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tivation

= Necessary information for reliable sensor fusion

= Timestamp offset between sensor clocks
= Car moving at 72 km/h, 50 ms timestamp offset

= - Car moves 1 m between sensor measurements that are reported to be simultaneous

= Transformation between sensor coordinate systems
= Especially rotation is important

= Error of 1° in 50 m distance = error of 87 cm
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Interval Analysis

Assumption: Errors are unknown but bounded
= No assumption about error distribution
= Unknown systematic errors can be modeled
= |nterval analysis allows us to compute guaranteed results

Timestamp offset is naturally bounded (e.g. +/- 50 ms)

Transformation is naturally bounded (e.g. +/- 1 cm, +/- 1°)

Error is not random but systematic due to calibration
= Cannot be modeled correctly with traditional probabilistic methods
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= - =

Ige Feature Error Modelling

= Unknown but bounded pixel error §. for each image feature.

= Due to camera noise, imprecision of the
calibration parameters, . ..

= 6§, =[—30,30], where ¢ is the standard
deviation of the reprojection error that
occurred during camera calibration.

Example: Bounded error for image feature detections
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RTS

_' Error Modelling

= Relative rotation from angular velocity measurements w

= Two error sources:
= 3 Xx1 bias/noise vector [b] encloses the systematic and random offset from O.

= 3 X1 scale factor stability vector [s] encloses the proportional scaling from measured
velocity to true velocity.

* |w](®) = @) + [b] + [s] - @ () 1] ()
= First-order integration leads

to a tube [p](-).

= |nterval widths increase over
time due to drift.

Y
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3D camera target Rigidly mounted camera-IMU setup
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Goal: Find the camera’s pose (R and T) relative to known 3D world points

Rigid body transformation: AXC = R . XW 1 T+«— ¥ uanslation

Unknown Va N\ '\ vector

depth/scale image 3x3 rotation world

obversation matrix point

Removing unknown depth A:
(R —x°R)XV +T; —x*T; =0
(R —y“R3)X" + T, —y‘T3 =0

Unknown but bounded error for X¢and X%
Forward-backward contractor to contract the intervals for Rand T
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Method

3D relative timestamp
IMU rotation offset

orientation
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\ static rotation / 3D relative

between sensor camera rotation
coordinate systems
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ti+71 t1 147 t

= Unknown: pi- and 7

= Known with bounded error: pf"(-) and pg"(-)
= Set Inversion Via Interval Analysis (SIVIA)
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thod: Interpolation of Tubes

rot. T

p° ([t]) /
////_
()

Pr

11/18/2020

fg’ { | Leibniz
i ©; Z § Universitat
tog' 4 | Hannover

A
rot.
p1° (1)) —
/ N
/ \
|
p 1’ ([t) / - \ \




f;’ { | Leibniz
T Institute of Systems Engineering - Real Time Systems Group i 0; Z [ Universitat
rs) rq tog:4 | Hannover

Results
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(a) p1 over time. (b) p2 over time. (c) p3 over time.

= 1D experiment: orientation tubes spatially aligned = only timestamp offset t is unknown.
=  Timestamp offset (shift on the x-axis) can be seen in all three figures.
= Result: timestamp offset interval [t] = [29.3,60.5] ms.

11/18/2020



fg’ { | Leibniz
PTC Institute of Systems Engineering - Real Time Systems Group i 0; Z [ Universitat
i< Y to g4 | Hannover

sults

= 4D experiment: both timestamp
offset and rotation between
coordinate systems are unknown.

= Results:

= timestamp offset interval =
7] = [37.1,51.8] ms

= rotation uncertainty
w([8]) = 12.93°

= Figure shows aligned camera and
IMU orientation intervals after
calibration.
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sults: Subpavings

Tt0p1 Tt0p2 Tt0p3

S

p1 10 p; p1 10 p3 p2 10 p3
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