D model measurements £
Initial position C/N, 0
A 4 y R
. V|S|b|||ty O0 5 10 15 2l0 ' 2‘5 3‘0 3‘5 46 4‘5 50
Candidate e . sNR
distribution prediction by Cl/N0 = ag + a;(C/Ny) + a,(C/Np)?
C/N,
P] é/NO i
Y Y LOS,j
Visibility pL . Visibility . ; . ;
. P LOS BB,j _pi i _pi __ pi
éB,j = {pmc_lx NLOS prediction by » consistency as Pgp,j X PC/No + (1 PBB,])(]‘ C/NO)
mn skymask score =1+ 2Pk ;PL/n, — Psj — P/,

_ i
Pros,; =1 Prosa..

Y
Shadow
matching
solution

[5] Groves, P. D., Zhong, Q., Faragher, R., & Esteves, P. (2020). Combining Inertially-aided Extended Coherent
Integration (Supercorrelation) with 3D-Mapping-Aided GNSS. ION GNSS+ 2020.
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Candidate-Based Shadow Matching

22.3006

22.3004

22.3002 [

2231

22.2998

22.2996

22.2994

22.2992
14177

1141774

114.1778

114.1782

Limitations...
1. Unwanted computation load created
(blue area)

2. Candidates need to cover real location

to achieve best performance
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Candidate-Based Shadow Matching

22.3006

22.3004

What if...

22.3002 [

2231

we can identify solution directly by

22.2998

considering the problem as optimization

problem?

22.2994

22.2992 ; - : : : ;
14177 1141774 114.1778 114.1782
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Mathematical Expression

High

Objective:
Find a position that best match

measurements and prediction

received estimated

measurements measurementsy

X = argmin
X

x = argmin||y — J|| = argmin|ly — FX)|
X X

/" Opening Minds * Shaping the Future * Rl 2.4 « 5 # & %
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A Step Back to Shadow Matching

Measurements dependent

/\

Objective function, visibility consistency: Pli,OS,j = PéB'j X PCi/N0 + (1 — PéB'j)(l — é/NO)

Los e

P
max Geometry dependent

Visibility prediction by skymask: PéB’j = {

_ Pmin. NLOS > 4 Azimuth:AZi.
Plg’B(X) X [ELi - BB(AZi)] /‘ﬁ{ . Elevation: EL'
i N _ ori -1 B2 [ LOS >0
BL = BB(A7') = EL' —tan™"C o = {NLOS <0 000

Phs(®) o tanh (EL — BB(AZ')) x T+ 1

]
2 |
H
H

Scaling factor . D
. . . . . /
Move position X to change the building elevation angle e L
-7 L]
ELi —BB(Az)) | BB(AZY) it AR
l
LOS - NLOS negative N J X & BB(AZ ) I
NLOS - LOS positive d N d;:lzl

X
v

_/ Opening Minds * Shaping the Future * B 8.4 « F sk 5 15
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Modelling 3D Model Prediction with State x

& | For given satellite
State (position) x = (East, North) )&f | azimuth AZ¢,

Pip(x) « tanh (ELi - BB(AZi)) N

Oood

| . A%
Pip(x) « tanh | EL' — tan™? —
|d4Z" + Ad |

hAz"

HEEEEEN

— oo
00000

1
XT+ =
2

EL BB(AZ')

J . Az
Pgp(x) = tanh [a <EL‘ — tan~! hx—>

a7 +ady|

v
A
v

) AdAX d,‘?zi

_/ Opening Minds * Shaping the Future * B 8.4 « F sk 5 16
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Modelling 3D Model Prediction with State x

Azl

Pip(x) = tanh [a (ELi —tan~l %"

|[a2%' +ad s

Disassemble d;’?zi + Adpy

into 2D-case,

AZ;j
|dX L+ AdAXl = \/Etzotal + Ntzotal
AEiorq= —d4% sin(AZY) + AE
AN, yry= —dA?" cos(AZ) + AN

)

1
XT+-
2

EL!

y”
v

BB(AZ')

THE HONG KONG
POLYTECHNIC UNIVERSITY

&7 w1 A

For given satellite
azimuth AZ',

Oood

hAz"

HEEEEEN

— oo
00000

East: ) AE ::l)‘?zi sin(;]Zi)

North: AN d)‘?zicos(AZi)

_/ Opening Minds * Shaping the Future * B 8.4 « F sk 5 17
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Modelling 3D Model Prediction with State x

Blue: Retrieving from database based on the
state (E, N) and satellite azimuth AZ' and
elevation EL! angle

Red: Function / variable related to state (E, N) a / For given Sate”ite

- [ . A7l S ) .
Piz(x) = tanh |a [ EL! — tan™? ' hz" _ || x T+ 1 ) azimuth AZ?Y,
J (8E-ag?! sin(azi)) +(aN-af?" cos(az!))

into 2D-case, O 0O O

Disassemble d,‘?Zi + Adpy

AZ _ 2 2
|dx + AdAx - \/Etotal + Ntotal hAZi

AEiorq= —d4% sin(AZY) + AE
ANgorq= —d2% cos(AZY) + AN ELl BB(AZY)

HEEEEEN

— oo
00000

East: ) AE =:l)‘?zi sin(;lZi)
North: AN d)‘?zicos(AZi)

~ Opening Minds * Shaping the Future » fii 8.4 « B # 5k 18
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Summarize on Objective Function & Nonlinear Least Squares

Blue: Retrieving from database based

Optimization problem x = argmin||y — F(X)||  onthe state (5, ) and sateliite
X azimuth AZ' and elevation EL! angle
Red: Function / variable related to
State (position) x = [x1, x,]7 = [AE,AN ]T state (E, N)

Measurements Pé/zvo =ag +a;(C/Ny) + a,(C/Ny)?

AZji

hAZ 1
: E . [ XT3

nE-ag?h sin(Az))) +(aN—af?t cos(Azi))

Estimations P}z (x) = tanh [a <ELi —tan™?! J(

Visibility consistency PLios = Pip X PC"/N0 + (1 — PéB)(l — ci/No)

. . . 1 1
Objective function f!(x) = —log(Plys) Error function e(x) = EllF(X)ll2 = EFTF
aft  aft
. . 7 T 9E  ON
Objective function F(x) = [f1(X) ... f{(X)] Jacobian matrix J(x) = VF(x) = af aEN
art  of
oF

aN
-1
Gauss-Newton method x® = x*~1 — [](x“‘l)T](x“‘l)] J(x"1) - F(x™1)

[7] Agarwal, S., & Mierle, K. (2012). Ceres solver: Tutorial & reference. Google Inc, 2(72), 8. / Opening Minds - Shaping the Future - BUB B4 - Rt %% 1 Q
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Change of estimated measurements

1141772 1141774 1141776 1141778 114178 1141782

Candidate-based Py

22,3005 5
22.3004

22.3003

22.3002 5
22.3001

22,

22.2999 =
22.2998

22,2997

22.2996 ®
222995t . . .

16

22.3005

22.3004

22.3003

22.3002

22.3001

22.

22.2999

22.2998

22.2997

22.2996

22.2995

1141772 1141774 1141776 114.1778 114178 114.1782

Proposed modelling e(x) = %llF(x)ll2

AZi o ;AZi .
hy™' & di; ™" based on each location, x

22.3006 i
22.3005 oy
22.3004 12
22.3003

10
22.3002
22.3001 A

223

22.2999 6
22.2998

4

22.2997

22.2996

114.1772 1141774 1141776 114.1778 114.178 114.1782

Proposed modelling e(x) = %llF(x)ll2

AZi o JAZi - .
R & di” based on initial location, x°

~ Opening Minds * Shaping the Future » fii 8.4 « B # 5k 20
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Is location dependent variables important?
e(x)

22.3006

o)
o

22.3005
14

w b
o O

22.3004

22.3003 112

22.3002

N
o

110
22.3001

993 18

o

22.2999 F

South-North (m)
o

22.2998

"
o

22.2997

R
o

22.2996

114.1772 1141774 1141776 1141778 114178 114.1782

West-East (m) Proposed modelling e(x) =~ [|F(x)||?
hQZ,i 0

& d2%! based on initial location, x
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Experiment Results (1)
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o bed Bt Estimation = ® GPS(L1)+BDS(B1)
oC eration . . . .
.Inmmzn - .0 @ Candidate distribution
:‘E"I:;:"L'"‘p ‘ . Radius: 40m
= 2B ' ’ Separation: 2m
= Initial location: NMEA
= 2‘ 150
o 180
ZI N
= o, @ 601 Y Ground truth
3 o ¢® o ® NMEA
® ® @ Candidate-based
@ ® — @ NLS (Gauss-Newton)
o 0of E 407
® . =
West-East (m) 9 = 2 20
<
- >
Unit: meter NEMA Candidate-based Ga:lsgs ol:::I:vnzon 3 ol
RMS 7.57 8.26 11.11
Mean 6.26 6.78 9.74 20l ® ®
STD 4.25 4.73 5.33 60 40 ' 0 2'0
MAX 18.22 42.90 46.39 West-East (m)
MIN 2.90 0.31 1.32
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Experiment Results (1)

1820 -
Candidate-based 10
2 1800 ——NLS (Gauss-Newton) P
8 o
+ 1780 2

1760

Epochs (s)
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Experlment Results (2)

¥ Ground truth
@ NMEA
@ Candidate-based

30
€ @ NLS (Gauss-Newton)
£ 20 ' Contradlcted
(=)
=
& 10
=
o
“ 9
-10 @ M) Initial location F X L X8
: ' 7 ' 210 B - 1'5_0___."' 210 o - i!;_q_..-"
-20 0 20 40 _ wo : Jg" -
West-East (m)
—Candidate-based
2196 r -
! ——NLS (Gauss-Newton) Unit: meter NEMA Candidate-based Ga:: > I\!e'\:v ton
2195 16 gorithm
T‘*; | c_‘g RMS 3.34 7.87 16.77
5 2194 ¢ - = Mean 3.34 7.83 15.42
5 2193 ¢ TS STD 0.07 0.80 6.59
MAX 3.46 8.68 30.12
2192 r ) — 5
. : . . . . , , MIN 3.26 5.96 4.05

50 100 150 200 250 300 350 400
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Relationship between satellite and building geometry

N |nitial location
— 3p 22.2986 |
22.2985 13.5
22.2984
22.2983 H 13
22.2982
an 41125
e 22.2981
22.298
i 12
22.2979 1

Initial location
22.2978

22.2977 [

210 s

_ e~ 114.1782 114.1784 114.1786 114.1788 114179 114.1792
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Experiment Results (3)

—— Candidate-based

o

® 2050 —NLS (Gauss-Newton) 6 o %_20
© o] 5
£ 2000 42 % -0
H 2 ?
1950 . ! s ! ' 60 ¥ Ground truth
rouna tru
20 40 60 80 100 120 140 160 @ NMEA
_80 @ Candidate-based
@ NLS (Gauss-Newton)
g 100 40 20 0 20 40 60
g 50 22.3136 | ”
)
9 0 ’ . ) . : 223134 9
20 40 60 80 100 120 140 160
22.3132
Epochs (s) 85
. . G -Newt :
Unit: meter NEMA Candidate-based auss 'ew on .
- Algorithm 8
RMS 7.34 11.19 19.89 223128
Mean 6.42 9.91 13.07 22.3126 75
STD 3.57 5.21 15.04 y ‘
MAX 14.73 27.40 88.75 ZINER | N , Y , .
114.1706 114.171 1141714 114.1718 o
MIN 1.19 0.15 0.94 *‘-‘mm 26
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Limitation: Local Minimum Issue (same for particle-based
Shadow matching)

Y¢ Ground truth

22.3004 ’ ’ @ Initial guess
O Final solution [

22.3002

120

223} When initial point is far and local

B minima occurred, solution may not

22.2998
, be converged.

10

22.2996
5

22.2994

: N ey .
1141776 114.178 114.1784
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Conclusions

Modelling the objective function of shadow matching with

position state X

Optimizing the shadow matching with Gauss-Newton method
Reduce the number of trials (computational load)

Actual smartphone data obtains positioning error within 20m

Location dependent variables (hQZ’i & d,‘?z’i) is important for

proposed modelling

Satellite distribution will affect the performance

Q THE HONG KONG
ing b POLYTECHNIC UNIVERSITY
&7 mitham oAk

Epoch 119 Iteration 1

N W A O
o O O O

o

South-North (m)
IS

N -
o O

-40 -20 0 20
West-East (m)
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Future Work

Solution wise:
* Improving the modelling, especially environment dependent variables
* Modelling other 3DMA GNSS, such as ray-tracing and skymask 3DMA

Implementation wise:
* Integrating with different open-source library.
E.g. Ceres Solver, GTSAM, GraphGNSSLib

Epoch wise:
e Correlating the snapshot-based solution with time to become FGO.
E.g. integrating Doppler measurements

~ Opening Minds * Shaping the Future » fii 8.4 « B # 5k 29
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Thank you for your attention

Hoi-Fung Ng (ivannhf.ng@connect.polyu.hk)

m Supervisor: Dr Li-Ta Hsu (It.hsu@polyu.edu.hk)
IPNL website: https://www.polyu-ipn-lab.com/

/" Opening Minds + Shaping the Future » B 2 # + Bl K %


mailto:ivannhf.ng@connect.polyu.hk
mailto:lt.hsu@polyu.edu.hk
https://www.polyu-ipn-lab.com/

