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Residual Emor (mm)

Handheld RTK result with some signals passing through Ken’s body



One of Picasso’s famous light paintings
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GNSS “light painting” with a smartphone
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CW: Permanent reference stations cost $50k for initial equipage+install and $1k/yr to
maintain, so network must be sparse.

MM: Cost of network is negligible when amortized across millions of users;
performance is key, so network must be dense. Besides, adequate-quality reference
stations can cost less than $1k for equipage+install, $100/yr maintenance.

University of Texas & Samsung
Centimeter-Accurate
Positioning System (CAMPS)
Dual-Frequency GPS/Galileo
Reference Station
Parts and assembly: ~$1k




CW: Minimize number of stations while ensuring every user is within R km of a
station; results in uniformly-distributed network.

MM: Deploy stations however necessary to ensure P% of population experiences
RMS corrections errors less than 2 mm; must take into account population density

and atmospheric spatial statistics.

vV = c,dx 4 cydy + c.dz + co

Standard deviation of
network corrections for a
linear DD iono + tropo model
and iid multipath + thermal
noise errors at each of 8
reference stations whose
locations are known

Red = high, blue =low
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size of RMS errors in the DD iono +
tropo corrections?

(In other words, how dense must our reference network be
to achieve 2 mm RMS corrections errors?)



empirical standard deviation DD ionospheric delays
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Q: We already know that (fragile) fixed- APPLICATIONS
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Raw GNSS Measurements

The Broadcom chip inside many smartphones
produces pseudorange and carrier phase
observables for all signals tracked (multi-
constellation), but Android provides no access
to these.
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Residual Error (mm)
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... what could we do with the camera?



object point

feature point

is variously known as structure \%
from motion (SFM), e penMVG (2015)
photogrammetry, and Vision-
based Simultaneous Localization
and mapping (VSLAM)

Colosseum




Extending the SFM technique, we optimally fuse camera
images and GNSS phase measurements to shorten time
to fix and create geo-referenced 3D maps





















Optimal ML solution

Jointly fuse GNSS carrier phase and vision measurement in the same non-

linear estimator: CDGNSS Integer Ambiguities Point Feature Positions
Vision Measurements
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Phase Measurements
Camera Positions Camera Orientations







Position East North
VISRTK+MVS -24.280 -3.722 -7.438
CDGNSS -24.278  -3721 -7.440
Difference 0.002 0.001  0.002

Expected Std. 0.004 0.008 0.005




THE UNIVERSITY OF TEXAS AT AUSTIN

RADIONAVIGATION LABORATORY




