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Advanced GNSS techniques

Improved positioning of surveying
vessels on inland waterways with HydrOs

Anarticle by THOMAS ARTZ, ANNETTE SCHEIDER, MARC BREITENFELD, THOMAS BRUGGEMANN, VOLKER SCHWIEGER and HARRY WIRTH

Surveying vessels are equipped with GNSS receivers or GNSS-INS coupled systems
respectively to determine their position. By receiving and processing a correction
signal, which is provided by a network of continuously operating reference stations,
they determine a precise GNSS real-time kinematic (GNSS-RTK) solution. Thereby, the
multibeam echo sounder observations can be georeferenced in order to produce a
map of the channel bottom. One crucial point of the entire workflow is the quality
of the vessel position which is highly influenced by the surrounding topography. For
instance, bridges or buildings can cause multipath effects, refraction or a complete
loss of signal reception. Often, even the correction signals cannot be received. Then,
no RTK solution can be determined. To mitigate such gaps in the GNSS-RTK trajectory,
an adjustable multi-sensor system called Integrated Hydrographic Positioning System

(HydrOs) was devel-
oped as a joint project
of the German Federal
Institute of Hydrology
(Bundesanstalt fur Ge-
wasserkunde) and the
Institute of Engineering
Geodesy at the Univer-
sity of Stuttgart.
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1 Introduction

In Germany, the Federal Waterways and Shipping
Administration (WasserstraBen- und Schifffahrts-
verwaltung, WSV) has to guarantee certain water
depths in waterways to ensure a smooth flow of
the inland shipping and its security, i.e. basically,
to allow mariners to calculate the optimal load
in shallow waters. As a river's channel bottom is
subject to fluctuations on time scales from days
to years, the waterways have to be permanently
monitored. For this purpose, echo sounding meas-
urements are regularly performed under the pa-
tronage of the WSV. These measurements have to
be georeferenced, in order to create a map or a
digital terrain model of the channel. For this pur-
pose, the absolute position of the vessel has to be
known with an accuracy of at least 1dm for the
height component and 3dm for the horizontal
position, respectively.

The primary technique to determine the ves-
sel’s position at the epoch of the echo sounding
measurements, and thus, to achieve the georefer-
encing, is the Global Navigation Satellite System
(GNSS). Typically, GNSS receivers are augmented
with an Inertial Measurement Unit (IMU) and a
heading system to measure the orientation of
the vessel in a terrestrial reference frame simul-
taneously. In this process, a precise Real Time
Kinematic GNSS solution (GNSS-RTK) is achieved
by receiving and processing a correction signal
being provided by a network of continuously
operating reference stations and resolving the
ambiguities on-the-fly. Within the WSV, the Ger-
man SAPOS Highly Precise Real-time Positioning
Service (HEPS) is used. According to the SAPOS
documentation (GeoBasis-DE 2015), the accuracy
of this service is below 2 cm for the horizontal and
3cm for the vertical component. Unfortunately,
the solution might be significantly deteriorated

from (partial) shading due to the surrounding to-
pography, e.g., hills, buildings, trees, or bridges.
Multipath effects and loss of the correction data
reception could also lead to further degradations,
and, in the worst case, to a complete loss of the
precise differential GNSS solution. For the pur-
pose of monitoring inland waterways ensuring
the safety of shipping traffic, this is a serious prob-
lem. Thus, the need for a more precise and most
importantly more reliable positioning is obvious.

To improve the situation, i.e, to mitigate gaps
in the GNSS-RTK trajectory, the Integrated Hy-
drographic Positioning System (HydrOs) was de-
veloped as a joint project of the department for
Geodesy of the German Federal Institute of Hy-
drology (Bundesanstalt fur Gewadsserkunde, BfG)
and the Institute of Engineering Geodesy (lIGS,
University of Stuttgart) (Breitenfeld et al. 2014;
2015; Scheider et al. 2016). HydrOs is an integrat-
ed multi-sensor system using the entire available
hardware equipment on board to determine a
more reliable and robust position of the vessel.
HydrOs also contains advanced models describing
hydrological and vessel depending effects, e.g., a
water flow model, and a squat model. For process-
ing the measurements of the on-board sensors
and the model data, an Extended Kalman Filter
(EKF) (e.g., Gelb 1974) and complementary outlier
tests were implemented.

2 System design

HydrOs is composed of several components,
which are schematically shown in Fig. 1a. It shows
the hardware components (solid boxes) which are
installed on the vessel, and the models (dashed
boxes). The basic core of HydrOs is the EKF with its
integrity checks and outlier elimination capabili-
ties. The output of HydrOs are coordinates, veloci-
ties and attitude information.
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21 Input sensors and models

Various on-board components can be used to de-
rive information on the motion of the vessel. For
the HydrOs prototype on board of the surveying
vessel »Mercator« (Fig. 1b), several GNSS receivers
were used. In the test scenario, two geodetic two-
frequency receivers were installed which are ca-
pable of determining a high accurate RTK solution
by using SAPOS HEPS correction data. Further-
more, an integrated GNSS/INS unit (Seapath 330+)
served as IMU and as GNSS compass and it also
determined a RTK solution. To measure flow veloc-
ities, a Doppler Velocity Log (DVL) was appended
to the measurement system. Finally, sensors were
mounted to capture information about the turn-
ing rates and the direction of the two rudder pro-
pellers. However, different sensors like cameras or
terrestrial laser scanners might be used in future
as well. A time stamp (HydrOs reference time) is
added to each incoming measurement message.
The reference time is realised by synchronising the
computer time with the GNSS time signal which
can be extracted from the NMEA-ZDA strings ac-
cording to the NMEA-0183 standard of the Nation-
al Marine Electronics Association (NMEA 2016; DIN
201). Further information on the hardware design
is given by Scheider et al. (2014).

In addition to the hardware components, vari-
ous models are used as input to the filtering proc-
ess. The one-dimensional hydrodynamic model
FLYS (FLYS 2016) is integrated to take water levels
into account. Furthermore, a squat model has
been derived empirically (Scheider et al. 2014) as
state-of-the-art models (e.g., Briggs 2006) tend to
assume too pessimistic values.

2.2 Trajectory estimation

Extended Kalman Filter

The Kalman Filter (Kalman 1960) is a linear recur-
sive algorithm with state equations
Xprp = T -Xg+ B-up+ C-wy M
and measurement equations
lev1 = A Xie1 + €kt ®)

Here, x4 represents the state vector, Iy is the mea-
surement vector, Uy represents the system input
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vector, wy represents the process noise and g
the measurement noise respectively. The two
noise terms are normally distributed N(O, Zyyw1)-
The matrices T, B and C describe the linear map-
ping of the individual variables to the following
epoch. The matrix A describes the projection of
the parameters into the observation space. If the
prerequisites of linearity and Gaussian distribu-
tion are not fulfilled, the Kalman Filter is not the
optimal estimator. To overcome the non-linearity,
e.g., the Extended Kalman Filter makes use of non-
linear equations (fi1 k Tk ke Cha k aNd agq),
leading to the non-linear state and measurement
equations

Xkt = Tt ket kOKK), Bt k(UR), Chegr (W) 3)
)
However, the stochastic terms still have to be
Gaussian. To expand the Kalman Filter to the EKF, a
first-order linearisation has to be performed

L1 = a1 i) + kg

T ket k(1 kXK, et 4 (UK, Cher (W)
k1 k= 3 )
Xk X=Xk
Bou )= O et k1 kXK, D (UKD Cht (W)
K1,k = 3 6)
Uk Uk
Conro o ket (ka1 kXK, Dyt kUL, Crar k(W)
k+1,k = 3 7)
Wi Wy
Oaps1(Xpsr)
Ay = Rk ®)
X1 Xk 1 =X k1
which leads to the linearised model
Xie1 = Tha e X+ Bt k- Uk + Chr - Wi ©)
L1 = Akt X1 + €k (10)

Thus, the prediction can be calculated via the non-
linear state equations

)

and its covariance matrix by error propagation of
equation (9)

Xia1 = Tt ke k0%, Orer 4 U Cht 4O))

AT
Skt = Tkt Tk Tk k+ Bratk s Zuu (12)
T T

Brikt Chatk - Zww - Chak

Subsequently, the so-called innovation and the
corresponding covariance matrix

Advanced GNSS techniques

Fig. 1: (a) Sensor integration
and data flow (according
to Breitenfeld et al. 2014).
The components which are
currently adapted to the
prototype are depicted in

blue. The other components

have just been tested.

(b) Hardware components
mounted to the WSV
surveying vessel sMercator«
(Breitenfeld et al. 2014)
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it = et — B * Xk (13)
Zdd ki = Akl " 2x k1 T AT 2 (14)
are calculated. Finally the update

Xer = Xpeg1 + Kip - Ay (15)
Sikrt = Iz — Kirr ket - Kio (16)
is performed via the Kalman-Gain matrix

-
K1 = Zxxket - Akt Zdd ke (17)

Determination of redundancy values

Within the EKF solution, there is a certain amount
of redundancy due to components of the state
vector, the system input, the process noise, and the
observations. To derive the covariance matrix of the
residuals and the redundancy values, Caspary and
Wang (1998) introduced pseudo observations ex-
panded by true deviations, €., € = Xk- Xk

sk =2k (18)
Zw=2 k1 (19
Zww =2l ke (20)
21

Lokt =X+ Exk
lu k1 = Uk + Eyk

=Wkt Ewk= E(Wk)

|W,k+1

Lt = et = Akt Xer1 F €k Z01= 240 k41
Based on these pseudo observations, residuals
and their covariance matrices can be deduced

(Wang 2009)

~ -1

Ut | | Zasok Tk Zxgpet - K- die

~ =1

Vuket || Zuu Btk Zxc ket K- )
- - -1

Ukt | | S Clvr Zxxker - K- digs

~ -1

Vi =21 Zdd k1~ A

240,

255, Tk+1k Al Zdapet Akt Tk Zik (23)
2 n kT7

Zu Bk Adet - Zadke - Akt Bretk Zuu (29)
Z\M\/W,kJr

S Chat g Aat - Zadke Akt - Chark S (25)
g ket = (1= Aggr -K) - 3 (26)

which are necessary to derive the redundancy val-
ues (Wang 2009)

okt =019 55 T 1 A1 T o Akt Thn 3 (27)
(k1 =d8G Iy B kAl otk Akt Brard (28)
(e =19 Tt A1t e Akt Chrid (29)
Mk = diagll = Aggy - K} (30)
and finally, the whole redundancy of the solution
by summing up the individual redundancy values.
These values are used within HydrOs to analyse

the impact of any observation on the solution and
to investigate its controllability.

Outlier elimination
The EKF solution can be erroneous, due to outliers
or errors in the functional or stochastic modelling,

which is expressed in discrepancies between the
predicted state X4, and new observations lg1. To
detect such discrepancies, the empirical variance
factor

[ T -1
2 Zi=j ki Zdd ki Ak
S0,...1=

31
Z/:j Mki o
is tested. It should be noted, that a local variance
factor for the kth epoch is derived with j = /= 0.
Using / = k- 1 leads to a global variance factor for
all epochs until the most recent one, while j < k
yields a regional variance for / - j + 1 epochs. Thus,
the null and alternative hypothesis read

Ho: Esgu= E{S%,jm/}
Ha: Elsgid = Els3) )
i.e, does the local variance differ significantly from

the global or regional one. Thus, the test statistics
are (Pelzer 1987)

(32

2 T. 51
sok Ak Zddk dk
-2 2 ~rfi-a (33)
50,...1 Ik 50,...1
2
f: degree of freedomin sp;
rg=n,,,: degree of freedom in 55,;(

Fr.fi-a: quantile of Fisher distribution
with level of significance a

A hypothesis test is performed to detect an out-
lier in observation i within an observation group g
by using following null and alternative hypothesis
(Koch 2004, p. 329)
Ho: Vgk=0

o ok (34)
Ha: Vg x#0
and the corresponding test statistics for a stand-
ardised residual i is

V.
T=9% _ Nap0,) (35)

O\/g,,k
ao: level of significance for a single observa-
tion given the entire level of significance a

N(ap,0,1): quantile of normal distribution

As one outlier is searched for in n observations, the
level of significance has to be adapted

a

ao=1-0-a"n=2= (36)
no (g + Ny + Ny, +ny)

Finally, the null hypothesis is accepted if

- N(1 - %0,1) < T<N( —%’,0,1) or -

7] < N(1 =20 01)

is fulfilled. As the standardised residuals can be cal-
culated for all four groups of pseudo-observations,
outliers can be detected in %, Uk, wi and lg. The
corresponding test statistics for the real observa-
tions are, e.g.,

V), ka1

oy,

T/,‘,k‘H =
k1

T -1
e Zddk di
- T B
9 J&”Zu “2ddk 2 €
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T <
& 2ddk A
=
00" /€ 2dd k"€

with i = {1,2,...n} (Wang 2008). Similarly, the test
statistics can be derived for the other groups of
pseudo observations (Breitenfeld et al. 2015). The
test is performed iteratively starting with the larg-
est standardised residual. If an outlier is detected
for a (pseudo) observation, the respective obser-
vation is down-weighted, the affected matrices
are recalculated and the next largest observation
is tested until the null hypothesis is accepted.
Alternatively, the hypothesis test in HydrOs can
be performed with studentised residuals. For this
purpose, o is replaced with the empirical variance
sé/k of the kth epoch. Thus, quantiles of the tau-
distribution have to be used (Koch 2004, p. 332).

(38)

3 Results of the field tests

To evaluate the capability of the HydrOs system on
the surveying vessel »Mercator, several test runs
were performed on the River Rhine and the chan-
nel to the port of Duisburg (Hafenkanal). The test
area and the corresponding trajectories are depict-
ed in Fig. 2. Four surveys have been performed: (1)
without any shading (red), (2) with one bridge (yel-
low), (3) with one bridge and low vessel dynamics
(green), and (4) only on parts of the red trajectory
with high dynamics. Although these four surveys
took place, only the results from the trajectory in
the channel (green) are presented here. Further-
more, GNSS gaps have been simulated by cutting
out two pieces of 625 and 1005, respectively. In
contrast to the evaluation of real gaps, this proce-
dure enables a comparison to the original results.

31 Reliability and controllability

The HydrOs solution incorporates several almost
redundant measurements leading to a huge con-
trollability of the observations. This can, eg. be
demonstrated by the redundancy values (Fig.3)
which are derived from the covariance matrix of
the residuals. These numbers indicate whether a
gross error shows up in the residuals of its corre-
sponding observation or if it influences all other
residuals, which can occur for small redundancy
values. Thus, the redundancy values should be
larger than 0.5 for a good controllability. As it can
be seen in Fig.3, the GNSS measurements are
highly redundant with partial redundancies above
0.9. Therefore, filtering out individual GNSS obser-
vations does not destabilise the solution. The only
observation type which is prone to undetected
gross errors is the roll velocity (wy).

Due to the large redundancy, outliers can be
easily detected. Here, a level of significance of 95 %
is used as bigger problems might arise due to ac-
cepting a false null hypothesis, i.e, non-detection
of outliers. Fig. 4 shows speed over ground meas-
urements of a GNSS receiver prior to a GNSS gap.
Obviously, the scatter of the time series increases
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before the gap and observations outside the as-
sumed noise floor are detected as outliers. Thus,
the estimation is not affected by the outliers due
to the huge redundancy. As in such cases, the in-
formation for the positioning is taken from other
measurements.

In addition to the outlier tests within the param-
eter estimation, some observations can also be fil-
tered out beforehand due to unmatched quality
criteria. This has been done for the GNSS measure-
ments, where the quality indicator (Ql), number of
observed satellites, and horizontal dilution of pre-
cision (HDOP) have been used. These criteria are
reported by GNSS receivers. Ql is a classification
of the GNSS solution and easily allows excluding

Fig. 2: Area of the test surveys
with three different trajecto-
ries; the black boxes denote
parts of the GNSS trajectories
which have been removed to
simulate large GNSS gaps
(according to Wirth et al. 2015)
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Fig. 3: Redundancy values
for a subset of the different
sensors, e.g., only one GNSS
receiver is shown as it is
representative for all of them

Fig. 4: Speed over ground
measurements from a single
GNSS receiver (blue) with
marked outliers (red dots) and
estimated speed over ground
from the EKF solution (black)
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Fig. 5: Height component
from GNSS1-only (blue), EKF
with GNSS and IMU input
(grey) and EKF with GNSS,
IMU and model input (black).
Simulated GNSS gaps are
indicated by red lines
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GNSS 1 Survey 1 Survey 2 Survey 3 Survey 4
shading others shading others shading others shading others

0-10s - 3 0 4 0 2 - 1
1.0-10.0 s - 2 0 9 0 2 - 2
10.0-300s - 0 10 0 4 1 - 0
30.0-60.0 s - 0 1 2 0 0 - 2
> 1 min - 0 0 4 0 2 - 1
sum - 5 11 19 4 7 - 6

positions without fixed ambiguities. DOP values
permit an assumption of the quality of a GNSS so-
lution (Langeley 1999). Applying these criteria re-
veals that even in unshaded areas on average 5%
t0 8 % of the GNSS positions are not usable or even
not recorded. A significant amount of these gaps
last longer than 105, the absolute occurrences of
gaps for one of the GNSS receiver during the four
surveys are listed in the table. By utilising HydrOs,
accurate positions can be determined in these re-
gions.

3.2 Filter results

For an initial solution, the observations of one
GNSS receiver and the IMU have been used. Fig. 3
shows the estimated height trajectories for this
example. The EKF is not able to rectify these simu-
lated gaps by only integrating a minimal sensor
configuration, so, the trajectory is drifting away.
However, the situation can be improved by add-
ing rudder propeller revolutions as well as water-
level and squat models (see Fig. 5). An assimilation
of these models eliminates the drift of the EKF
solution. When these EKF results are compared to
the original values (without simulating the gaps),
maximum deviations of about 5cm are revealed
(not shown here).

These examples demonstrate clearly the gain
of using HydrOs for hydrographic surveys. Due to
consistently combining the available sensors in the
EKF process, a high redundancy can be achieved.
Hence, outliers can be easily detected and the
elimination does not harm. This way, the robust-
ness of the solution is significantly improved. Fur-
thermore, it has been proven that GNSS gaps of up
to 60's can be bypassed by including models into

66.4
66.3
66.2
= 66.1
66
65.9

[m]

h

<+
(61.9s)

(99.8s)

0 1000 2000 3000 4000
epochs

the filtering process. The same could be achieved
by implementing a backward smoother (Wirth et
al. 2015).

4 Conclusions

One major issue of hydrographic measurements
under the patronage of the WSV is the accuracy
and reliability of the vessel's position and orienta-
tion, i.e, the GNSS-RTK solution. Within the project
HydrOs, a multi-sensor system was developed
which uses several on-board measurement sys-
tems (GNSS receivers and GNSS/INS system) to in-
crease the robustness of the trajectory. In addition,
hydrodynamic models and further information, i.e,,
a squat and a water-level model, were combined
with the real measurements by means of an EKF.
Especially the use of the water level model pro-
vides a reliable height solution during GNSS gaps.
Furthermore, a DVL was mounted to the vessel,
and the revolutions of the rudder propeller were
successfully integrated.

Within the investigation, a thorough statistical
analysis of the measurements is performed. As a
result, it was shown that the failure rate of GNSS-
RTK measurements is at the level of up to 8%,
and thus, significantly higher than expected. As a
consequence, the loss of the correction signal for
the RTK solution does not only lead to gaps in the
trajectory, but also to position errors, which have
only been determined in the past if they reached
a level of several decimetres. In contrast, these dis-
crepancies are now directly detected if HydrOs is
used.

Due to the status of the project, no assessment
of the net process time can be made. However, it
has been demonstrated that manual corrections
of the position estimates are needless when us-
ing HydrOs especially by implementing outlier
detections and eliminations during the filtering
process. As all the entire on-board information
is used, e.g., with redundant GNSS receivers, al-
most all observations are well controlled which
has been shown by analysing the redundancy
values. The only type of measurement which is
prone to undetected outliers is the angular IMU
roll velocity.

Furthermore, HydrOs is providing integrity in-
formation to the users, leading to a more robust
product. This is a fundamental component for
warranting traffic security by WSV, .&.
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