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point (1) on the ground, the surveying system comprising a survey pole (10)
with a body (13) having a pointer tip (12) for contacting the measuring point
(1) and position giving means for making available the coordinative determina-
tion of areferenced position, being placed on the body (13) with a defined spa-
tial relationship relative to the tip (12), determination means for repeatedly de-
termining the referenced position of the position giving means and evauation
means (17) for deriving the position of the measuring point (1), wherein the
survey pole (10) further comprises an inertill measuring unit (18) placed on
the body (13) with a defined spatial relationship relative to the position giving
means, the surveying system further comprises IMU-processing means for re-
peatedly determining inertial state data based on measurements taken by the in-
ertial measuring unit, and the evaluation means (17) are further configured for
feeding a predefined filter algorithm with the repeatedly determined referenced
position and the repeatedly determined inertial state data and deriving there-
from referenced attitude data for the survey pole (10), taking into account the
defined spatial relationship of the inertial measuring unit (18) relative to the
position giving means, using a DDF within the predefined filter algorithm, and
further using the referenced attitude data for deriving the position of the meas-
uring point (1).
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Surveying System and Met hod

The invention pertains to a surveying system and a sur-
veying method for neasuring the position of a point on the
ground with the help of a survey pole. It also pertains to
an upgrade kit and a surveying nodule for such a surveying
system and to a conputer programre product for executing

steps of such a surveying nethod.

In survey applications using GNSS equipnent, the measure -
ment taken by the GNSS receiver does not directly cor-
respond to the target point to be surveyed; rather, it is a
position nmeasurenent of the so-called "phase-centre" of the
GNSS antenna. Current practice is to nount the antenna on a
pole and ensure the pole is perfectly vertical over the
poi nt of interest and conpensate the position for the
length of the pole. Levelling the pole, however, takes tine
and it would be desirable to take neasurenents of the

target position wthout the need to level the pole.

In this docunent, a nmethod is detailed for the accurate

conpensation of the tilt of the pole wusing a fusion of

relatively | ow cost inertial sensors (accel eroneters and
gyr oscopes) and GNSS neasurenents. It has advantages over
other disclosed nethods as the inertial sensors are of
substantially lower cost and sensor errors are explicitly

estimated at run-tine.

d obal Navi gat ion Satellite Systens (GNSS) , such as the
NAVSTAR d obal Positioning System (GPS) are now routinely
used in surveying applications wth the use of Real-Tine
Kinematic (RTK) algorithms, which correct for a receiver's
position wusing information from one or nore nearby base

station (s)
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The position neasured by the GNSS receiver is at the so-
called "phase <centre" of the GNSS antenna, which for a
hi gh-quality survey antenna is a well-quantified | ocation
general ly near the rmechani cal centre of the antenna.

However, the location of interest to the surveyor is not at
the antenna, but at a point on the ground; the antenna is
usually rmounted on a pole to optimse the reception of G\SS

signal s .

Unless the pole is perfectly wupright wth respect to the
ground, the horizontal position of the antenna wll be
offset conpared to the location on the ground of interest.

A levelling device, whether a traditional spirit level or a
nore sophisticated arrangenent of sensors, can be used to
determine if a pole is upright to sone degree of tolerance
sufficient to take a neasurenment. Alternatively, i f one can
precisely neasure the angular orientation (the "attitude")

of the pole, this error can be conpensated for, assumng

one knows the length of the pole.

Measuring the angle of the pole with respect to the ground
is not a trivial exercise. Wilst nmeasuring the angle of
the pole from the vertical (the pitch and roll) can be
accurately achieved through a nunber of nethods (notably,

measur enment of | ocal gravity usi ng accel eroneters or
inclinoneters) , measuring the orientation of the pole wth
respect to True North (the yaw or azinmuth) is considerably

more difficult.

The nost obvious way to achieve a measurenment of azinmuth is
with the use of an electronic conpass, which is able to
nmeasur e orientation with respect to Magnetic Nor t h.

However, aside from the offset between Mgnetic North and
True North, the conpass reading can also be affected by

magnetic field disturbances such as ferrous netals and
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electric ~currents, both of which are common around sone
building sites. To avoid these drawbacks, another nmethod of

determining the yaw is desirable.

Wen installed in a conventional and vehicle such as a
car, the azimuth angle is able to be inferred from the GNSS
velocity, since the vehicle is normally aligned wth the
direction of travel. However, since a pole-nounted antenna
may nmove in an arbitrary direction, GNSS velocity is not a

reliable neans of azinmuth determ nation.

When stationary, high-grade inertial sensors are capable of
nmeasuring the Earth's rotation rate, which may then be used
for finding north. When using high-quality gyr oscopes
("gyros") , a procedure known as "gyro conpassing” can be
used whilst stationary to determine north by conparing the

measured rotation rate in each axis.

Once an initial position and attitude is known, a high-
quality INS can navigate wthout reference to GNSS or other
ext er nal measur enment s, maki ng it usef ul for survey
applications when GPS is unavail able. This is described,

for instance in US 2009 024 325 Al which describes an INS
used in a surveying application with a GNSS solution being
unavai | abl e. However , as an inertial navi gati on solution
mat hematical ly rotates and integrates the raw inertial

sensor neasures, smal | errors  wll accurmul ate and the
position solution (and azimuth solution, which nust be

mai ntained as a by-product) wll drift wthout bound.

The drift problem of an INS has been studied extensively
for some tine. The drift in the position and attitude
solution (and thereby the neans to conpensate for pole
tilt) can be contained by intelligently fusing GNSS or
ot her external nmeasurements with an inertial navi gati on

system - the so-called "Aided Inertial Navigation Systent



10

15

20

25

30

WO 2014/060429 PCT/EP2013/071348
— 4 —

(AINS) - which has long existed in the aerospace industry
and is now used in surveying applications.
Whilst high-quality "navigation grade" and "tactical grade"
inertial sensors - navigation grade refers to sensors that
can be useful for standalone navigation for many hours,
e.Jg. i ncl udi ng Ri ng Laser Gyroscopes (RLG wher eas
tactical grade generally refers to navigation requirenents
for short flights, e.g. including Fibre Optic Gyroscopes
(FOG - are undoubtedly useful in determining position and
attitude (whether GNSS aided or otherwise) , they are also
very expensive, heavy, bulky and suffer from high power
consunpti on. In contrast, the l|ast decade or so has seen
the rise of inertial sensors based on MEMS (M cro-Electro-
Mechani cal Sensors) t echnol ogy, which have substantially
| oner performance in conparison wth traditional hi gh- gr ade
devices, but have the advantage of being snmall, | ow power
I i ght wei ght, and nore than an order of magnitude | ess
expensive than high-grade inertial sensors. MEMS inertial
sensors are now routinely i nt egrated into |ow accuracy
consuner applications such as ganes console controllers and
mobil e  phones. MEMS sensors are nornally of "consuner
grade" or "industrial grade", though some high-end silicon
MEMS may also be considered as tactical gr ade. Consuner
grade refers to cheap sensors having coarse nption sensing
for applications such as shock det ecti on, free-fall
det ecti on, nmobil e phones or computer games controllers.
| ndustri al grade refers to sensors that are useful for
applications where sonme degree of nption sensing precision
is required, such as manufacturing robots, nmchine control,
autonmotive electronic stability, hill-start assi stance and
entry-level Attitude and Heading Reference Systens (AHRS)
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MEMS sensors, |like many integrated <circuit technol ogies,
have substantially improved in perfornmance over tinme.
Al'though they presently remain wunsuitable for standal one
inertial navi gati on, t hey may be fused with GN\SS
measur enment s in a simlar fashion to a high-grade AINS
solution to maintain an attitude solution of sufficient
accuracy to conpensate for the tilt of a survey pole.
Fur t her nor e, the combination of GNSS and INS is greater
than the sum of its parts - intelligent integration of the
two allow for the nost substantial errors that exist in

MEMS inertial sensors to be estimated and renpved.

The drawback of using MEMS devices is that it relies on a
good-qual ity GNSS solution to be available, which is
general ly t he case for many surveyi ng and rel ated
activities such as stake-out. Usual |y, nmore than a few
seconds wi thout a GNSS solution wll cause the attitude to
drift out of tolerance, depending on the grade of sensor.

General ly, a high-quality position is required survey

appl i cations and therefore attitude drift during GNSS

outages is usually not problematic. Once a G\SS re-
acquired, a smaller drift wll speed up re-convergence of
the attitude solution. It is up to the designer to make the

trade-of f between stability and cost.

Attitude my be interpreted as a conbination of three
di fferent rotations - roll, whi ch (when related to an
aircraft) is "wings up, wngs down"; pitch, which is "nose
up, nose down" and yaw, which corresponds to the heading
that the platform is pointing. Cassically, pitch and roll

are observed through neasurenents of the local gravity
vect or (which induce an acceleration rmeasurenent on the
acceleroneters ) and yaw is observed through the use of a

magnetic conpass.
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Wailst in prior art - for exanple in US 2003 046 003 A,
US 5,512, 905 A, EP 2 040 029 Al, EP 1 726 0915 Al and
JP 2005 043 088 A - an acceleroneter ("tilt sensor") and
conpass has been used previously to conmpensate for the tilt
of a pole, it is limted by the accuracy of the sensors and
subject to local magnetic field disturbances. For exanpl e,

a typical MEMS acceleronmeter may be four degrees or nore in

error wi t hout car ef ul factory cali bration, whi ch is
unacceptable for survey applications. Furthernmore, without
a high-fidelity and conputationally expensi ve magneti c
nodel, even the local declination angle (the angle between

true north and magnetic north) wmy be in error by up to

three degrees, even without any local disturbing fields
caused by (for exanple) cars and power I|ines.
When i nerti al sensor measur enent s are intelligently

conbined with GPS, both the yaw angle (even without the aid
of a magnetic conpass) and sensor errors causing the errors
in pitch and roll my be estimated when subjected to
particul ar notion conditions. In particular yaw angl e,

generally considered to be the hardest to estinmate, has
been shown in the academic literature to converge towards
its true value when the inertial sensors are subjected to
changes in acceleration in the horizontal plane, which is
often the case during a surveying operations. The situation

is further conpl i cated for MEMS  devi ces, whi ch have

significant errors conpared to high-grade devices. In high-
grade sensors, bias errors on the vertical gyro are
naturally observable through the rotation of the Earth. In

MEMS devi ces, the signal caused the Earth's rotation is
buried in noise and bias. Therefore, MEMS will require nore
aggressive manoeuvring to make yaw observable, but the

basic fact that it is observable wunder notion is unchanged.
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Wth this observation in mnd, it can be noted that a
magneti c conmpass is not strictly necessary for t he

estimation of yaw (and therefore <can be removed if cost is
a concern) , but may still be used for a coarse initiali-

sation of yaw or to provide supplenentary neasurenents i f
the yaw has drifted due to the lack of notion for sone

tine .
The notation used in this docunent is as foll ows:

An identity matrix of size k is denoted by I,. The rotation

matrix from the a-frane to the b-frane is denoted by Rg.

ay, denotes a vector quantity o of the b-frame wth respect
to the a-frane, expressed in terns of the c-frane.

[Al x is a skewsymetric matri x constructed from vector A
such that when multiplied by vector B the result is
equivalent to the cross-product of A and B, viz [A B = AXB.
Time derivatives of a quantity are expressed using the dot

notation (e.g. ;, ), estimated quantities (as distinct from

their true values) are denoted with a hat (e.g. @) .

In this docunent, the b-frane is the body fixed frame, the
n-frane is an earth-fixed |local tangent frane (north, east,
down) , the e-frame is the Earth-Centred Earth-Fixed ( ECEF)
frame and the i-frane is the Earth-Centred I nerti al (EC)

frane .

The GPS/INS estimates a position at the reference point of

INS, rg. The position on the ground at the end of the pole,

r;, is desired. Since the offset of the INS reference point
from the tip of +the pole, r,f), is known (i.e. the pole

length and the location of the INS reference point on the
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end of the pole) , one may calculate the point at the tip of

t he pol e using:

& e, b £
rap:Rbrbp_’_Is:b
Key to the accurate conpensation of tilt is the attitude
estimate. Cearly, any errors in attitude wll couple onto

errors at the ground point.

The observation of attitude and sensor errors relies on
conmparing the difference between the GPS position and the
INS position. GPS velocity nmay also be used. Under notion,

position errors coupled in from attitude errors can be
indirectly separated. Note that an |INS nust nmintain an
accurate representation of attitude as a by-product of

calculating a position solution.

Integrated GPS/INS navigation systens have |ong been used
in t he aer ospace domai n, oW ng t he conmpl enent ary

characteristics of the two navigation sour ces. As such,

mul ti ple textbooks have been published on the subject which
recoomend a so-called | oosely-coupled error-state system

for instance Robert M. Rogers: Applied Mathematics in
| ntegrated Navigation Systenms. Al AA Education, 379 edition,

2007 .

There are several component s in the integration archi -

tecture :

1. An lInertial Measur enent Uni t (rMJ, conprising three
accel eroneters , three gyroscopes in a nonmnally ortho-
gonal configuration, associated support circuitry for
signal acquisition, pre-processing, time synchroni sation

and determnistic error renoval;

2. The Inertial Navi gati on System  (INS) nmechani sat i on,

which mathematically rotates and integrates the ac-
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celerations and rotation rate neasurenents from the | M

to estimate the position and attitude;

3. A GPS receiver, neasuring position and velocity of the

ant enna;

4. A Kalman Filter, which estimates the errors of position,
errors in velocity, errors in attitude, gyro biases and
accel eroneter biases, based on the error dynamics of the
system and observed difference between the GPS and INS

positions; and

5. Optionally, a two- or three-axis magnet onet er for

measuring the Earth's magnetic field.

The key feature of the classic |oosely-coupled error-state
esti mat or is the Ilinearization of the dynamcs, whi ch
allows the wuse of a linear Kalman Filter. The rmaj or
drawback of wusing such an architecture is the assunption
that the errors are small and hence the error introduced by
linearization is negligible. VWhilst this mght be true
using high-quality sensors and a specific initialisation
procedur e, surveyi ng appl i cations (and especially
construction surveyi ng) i's significantly nor e cost
sensitive than the aerospace domain and hence estinmation
nmet hods desi gned for hi gh-qual ity sensors are not
necessarily applicable to lower-cost MEMS inertial sensors
described in the introduction. In particular, the small
error assunption results in poor performance when using
| ow-cost sensors. It is inherently clear that a better

estimator is required for use with |ow cost sensors.

In particular, the standard nethods of GPS/INS integration,
as for instance disclosed in US 2009 024 325 A, have
insufficient performance to reliably determne the attitude

of the pole when using industrial-grade sensors. Therefore,
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these methods are fundanentally not viable for industrial

grade sensors.

It is therefore an object of the present invention to
provide an inproved surveying system and an inproved
surveying nethod for neasuring the position of a neasuring

poi nt on the ground.

It is another object of the present invention to provide
such a surveying system and such a surveying nethod for
quickly, reliably and precisely neasuring the position of a

nmeasuring point on the ground.

A further object of the invention is to provide such a

surveying system at |ower costs.

At least one of these objects is achieved by the surveying
system according to Claim 1, the upgrade kit according to
claim 8, the survey nodule according to claim 10, the
surveying method according to Caim 11 and/or the dependent

clains of the present invention.

According to the invention a surveying system for neasuring
the position of a nmeasuring point on the ground conprises a
survey pole. The survey pole conprises a body having a
pointer tip for contacting the neasuring point and position
gi vi ng means for maki ng avail abl e t he coordi native

determ nation of a referenced position. The position giving
means - e.g. a GNSS receiver, such as a GPS antenna, or a
retro-reflector for use with a total station - are placed
on the body of the survey pole wth a defined spatial

relationship relative to the tip. The survey pole further

conprises an inertial neasuring unit that is placed on the
body wth a defined spatial relationship relative to the

position giving nmeans and is designed in form of a mcro-
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el ect r o- nechani cal system and conprises |IMJsensors inclu-

ding acceleronmeters and gyroscopes.

The surveying system conprises det erm nati on means for

repeat edl y det er m ni ng the referenced position of the

position gi vi ng means and | MJ processi ng means for
repeat edl y det er m ni ng inertial state dat a based on
measur ement s taken by the inertial measuri ng unit. The

surveying system furthernore conprises evaluation neans for
deriving the position of the nmeasuring point at |east based
on the determined referenced position and on the defined
spatial relationship of the position giving neans relative
to the tip. The evaluation neans are also configured for
feeding a predefined filter algorithm wth the repeatedly
det er m ned r ef erenced position and t he repeat edl y
det er m ned inertial state data and deriving t heref rom
referenced attitude data for the survey pole, taking into
account the defined spatial relationship of the inertial

measuring unit relative to the position giving mnmeans, and
for using the referenced attitude data for deriving the

position of the neasuring point.

Accor di ng to the i nventi on, the eval uation means are
confi gured for wusing a Divided Difference Filter ( DDF)

within the predefined filter algorithm

Preferably, the inertial nmeasuring wunit is designed in form
of a mcro-electro-nmechanical system and conprises | MK

sensors including acceleroneters and gyroscopes.

In a preferred enbodinent the inertial nmeasuring unit com-
prises three acceleroneters in a mutually orthogonal confi -
guration and three gyroscopes in a mutually orthogonal

confi guration.
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In one enbodinent the inertial neasuring unit conprises
i nerti al sensors of "tacti cal gr ade” or | ower, i.e.

typically having

. a gyro bias stability of > 0.1 deg/hr,
a gyro scale factor of > 10 ppm
. a gyro noise of > 0.01 deg/rtHr,
. an acceleroneter bias stability of > 0.1 ny,
. an accel eroneter scale factor of > 100 ppm and

. an accel eroneter noise of > 20 ug/rtHz.

In a preferred enbodiment, the inertial sensors are of
"industrial grade” or "autonotive grade", i.e. typically
havi ng

. a gyro bias stability of > 1 deg/hr,
. a gyro scale factor of > 1000 ppm
a gyro noise of > 1 deg/rtHr,
. an acceleroneter bias stability of > 1 ny,
. an accel eroneter scale factor of > 1000 ppm and

. an accel eroneter noise of > 100 ug/rtHz.

In another preferred enbodinent the |MJprocessing neans
are configured for determining inertial position data and
inertial attitude data as part of the inertial state data,
particularly also inertial velocity data and |MJsensor

error paraneters .

In a further preferred enbodinent the inertial neasuring
unit further conprises at |east one nmagnetoneter, parti -
cularly two or three magnetoneters in a nutually orthogonal

configuration, and the |MJprocessing neans are configured
for determining also conmpass-attitude data as part of the

inertial state data.
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Preferably, the |MJprocessing neans are configured for
repeatedly determining the inertial state data wth a
higher rate than the determination neans the referenced
posi tion, and the evaluation neans are configured for
feeding the predefined filter algorithm with the repeatedly
determined inertial state data with a higher rate than wth

the repeatedly determ ned referenced position.

In a preferred enmbodi ment the position giving neans
conprise a retro reflector, and the determnation neans
conprise a total station or a tacheometer for measuring the

referenced position of the retro reflector.

In another preferred enbodinment the position giving neans
conpri se a GNSS-antenna, in particular a GPS receiver, and
the determ nation neans conprise a GN\SS-processing wunit for
processing output-signals of the GNSS-antenna and deriving

therefrom the referenced position of the GNSS-antenna.

In another preferred enbodinment the evaluation neans are
further configured for deriving referenced attitude data,
which for exanple can be represented by a referenced yaw
angle, i.e. a referenced heading or azimuth angle, as well
as a referenced pitch angle and a referenced roll angle,

i.e. referenced tilt angles, of the survey pole.

Anot her aspect of the invention is an upgrade kit for a
surveyi ng system the upgrade ki t being adapted for
detecting attitude data, the surveying system conprising a
survey pole with a body having a pointer tip for contacting
the nmeasuring point and position giving nmeans for nmaking
available the <coordinative determnation of a referenced
posi tion, the position giving neans being placed on the
body with a defined spatial relationship relative to the
tip, particularly wher ei n the position gi vi ng means

conprise a retro reflector and/or a GNSS-antenna, determ -
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nation neans for repeatedly determning the referenced
position of the position giving neans and first evaluation
means for deriving the position of the neasuring point at
| east based on the determned referenced position and on
the defined spatial relationship of the position giving
nmeans relative to the tip. According to the invention the
upgrade kit conprises an inertial nmeasuring unit to be
placed on the body wth a defined spatial relationship
relative to the position giving neans, wherein the inertial
measuring unit conprises |IMJsensors including accelero-
meters and gyroscopes, |MJprocessing neans for repeatedly
determining inertial state data based on neasurenents taken
by the inertial neasuring unit, and second evaluation means
configured for feeding a predefined filter algorithm wth
the repeatedly determned referenced position and the re-
peatedly determned inertial state data and deriving there-
from referenced attitude data for the survey pole, taking
into account the defined spatial rel ati onship of the
inertial neasuring wunit relative to the position giving
neans, preferably wusing a Divided Difference Filter wthin
the predefined filter algorithm and further using the
referenced attitude data for deriving the position of the

measuring point.

Preferably, the wupgrade kit conprises neans for attaching
the upgrade kit or parts thereof, in particular t he

inertial measuring unit, to the survey pole.

In a preferred enbodinent the upgrade kit conprises nmeans
for detecting and/or defining a spatial relationship of the
inertial neasuring wunit relative to the position giving

nmeans.

Anot her aspect of the invention is a surveying nodule for a

surveying system the surveying nodule being adapted for
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detecting attitude data, the surveying system conprising a
survey pole with a body having a pointer tip for contacting

the neasuring point. The surveying nodule conprises posi -
tion giving neans for making available the coordinative

determnation of a referenced position, wherein the posi-
tion giving neans are to be placed on the body wth a
defined spatial relationship relative to the tip, parti -
cularly wherein the position giving neans conprise a retro
reflector and/or a GNSS-antenna, deterni nation means for
repeat edl y det er m ni ng the referenced position of the
position giving neans and evaluation neans for deriving the
position of the measuring point at |east based on the
determined referenced position and on the defined spatial

relationship of the position giving neans relative to the
tip. According to this aspect of the invention the sur-
veying nodule further conprises an inertial neasuring unit

to be placed on the body with a defined spatial relation-
ship relative to the position giving nmeans, wherein the
inertial measuring unit conprises | MJ sensors i ncl udi ng
accel eroneters and gyroscopes, and |MJprocessing neans for
repeat edl y det er m ni ng inertial state data based on
measurenents taken by the inertial measuring unit. The
eval uation nmeans are configured for receiving the repeated-
ly determined referenced position and the repeatedly deter-

m ned inertial state data, feeding a predefined filter
algorithm with the repeatedly determned referenced posi -
tion and the repeatedly determned inertial state data and
deriving therefrom referenced attitude data for the survey
pole, taking into account the defined spatial relationship

of the inertial nmeasuring wunit relative to the position
giving neans, wusing a Divided Difference Filter within the
predefined filter algorithm and using the referenced atti -

tude data for deriving the position of the neasuring point.
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The surveying nmethod according to the invention conprises

e repeatedly deternining the referenced position of the
position giving neans,

e deriving the position of the neasuring point at |east
based on the determined referenced position and on the
defi ned spati al relationship of the position gi vi ng
means, e.Jg. a retro refl ector or a GNSS receiver,

relative to the tip,

* repeatedly det er m ni ng inertial state data based on

measurements taken by the inertial measuring unit and

« feeding a predefined filter algorithm with the repeatedly
determined referenced position and the repeatedly deter -
mned inertial state data and deriving therefrom re-
ferenced attitude data for the survey pole, taking into
account the defined spatial relationship of the inertial

measuring unit relative to the position giving neans, and

o further wusing the referenced attitude data for deriving

the position of the neasuring point.

In a preferred enbodi nent of the method according to
invention a Divided D fference Filter (DDF) is used wthin

the predefined filter algorithm

In another preferred enbodi ment of the nethod referenced

attitude data is derived, which for exanple can be repre-

sented by a referenced yaw angle, i.e. a referenced heading
or azimuth angle, as well as a referenced pitch angle and a
referenced roll angle, i.e. referenced tilt angles, of the

survey pole.

In another preferred enbodinent inertial position data and
inertial attitude data are determ ned as part of the
inertial state data, preferably also inertial velocity data

and | MJsensor error paraneters, especially wherein the
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| MJ- sensor error paraneters are determned based on an

error nodel for the |IMJsensors including at |east one of

e sensor-bhi as,

* sensitivity errors,
m sal i gnment  and

e non-linearity errors,

 as well as - as regards the gyroscopes - acceleration

sensitivity

The process of inertial navigation is to take the specific
force and angular rate neasurenents, correct for any
errors, and integrate the sensors as required to produce a
position, velocity and attitude solution with respect to a
reference frame. The INS nechanisation may be performed in
any nunber of reference frames, but a convenient <choice is
the Earth-Centred, Eart h- Fi xed (ECEF) frame as it is the

natural coordinate system for GPS.

Since the inertial neasurenents are taken wth respect to
inertial space, a correction for the Earth's rotation rate
is required. The INS nmechanisation equations in the ECEF

frame may be stated as:
g
Pop = Ven
s ryepb E B : e el
Ver = Rpfip + 87 (rp) — 2[wie] « vy

R; =Ry ([w}], ) — Wi,

where ge (ry,) is the gravity vector in the ECEF frame as a

e

function of position, rj, v§ is the velocity in the earth

frame and R, is the rotation matrix between the body and

earth frames. Equival ent expressions can be derived for

other reference franes and/or attitude representations.
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Since there wll always be a lever arm between the Centre
of Navigation (CoN) of the IMJ and the GPS antenna, t he

observati on equati ons relating the position of the GPS

antenna nust take this into account, i.e.
e __ & 5 2 1
Ir«f:;. —leb + }{bsz

where r§ is the position of the antenna in the Earth frane.

The INS nechanisation and observation equati ons have
assunmed perfect knowl edge of the specific force and angul ar
rate neasurenents. However, i nerti al sensors contain a

nunber of errors that need to be accounted for.

For a triad of acceleroneters , the specific force neasure -
nment lefj consists not only of the true specific force flf

but also includes several determnistic and random errors.
% = (3 + S3)% +b,+ N,+ %

where S, is the scale factor and msalignnent matri X, b, is
the long-term bias vector, N, is the non-linearity matrix

and n, is a vector of white noise.

A triad of gyroscopes wll exhibit simlar errors to the
accel eroneters, but wll have an additional error induced
by accelerations. Ther ef or e, a neasurenent nodel for the

body angular rate neasurenents ¢4 is as follows:

~b b ,
@i = 3+ Sy)wip, + by + Ny + G, + nig

Were o, is the true angular body rates and Gy is the

acceleration sensitivity.

Not all ternms may be significant and may be accunulated in
the white noise and tine-varying bias terns. Qhers, such
as non-linearity mnmight be suitable for production neasure -

ment and conpensati on, but not for online estimtion. Sone
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errors my be adequately nodelled as a random constant
wher eas ot hers may be consistent with a Gauss- Markov

process or a Random WAl k.

Bias is an offset on each of the sensors and consists of a

nunber of difference conponents:
ba — bT + bt + bB

Were b, is a tenperature-dependant bias term b, is a

t

slowy time-varying bias term and b, is a constant bias,

consi sting of a mnufacturing bi as (i.e. const ant from
manuf act ur e) and turn-on bias (i.e. changes each tine the
device is powered on) . It is generally considered essential
to estimte i nstrument bi ases, even for hi gh-quality

inertial sensors.

The scale factor and misalignnent matrix (SFA) s, repre-

sents two conmbn errors on the sensors; scale factor
(sonetines called sensitivity errors) and Cross-axi s-

sensitivity errors (sonetines called misalignnents) . The
Cross-axi s-sensitivity errors are a conbination of non-

orthogonal nounting (i.e. the sensors not perfectly nounted
90°) and instrument sensitivity to orthogonal accel eration
components. Thus, the errors my be witten as:
0 0 0 Yoy  Txz

Syy 0 |+ 7wz Yy=
0 ’Swz:a: Yz Vey 0

wher e [sxxsyy szz]f are the individual scale factor errors for
t he accel eronet er axes (three component s) and
[yxyyxzyyxyyzyzxyzy]f are the «cross-axis sensitivity conponents.

Sensitivity is also dependant on tenperature.

The zeroth and first order error effects are accounted for

in the bias and SFA conponents respectively. However, since
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MEMS devices typically have non-linearity in the order of

1% it is worth describing the error nodel, at |l|east for
factory «calibration purposes. The error nodel, including
non-linear cross-coupling is as follows: e DT
(f=)
k k k e k k (fu)’
kol o T,y T EE a1 L7 ¥ s T UE (f ’)2
‘1‘:: Tx k:z!tfy 'Ilz,z;a’ ii:«:?mu 'Z‘"z'.,.?:z Az,y;ﬁ f f
_fy.f:»?:
wher e fl.f,=‘fxfyfzf - Gyros are also sensitive to acceleration

to the order of 0.1°/s/g, which is the same order of magni -
tude as the turn-on bias when subjected to gravity. There-
fore, it my be worth nodelling to determine its effect.
The acceleration sensitivity (sonetines called g-sensiti-

vity) , including second-order effects are given by:

- fI -
fu
Iz
Oz x 9X,y Ox:z  tixaEx 9X,yy Ox.z2 9X,Xy Oz zt Hxyz (fx)
Gg = {9yx 9y oz 9yxx 9Oyyy 9yzx OyXy Gyzz Gyyz (fu)j
§2,r 9z 9z 3z,xx glyy 47,22 QS,Xy 9z xz Hzuz (.f,a:'

fxfy

fafs

| fufs
O her errors are sonetines referred to or nodelled in
literature. These include scale-factor asymmetry, [ ock-in
(typically seen in optical gyros) , quantisation error,

si nusoi dal noise, flicker noise, correlated noise and rate-
ranp noi se; the latter few are typically nentioned in
context of an Allan-variance plot. Angular random walk (or
velocity random walk for acceleroneters) refers to white

noi se at the 1 Hz point of the Allan-variance chart.

Generally, these errors wll be small conpared to white

noise in the current generation of MEMS devices, or may be
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incorporated into a randomwalk bias conmponent wunless there
is conpelling evidence that they should be individually

nmodel | ed .

Of the possible error sources from the inertial sensors,

some will be need to be estimated online whereas others are
stable and small enough to be ignored or nmeasured and
conpensat ed in production. Each error term becones an
addi ti onal state in the filter and hence increases the
comput at i onal requi r ement to estimate online. The bias
termse will alnpst always be estimated online. The scale
factor and msalignnent termse are sonetines esti mat ed

online. Oher terns are only rarely estimated online. The
sel ection of instrunent errors to estimate online is an
engi neering trade-off between sensor quality, conputational

resources and desired system accuracy.

The |INS nechanisation equations and the GNSS neasurenents
together constitute a process and neasurenent nodel in the

following form

X(K) =(x(K), u(k), v(k))
y(k) = h(x(k), w(K))

where the state vector x(t) consists of the position,
vel ocity, attitude and sensor error par anet er s Wi th
covariance P(k), wu(t) is a "control vector" consisting of
the | MJ nmeasurenents, and v(t) is a white noise vector wth
covariance Qk), nodelling the |IMJ neasurenent noi se and
driving any process nodel of the sensor error dynamcs.
Simlarly, y(t) consists of the GNSS neasurenments (position
and, optionally, vel ocity) as a function of the current
(true) state and the nmeasurenent noi se vector wt) wth

covari ance R(k)
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The estinmation task is to infer the state vector x(t),

given a set of noisy neasurenments y(k), vy(k-1), . , y(k-n)

For a general non- 1 i near function, a general opti mal
estimate for x(t) is not possible and hence suboptimal
filters are of interest. As noted previously, a linearised

approximation can perform poorly wth |lowcost sensors and

nore sophisticated schenmes are desirable.

The estimator adopt ed for this task is the Divided

Di fference Filter (DDF) first publ i shed by Norgaard
(M Norgaard, N. Poul sen, 0. Ravn: "New devel opnents in
state estimati on for nonl i near systens." Aut omati ca,

36 (11) : 1627-1638, 2000) and shown to have superi or
per f or mance to the (l'i neari sed) Ext ended Kal man Filter
(EKF) . Conceptually, the principle under | yi ng the DDF
resenbles that of the EKF and its higher-order relatives.
The inmplenmentation is, however, quite different. The maj or
difference between the DDF and the EKF is that the DDF
recovers the nmean and covariance from a nunber of sanples
pr opagat ed through the full non- 1 i near dynam cs of the

system The sanples are selected based on Stirling's

i nterpol ation formula which s conceptually simlar to
Tayl or's approxi mation, but with very different results.
Furt her nore, these sanples nay take into account the non-

linear dynanics of how process noise propagates through the
system Conpar ed to this, the EKF propagates a single
sample through the non-linear dynamics wth zero noise to
estimate the nean, and the covariance propagated via a

linearization of the state dynamics.

For reasons of  conput ati onal ef ficiency and nuneri cal
stability, the covariance matrices are inplenmented in terns
of their Cholesky factors rather than synmetric nmatrices,

i.e.
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Q=s.s’
P_Sﬁ
The a priori update is then performed as follows.

5 Let the jth colum of mtrix S  be denoted § ;. Four
"divided difference” matrices are then constructed as:

ﬂ;i{; 5 e g}; {f i;‘}if(i,‘i.i‘} 4 hﬁ,}\gf “!: g.‘)‘ "Vi;fi}? - f i}“i&‘“ﬁf% o f%gxﬂ}, *m“jt“}, “Ml"}j}}

‘R*:,i“ml LF Gty k), vk + RS0 = f (ki) ulk), vk — RS, 5]

26
SY% = 3%?1 [rimiklie)+ B8 ik vis +f{ KBy =S, onlk], (R 20 ixlRR) alk), vk
= ‘ :
10 "Ef‘"““'“l F o gy ; : S e PR
v o= - apE (3l 3 ulllov o+ ASu b+ 1 (XA L s vl - resay g 2 iR« vite))

where h is a tuning factor controlling the spread of the
covariance. Note only functional evaluations are required,
not any derivatives. A total of 2 (Ny+N,)+1 functional
eval uations are required, where N, is the length of the

15 state vector and N, is the length of the process noise
vector .
The predicted nean, x(k+l \k) , may then be cal cul ated as:

ﬁm 51‘;
,x(kv%ﬂ&k}ﬁaiimm-ﬁsm~wmwf{%, kL alk) vk

’ M
L ‘;"Mg ciklk) + B8, oulk) vik)) — Fix{kik) — B8, oulk),vik))]

=1

20 +573 [F ikl ulk) vik) + 8850+ Fix(EELulkl vik) — S, 5]

The predicted covariance Cholesky factor is then calcul ated

as .
sa(t + 11fe) = trias ([S(I% ‘3%} 95(;3/4 SS D

where §S-=triag{A) produces a triangular matrix such that

25 SST=AA". The a posteriori update is simlarly perforned.
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Let S. =S (k +\\k) , X =x(k+I\k and w=E k+1;. A set of four
X X

matrices are defined with the colums bei ng:
s® =Lz, 15w S, W
veg — o5 19 (X B85 ®) - g (- 1825, W)]
(1) 1
iﬂ;),g :?—[ (X W+hsﬂ’]) 1{ W_hsu })}
2 h?—1 -
5 S = Y (g (R4 h8ey, ) 4 g (R B8, W) — 20 (%, W)]
5 1
(2 v e . — , . ; o
Not e once agai n t hat no derivatives are required - only
2 (Nx+N,) +1 functional eval uati ons.
The predicted measur ement i s given as:
2 = A7
10 iy hﬂ _' ﬁ‘!:ﬂ - -wa : —
¥k +1[k) = 3 l9 (%, W)]
1 o=
+ 57 2 [0 (R+hSz 5, W) +g (%~ hSq ;. )]
1 N
@ Z [0 (X, W+ hSu;)+g(X.w—hS,,;)]
=1
Wth the predicted measur enment covari ance factor (note t hat
it is not triangul ari sed) gi ven by:
) (1) 1 (2 (2
15 sytk+ 11k = [S,E,j siw s SH}
The cross-covari ance of the measur enent s and t he states is
gi ven by:
i T
Payte+ 1) = Sz(k+ tite) (sw)
Wth the Kal man Gai n cal cul at ed as:
20 K(k+ 1)= P, (te+ 1) [Syck+ I[fe)Sy(re+ | I‘E)T]—l
The state vect or i s then updat ed as:

x (k+ Nk + 1) = x(* + 1110) + K(k+ 1) (y(fc + i) - ¥(k+ I\K)
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Wth the state Chol esky factor updated as:
My

S, (k + 1|k + 1) = triag ([é_ﬂ ~ks'Y ksl) ksi? KS&,%%D

A key conponent of the GPS/INS filter is the estimation of
attitude. The inplicit assunption of the DDF is that the

vari abl es in the state vector belong to vector space
(additive, scal i ng and ot her mat hemat i cal oper ati ons
apply) . However, attitude does not belong in vector space

since it can be quite easily shown that attitude angles are
not additive. Rat her, attitude belongs to the special
orthogonal group and thus vector operations that underpin

the DDF cannot be directly used.

Furthernore, sone attitude representations are double-cover
(nrore than one nunerical value for the sane attitude) which

is problematic for a filter where points are weighted and

aver aged. For exanpl e, the arithnmetic nean of rotation
vectors [t 0 o and [ 1 0 6] (which represent the sane
rotation) results in [ o o, whereas the true angle

average should result in either [t 0 6] or -7 0 8].

The direct representation of attitude as a state in a DDF
is therefore problematic. The solution of the present
i nvention has been adapted from spacecraft navi gati on
l[iterature originally developed for a different estimation
filter: J. Crassidis, F. Mirkley: "Unscented filtering for
spacecraft attitude estimation. Journal of Guidance Control
and Dynamcs, 26 (4 : 536, 2003. Wilst large angles are
not additive, small angles denoted in a three-paraneter
representation are approxi matel y addi tive. Therefore
representing the attitude state as a deviation from a
nom nal attitude (i.e. an error state) wll allow it to be

applied and the DDF framework can be used with only mnor
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nodi fi cati ons. It is worthwhile noting the difference of
this approach to that disclosed in US 2005 0 251 328, in
which the quaternion attitude is directly wused in the state
vector. Such a representation is problematic for two
reasons: firstly, as discussed, guat er ni ons certainly do
not belong in vector space; and secondly, the requirenent

to nmaintain unity rmagnitude of the quaternion makes a

wei ghted average of points difficult to apply.

For t echni cal r easons, t he attitude of t he pol e i's

mai ntained as a unit quaternion, which is a four-paraneter

representation of attitude. Quat er ni ons are discussed in
detail in J. A. Farrell, A ded Navigation: GPS with High
Rate Sensors. MGaw Hll, 2008, and other attitude
representations are discussed in Micolm D. Shuster, A
survey of attitude representations. Jour nal of t he

Astronautical Sciences, 41(4): 439-517, 1993.

For a three-paraneter representation of attitude, t he
Ceneralised Rodrigues Paranmeters (GRP) is chosen, which has
a sinple conver si on from a Quaternion based on two
par anmeters a and f which control the Jlocation of the
singularity in the GRP. Al three-paraneter representations

have a singularity or other anbiguous representation at
specific angl es. It is up to the designer to ensure that

the singular point (s) will not be encountered.

For a quaternion Q=iq, q_]T, conversion between a Quaternion

and GRP can be achieved as follows:

Quaternion — GRP (q,a, f) = f q
a -+ qo
Simlarly, a Quaternion my be constructed from a GRP as
follows: ,
v ’q _ —alls[*+ v/ 24+ (1—a?)s]?
GRP — Quaternion (s,a, f) = { *° sy

g g

q=—;
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To illustrate the inplenentation of the filter, the state

vector for the GNSS/INS filter is chosen as foll ows:

X = [ésgé ré, ve, by bg]

wher e szj is the GRP attitude error, rjb is the position of
the Centre of Navigation (CoN) with respect the ECEF frane,
Veeb is the velocity of the CoN with respect to the earth and

the remaining ternms are inertial sensor errors as described
above. Optional ly, the system designer may choose the
i npl ement other inertial sensor errors such as Scale Factor
or Cross-Axis Sensitivity, or the lever arm between the | MJ
and GNSS antenna, pending the quality of the sensors and

avail abl e conputing resources.

The attitude quaternion (¢ is naintained separately from

the state vector and will be further described below

Note that since the attitude error forns part of the state
vector, the initial nom nal attitude g, that the deviation

is with respect to, and the central predicted attitude

4, k +\\K) nust be part of the “control input" to the
nodi fi ed INS nechani sation Equat i ons, which are described
bel ow.

From a given a priori attitude error SSE(k\k) at time K, an

error quaternion is generated (dropping the GRP paraneters

a and f):
§q§i(k§k) = GRP - Quaternion (ﬁsgqj (k\k))
The generated error guat er ni on is wused to adjust t he

nom nal attitude quaternion

qg‘i (fcffe) = «q g(b |k') ig ) éq ga{fg‘ |A)
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The adjusted attitude Cf(k\K) is then propagated through the

nor mal NS Mechani sation equat i ons (as described above) to

qe)’(k +\\k). The anomaly from the central predi ct ed si gna-
point  ¢f, (k+1\K)
=1 AL
sap <k i k) = (af (e + 1)) o & (K+iK)
The attitude error t hat forns the predicted state i's

gener at ed from the central predi cted attitude anomaly
0sj?(fc + | [k) = Quaternion — GRP (dqj? (fc + lffc))

The calcul ated 65160(k+\\k) is then propagated through the DDF

equat i ons, which will produce a nean anomaly, ds§°(k+l\k) . The
computed nmean anonmaly i s converted to a quaternion:
sa ;> (k + I0fc) = GRP - Quaternion (68° (K + I[fc))

bef ore bei ng used to correct t he centrally predi cted

guat er ni on

] 7 S - 1 o by 1
qi(k+1|k) = qp, (k + 1]k) @ da” (k + 1|k)

Since the nmean attitude anomal y is used to correct t he
ext ernal | y- mai nt ai ned attitude, it is reset to zero at the
end of this operation. Note that since only the nmean s
al tered, the covariance remai ns unchanged.

The remaini ng matt er is how to obtain the central predi cted
quat er ni on, ¢ (k+I1\K). 1t is obtained sinply by propagating

t he state vect or Wi th zero noi se t hr ough t he I NS
nmechani sati on equat i ons. At this point, by definition, t he

attitude anomaly GRP is zero.

A neasurenent updat e may be performed t hr ough a simlar
process. A quaternion anomaly i s generated from the GRP for

a given state vector



10

15

20

WO 2014/060429 PCT/EP2013/071548

_29_

5qii(k + I\k) = GRP — Quaternion (<55§q. (fc 4'1("7*3)}

The attitude used to predict the neasurenment may then be

cal cul ated as:
gf gic + 1 &) = ql(A-+ | |k) ® 695, (k + 1ja>

The neasurenent equations for the DDF are calculated

qgl(k+\\k), producing an updated state estimate §(K+I\k+I)

which may then be converted to a quaternion:

ql(k+ 1K + 1) = GRP — Quaternion (s%(fc + 1

k+ 1))

The quaternion % (k+l|k+l) is then used to update the

predicted quaternion g/ (k+1k+1)
qE(E+ 1A+ 1) = qfk + Ifc) ® al(k + Iffc + 1)

The invention in the following will be described in detail
by referring to exenplary enbodinments that are acconpanied

by figures, in which:

Figure la shows a first enbodi nent of a survey pole

according to the invention;

Figure 1Ib shows a second enbodinent of a survey pole

according to the invention;

Figure 2 illustrates the surveying nethod for neasuring
the position of a neasuring point according to

the invention;

Figure 3 shows a surveying system wth the first
enbodi ment of a survey pole according to the

i nvention ;
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Figure 4 shows a surveyi'ng system wth the second

enmbodi ment of a survey pole according to the

i nvention;
Figure 5 shows an upgrade kit for a survey system and
Figure 6 shows a surveying nodule of a surveying system

Figure la shows a first enbodinment of a survey pole 10 as
part of a surveying system according to the invention. The
survey pole 10 has a rigid, rod-shaped body 13 with a
pointer tip 12 for <contacting a measuring point on the
ground. The body 13 defines a pole axis 15 The pole 10
conprises retro-reflector means 11 as position giving means
for making available the coordinative determnation of a
referenced position, the retro-reflector neans 11 being
positioned on the body 13 at a known position relative to
the tip 12. The system also conprises determ nation means
for repeatedly determining the referenced position of the
position giving neans. The survey pole 10 further conprises
an inertial neasuring unit 18 placed on the body 13 with a
defined spatial relationship relative to the position
giving neans, wherein the inertial neasuring wunit 18 is
designed in form of a mcro-electro-nmechanical system and
conprises |IMJsensors including acceleroneters and gyro-
scopes. The pole 10 conprises evaluation neans 17 for
deriving the position of the neasuring point 1 at |east
based on the determined referenced position and on the
defined spatial relationship of the position giving means

relative to the tip 12.

The inertial nmeasuring wunit 18 conprises three accelero-
nmeters in a mutually orthogonal configuration, i.e. in a
configuration such that their neasuring axes are orthogonal

to each other, and three gyroscopes in a nutually ortho-
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gonal configuration, i.e. in a configuration such that

their neasuring axes are orthogonal to each other.

Figure |Ib shows a second enbodinent of a survey pole 10 as
part of a surveying system according to the invention. The
survey pole 10 has a rigid, rod-shaped body 13 with a
pointer tip 12 for contacting a measuring point on the
ground. The body 13 defines a pole axis 15 The pole 10
conprises a GNSS receiver 19 as position giving neans for
making available the coordinative determ nati on of a
referenced position, the GNSS receiver 19 being positioned
on the body 13 at a known position relative to the tip 12.
The system also conprises determnation neans for repea-
tedly determining the referenced position of the position
giving neans. The survey pole 10 further ~conprises an
inertial measuring wunit 18 placed on the body 13 with a
defined spatial relationship relative to the position
giving neans, wherein the inertial nmnmeasuring wunit 18 is
designed in form of a mcro-electro-nmechanical system and
conprises |IMJsensors including acceleroneters and gyro-
scopes. The pole 10 conprises evaluation nmeans 17 for
deriving the position of the neasuring point 1 at |east
based on the determned referenced position and on the
defined spatial relationship of the position giving means

relative to the tip 12.

The inertial measuring wunit 18 conprises three accelero-
neters in a mutually orthogonal <configuration, i.e. in a
configuration such that their neasuring axes are orthogonal

to each other, and three gyroscopes in a nutually ortho-
gonal configuration, i.e. in a configuration such that

their neasuring axes are orthogonal to each other.

Al though the inertial measuring unit 18 in Figures la and

Ib is depicted as an external feature of the pole 10,
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obviously it can also be integrated into the body 13.
Moreover, the evaluation neans 17, which are depicted in
Figures la and |Ib as an external feature of the pole 10,
can also be part of the inertial nmeasuring unit 18 or the

GNSS receiver 19, or integrated into the body 13.

Figure 2 illustrates the surveying nethod according to the
invention. A survey pole 10 is depicted having a body 13
with a pointer tip 12 for contacting the nmeasuring point 1
and a GNSS receiver 19 as position giving neans for making
available the coordinative determnation of a referenced
position. The GNSS receiver 19 is placed on the body 13

with a defined spatial relationship relative to the tip 12.

The survey pole 10 further conprises an inertial nmeasuring
unit 18 placed on the body 13 with a defined spatial

relationship relative to the GNSS receiver 19. The inertial

measuring unit 18 is designed in form of a mcro-electro -
nmechani cal system and conprises | MJ- sensor s i ncl udi ng
accel eroneters and gyroscopes. Evaluation neans 17 are
provided for deriving the position of the measuring point 1
at least based on the determned referenced position and on
the defined spatial relationship of the position giving

nmeans relative to the tip 12.

The data flow is depicted with broken Iined arrows: The
GNSS receiver 19 provides referenced position data and the
inertial neasuring unit 18 provides inertial state data. By
feeding this data into a predefined filter algorithm of the
eval uation nmeans 17, Referenced Attitude Data for the
survey pole 10 is derived. This Referenced Attitude Data
and referenced position data provided by the GN\SS
receiver 19 are wused for deriving the position of the
measuring point 1. Instead of the referenced position data

provided by the GNSS receiver 19, the position of the
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inertial measuring unit 18 calculated by the filter may be
used. The spatial relationship is then between the CoN of
the inertial neasuring wunit 18 and the tip 12, but the

requirement for attitude is unchanged.

The surveying nmethod according to the invention conprises

* repeatedly determining the referenced position of the
position giving means,

* deriving the position of the neasuring point 1 at |east
based on the determined referenced position and on the
defined spatial relationship of the position giving
neans, e.g. the retro reflector 11 or the GN\SS

receiver 19, relative to the tip 12,

* repeatedly determning inertial state data based on
neasurenments taken by the inertial neasuring unit 18 and
feeding a predefined filter algorithm with the repeatedly
det er m ned ref erenced posi tion and the repeat edl y
determned inertial state data and deriving therefrom
referenced attitude data for the survey pole 10, taking
into account the defined spatial relationship of the
inertial measuring unit 18 relative to the position
gi ving neans, and

o further wusing the referenced attitude data for deriving

the position of the nmeasuring point 1.

In Figure 3 a surveying system conprising the first enbodi-
ment of the survey pole 10 (as shown in Figure la) and a

total station 20 is depicted.

The survey pole 10 conprises a rigid, rod-shaped body 13
having a pointer tip 12 for contacting a neasuring point 1
on the ground, the body 13 defining a pole axis 15. Retro-
reflector means 11 are positioned on the body 13 at a known

position relative to the tip 12. A hand-held display and
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controlling device conprising evaluation nmeans 17 is held

by a user operating the pole 10.

The total station 20 conprises a telescope wunit that is
adapted for nmeasuring a distance to the retro-reflector 11

of the tilt pole 10.

The user positions the tip 12 of the survey pole 10 on a
nmeasuring point 1, the position of which is to be deter-
mned. By neans of the total station 20 and the retro-
reflector 11 referenced position data of the survey pole 10
is provided. The inertial measuring unit 18 provides
inertial state data of the survey pole 10. The evaluation
means 17 from this data derive Referenced Attitude Data for
the survey pole 10. The Referenced Attitude Data is then

used to derive a position of the neasuring point 1.

In Figure 4 a surveying system conprising the second
enbodi ment of the survey pole 10 (as shown in Figure Ib) is

depi cted .

The survey pole 10 conprises a rigid, rod-shaped body 13
having a pointer tip 12 for contacting a neasuring point 1
on the ground, the body 13 defining a pole axis 15. A GN\SS
receiver 19 is positioned on the body 13 at a known
position relative to the tip 12. A hand-held display and
controlling device conprising evaluation neans 17 is held

by a user operating the pole 10.

The user positions the tip 12 of the survey pole 10 on a
nmeasuring point 1, the position of which is to be deter-
m ned. By nmeans of satellites 9 and the GNSS receiver 19
referenced position data of the survey pole 10 is provided.

The evaluation neans 17 from this data derive Referenced

Attitude Data for the survey pole 10. The Referenced
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Attitude Data is then used to derive a position of the

measuring point 1.

In Figure 5 an upgrade kit 30 for a surveying system is
depicted. The surveying system conprises a survey pole 10
with a body 13 having a pointer tip 12 for contacting the
measuring point 1 and a GNSS-antenna 19 as position giving
nmeans for meking available the coordinative determni nation
of a referenced position. The GNSS-antenna 19 is positioned
on the body 13 with a defined spatial relationship relative
to the tip 12.

The system also conprises determination neans for repea-
tedly determining the referenced position of the position
giving nmeans and first evaluation means 17 for deriving the
position of the neasuring point 1 at |east based on the
determined referenced position and on the defined spatial
relationship of the position giving neans relative to the
tip 12. The upgrade kit 30 conprises an inertial measuring
unit 38 to be placed on the body 13 of the survey pole 10
with a defined spatial rel ationship relative to the
position giving nmeans, wherein the inertial nmeasuri ng
unit 38 conprises |IMJsensors including acceleroneters and
gyroscopes, |MJ}processing neans for repeatedly determning
inertial state data based on neasurements taken by the

inertial measuring unit, and second evaluation neans 37.

The second evaluation means 37 are configured for receiving
the repeatedly determined referenced ©position and the
repeatedly determ ned inertial state data, feeding a
predefined filter algorithm with the repeatedly determ ned
referenced position and the repeatedly determined inertial

state data and deriving therefrom referenced attitude data
for the survey pole 10. For this purpose a Divided

Difference Filter is wused wthin the predefined filter
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al gorithm and the defined spatial relationship of the
inertial neasuring unit 38 relative to the position giving
means is taken into account. The referenced attitude data

is used for deriving the position of the measuring point 1.

The wupgrade kit 30 conprises attaching mneans 33 for at-
taching the wupgrade kit 30 to the body 13 of the survey
pole 10. Although the wupgrade kit 30 in Figure 5 s
depicted attached to the body 13 in the mddle section of
the pole 10, obviously it is also possible to attach it

next to the position giving nmeans or near the tip 12.

Figure 6 shows a surveying nodule 40 for a surveying
system The surveying system conprises a survey pole 10
with a body 13 having a pointer tip 12 for contacting the
measuring point 1. The surveying nodule 40 conprises a
GNSS-antenna 49 as position giving neans for making
avail able the coordinative determnation of a referenced
position, wherein the OGNSS-antenna 49 is to be placed on
the body 13 of the survey pole 10 with a defined spatial
rel ati onship rel ative to the tip 12. The surveyi ng
nodul e 40 also conprises determ nation nmeans for repeatedly
determining the referenced position of the position giving
means and evaluation neans 37 for deriving the position of
the measuring point 1 at |east based on the determ ned
referenced position and on the defined spatial relationship

of the position giving neans relative to the tip 12.

Moreover, the surveying nodule 40 conprises an inertia
measuring unit 48 that is to be placed on the body 13 of
the survey pole 10 with a defined spatial relationship
relative to the position giving neans, wherein the inertial
nmeasuring unit 48 conprises |MJsensors including accelero-

neters and gyroscopes, and |MJprocessing neans for re-
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peatedly determning inertial state data based on neasure -

ments taken by the inertial measuring unit.

The evaluation neans 47 are configured for receiving the
repeatedly determned referenced position and the repeated-
ly determined inertial state data, feeding a predefined
filter algorithm with the repeatedly determ ned referenced
position and the repeatedly determined inertial state data
and deriving therefrom referenced attitude data for the
survey pole 10. For this purpose a Divided D fference
Filter is used within the predefined filter algorithm and
the defined spatial relationship of the inertial mnmeasuring
unit 48 relative to the position giving nmeans is taken into
account. The referenced attitude data is used for deriving

the position of the nmeasuring point 1.

Al ternatively, the evaluation neans 47 and the inertial

measuring unit 48 of the surveying nodule 40 can be
integrated into the GNSS receiver 49. Alternatively, t he
surveying nodule 40 can be in a two-part form for instance
one part conprising the position-giving neans and the other

one conprising the inertial neasuring unit 48.

The surveying nodule 40 conprises attaching neans 43 for
attaching the surveying nodule 40 to the body 13 of the
survey pole 10. The attaching neans 43 can also be adapted
to screw the surveying nodule 40 onto the top end of the

survey pole 10.

Al though the invention is illustrated above, partly wth
reference to sone preferred enbodinents, it nust be under -
stood that nunmerous  nodifications and conbi nations of
different features of the enbodinents can be made. All of
these nodifications lie within the scope of the appended

clains .
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Pat ent C ai ns

1. Surveying system for neasuring the position of a

nmeasuring point (1 on the ground, the surveying system

conpri sing

a survey pole (100 wth

° a body (13) having a pointer tip (12) for
contacting the nmeasuring point (1 and

° position giving neans for making avail able the
coordi native determ nation of a referenced
position, the position giving neans being placed on
the body (13) with a defined spatial relationship
relative to the tip (12), particularly wherein the
position giving neans conprise a retro
reflector (11) and/or a GNSS-antenna (19),

determ nation nmeans for repeatedly determning the

referenced position of the position giving neans and

eval uation nmeans (17) for deriving the position of

the neasuring point (1 at |east based on the

determ ned referenced position and on the defined

spatial relationship of the position giving neans

relative to the tip (12),

characterized in that

the survey pole (100 further conprises an inertia
measuring unit (18 placed on the body (13) with a
defined spatial relationship relative to the position
giving neans, wherein the inertial nmeasuring unit

(18) conprises |IMJ}sensors including accel eroneters
and gyroscopes,

the surveying system further conprises |MJprocessing

means for repeatedly determining inertial state data
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based on neasurenents taken by the inertial nmeasuring

unit and in that

» the evaluation nmeans (17) are further configured for

° feeding a predefined filter algorithm with the
repeatedly determ ned referenced position and the
repeatedly determned inertial state data and
deriving therefrom referenced attitude data for the
survey pole (10), taking into account the defined
spatial relationship of the inertial measuring
unit (18 relative to the position giving neans,

° using a Divided Difference Filter within the
predefined filter algorithm and

° further using the referenced attitude data for
deriving the position of the neasuring point (1) .

Surveying system according to claim 1,

characterized in that

the inertial neasuring unit (18)

* is designed in form of a mcro-electro-nmechanical
system and conprises |MJsensors including
accel erometers and gyroscopes and/or

e the inertial nmeasuring unit (18 conprises inertial
sensors of tactical grade or |ower accuracy, in

particul ar of industrial grade or |ower accuracy.

Surveying system according to claim 1 or claim 2,

characterized in that

e the inertial nmeasuring unit (18 conprises at |east
three acceleroneters in a mutually orthogonal
configuration and at |east three gyroscopes in a

nmutual |y orthogonal configuration,
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e the | MJprocessing neans are configured for
determning inertial attitude, inertial velocity data
and inertial position data as part of the inertial

state data, and/or

e the evaluation neans (17) are further configured for
deriving a referenced yaw angle as well as a
referenced pitch angle and a referenced roll angle of

the survey pole (1) as the referenced attitude data.

Surveying system according to any one of the preceding
cl ai ns
characterized in that

e the inertial neasuring unit (18) further conprises at
| east one magnetoneter, particularly two or three
magnetoneters in a nmutually orthogonal configuration,

and in that

* the | MJprocessing neans are configured for
determ ning also conpass-attitude data as part of the

inertial state data.

Surveying system according to any one of the preceding
cl ai ns
characterized in that

* the | MJprocessing neans are configured for
repeatedly determning the inertial state data at an
equal or a higher rate than the determ nation neans

the referenced position and

» the evaluation neans (17) are configured for feeding
the predefined filter algorithm wth the repeatedly
determned inertial state data with an equal or a
hi gher rate than with the repeatedly determ ned

ref erenced position.
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Surveying system according to any one of the preceding
clainms, wherein the position giving nmeans conprise a

retro reflector (11),

characterized in that

the determination neans conprise a total station or a
tacheonmeter for measuring the referenced position of

the retro reflector (11)

Surveying system according to any one of the preceding
clainms, wherein the position giving nmeans conprise a
GNSS- ant enna  (19),

characterized in that

the determnati on neans conprise a GNSS-processing unit
for processing output-signals of the GNSS-antenna and
deriving therefrom the referenced position of the GNSS-

ant enna .

Upgrade kit (30) for a surveying system for neasuring
the position of a neasuring point (1 on the ground,
the upgrade kit (30) being adapted for detecting
attitude data, the surveying system conprising

e a survey pole (100 wth

° a body (13) having a pointer tip (12) for
contacting the measuring point (1) and

° position giving means for nmaking available the
coordinative determ nation of a referenced
position, the position giving neans being placed on
the body (13) with a defined spatial relationship
relative to the tip (12), particularly wherein the
position giving means conprise a retro

reflector (11) and/or a GNSS-antenna (19),
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determ nation neans for repeatedly determ ning the
referenced position of the position giving nmeans and
first evaluation neans (17) for deriving the position
of the measuring point (1 at |east based on the
determ ned referenced position and on the defined
spatial relationship of the position giving neans

relative to the tip (12),

characterized in that

the upgrade kit (30) conprises

an inertial nmeasuring unit (38 to be placed on the

body (13) with a defined spatial relationship

relative to the position giving neans, wherein the
inertial neasuring unit (38 conprises |MJsensors

i ncluding accel eroneters and gyroscopes,

| MJ processing neans for repeatedly determ ning

inertial state data based on neasurenents taken by

the inertial neasuring unit, and

second evaluation neans (37) configured for

° receiving the repeatedly determ ned referenced
position and the repeatedly determned inertial
state data,

° feeding a predefined filter algorithm with the
repeatedly determined referenced position and the
repeatedly determined inertial state data and
deriving therefrom referenced attitude data for the
survey pole (10), taking into account the defined
spatial relationship of the inertial neasuring
unit (38) relative to the position giving neans,

° using a Divided Difference Filter within the
predefined filter algorithm and

° using the referenced attitude data for deriving the

position of the neasuring point (1) .
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Upgrade kit (30) according to claim s,
characterized by

« attaching nmeans (33) for attaching the upgrade
kit (30) or parts thereof, particularly the inertial
nmeasuring unit (38), to the survey pole (10), and/or
» neans for detecting and/or defining a spatial
relationship of the inertial measuring unit (38)

relative to the position giving neans.

Surveying nodule (40) for a surveying system for
nmeasuring the position of a measuring point (1 on the
ground, the surveying nodule (40) being adapted for
detecting attitude data, wherein

* the surveying system conprises a survey pole (10)
with a body (13) having a pointer tip (12) for
contacting the nmeasuring point (1), and

e the surveying nodule (40) conprises
° position giving means for nmaking available the

coordinative determ nation of a referenced
position, wherein the position giving nmeans are to
be placed on the body (13) with a defined spati al
relationship relative to the tip (12), particularly
wherein the position giving neans conprise a retro
reflector (41) and/or a GNSS-antenna (49),

° determnation neans for repeatedly determ ning the
referenced position of the position giving neans
and

° evaluation neans (47) for deriving the position of
the neasuring point (1 at |east based on the
determ ned referenced position and on the defined
spatial relationship of the position giving neans

relative to the tip (12),
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characterized in that

the surveying nodule (40) further conprises

e an inertial neasuring unit (48 to be placed on the
body (13) with a defined spatial relationship
relative to the position giving neans, wherein the
inertial neasuring unit (48 conprises |MJsensors
i ncl uding accel eroneters and gyroscopes, and

* | MJprocessing neans for repeatedly determning
inertial state data based on neasurenents taken by
the inertial measuring unit,

wherein the evaluation neans (47) are configured for

* receiving the repeatedly determ ned referenced
position and the repeatedly determned inertial state
dat a,

» feeding a predefined filter algorithm with the
repeatedly determined referenced position and the
repeatedly determined inertial state data and
deriving therefrom referenced attitude data for the
survey pole (10), taking into account the defined
spatial relationship of the inertial neasuring
unit (48) relative to the position giving neans,

e using a Divided Difference Filter within the
predefined filter algorithm and

e using the referenced attitude data for deriving the

position of the neasuring point (1) .

Surveying nmethod for neasuring the position of a
measuring point (1 on the ground, with the help of a
survey pole (10) having

* a body (13) having a pointer tip (12) for contacting

the neasuring point (1 and



10

15

20

25

30

WO 2014/060429 PCT/EP2013/071548

_45_

e position giving neans for naking available the
coordi native determnation of a referenced position,
the position giving nmeans being placed on the body
(13) with a defined spatial relationship relative to
the tip (12), particularly wherein the position
giving nmeans conprise a retro reflector (11) and/or a
GNSS- ant enna (19),

the surveying nethod conprising

* repeatedly determning the referenced position of the
position giving nmeans and

» deriving the position of the measuring point (1 at
| east based on the determned referenced position and
on the defined spatial relationship of the position
giving nmeans relative to the tip (12),

characterized in that

the survey pole (100 further conprises an inertial

measuring unit placed on the body (13) with a defined

spatial relationship relative to the position giving

neans, Wwherein the inertial measuring unit conprises

| M} sensors including accel eronmeters and gyroscopes,

and in that the surveying nethod further conprises

» repeatedly determning inertial state data based on
neasurenents taken by the inertial nmeasuring
unit (18) and
feeding a predefined filter algorithm with the
repeatedly determ ned referenced position and the
repeatedly determned inertial state data and
deriving therefrom referenced attitude data for the
survey pole (10), taking into account the defined
spatial relationship of the inertial measuring unit

relative to the position giving neans, and
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e further using the referenced attitude data for
deriving the position of the neasuring point (1),
wherein a Divided Difference Filter is used within the

predefined filter algorithm

Surveying nethod according to claim 11,

characterized in that

the inertial nmeasuring unit (18)

* is designed in form of a mcro-electro-nmechani cal
system and/ or

« conprises inertial sensors of tactical grade or |ower
accuracy, in particular of industrial grade or |ower

accuracy .

Surveying nethod according to claim 11 or claim 12,
characterized in that

the referenced attitude data is represented by a
referenced yaw angle, a referenced pitch angle and a

referenced roll angle of the survey pole (1) .

Surveying nethod according to any one of clainms 11

to 13,

characterized in that

inertial position data and inertial attitude data are
determned as part of the inertial state data,
particularly also inertial velocity data and | MJsensor
error paranmeters, especially wherein the |MJ sensor
error paranmeters are determ ned based on an error nodel

for the I MJsensors including at |east one of
e sensor-bi as,
* sensitivity errors,

* msalignnment and
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non-linearity errors,

as well as - as regards the gyroscopes - acceleration

sensitivity .

15. Conputer programe product,

conprising programme code which is stored on a

machi ne-readabl e nedium or being enbodied by an

el ectromagneti c wave conprising a programre code

segnent,

conprising a predefined filter algorithm with a

Divided Difference Filter and

havi ng conputer-executable instructions for

performng, in particular when run on evaluation

means of a survey system according to one of the

claims 1 to 7, of an upgrade kit according to one of
the clains 8 or 9 or of a survey nodule according to
claim 10, the following steps of the surveying nethod

according to one of the clains 11 to 14:

° receiving a repeatedly determ ned referenced
position and repeatedly determned inertial state
dat a,

° deriving therefrom referenced attitude data for the
survey pole (10), and

° using the referenced attitude data for deriving the

position of the neasuring point (1) .
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