
US 20040111212A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2004/0111212 A1 

Broeck (43) Pub. Date: Jun. 10, 2004 

(54) 

(76) 

(21) 

(22) 

(60) 

(51) 
(52) 

METHOD FOR DETERMINING A TRACK OF 
A GEOGRAPHICAL TRAJECTORY 

Inventor: Wim Van Den Broeck, Kortenberg 
(BE) 

Correspondence Address: 
Supervisor, Patent Prosecution Services 
PIPER RUDNICK LLP 
1200 Nineteenth Street, NW. 
Washington, DC 20036-2412 (US) 

Appl. No.: 10/330,447 

Filed: Dec. 30, 2002 

Related US. Application Data 

Provisional application No. 60/428,258, ?led on Nov. 
22, 2002. 

Publication Classi?cation 

Int. Cl.7 ................................................... .. G01C 21/26 

US. Cl. ................... .. 701/201; 701/214; 340/995.23 

duct 

Ensure stationary end 
posltion 

Measure XYZ‘ heading and pitch of 
end position 

Remove device from 
end location 

Slop data collecting 
device 

Start data collecting 
device 

Place device on star‘t 
location 

Ensure stationary start 
position 

Measure XYZ, heading and pitch of 
starting position 

Move device through 

(57) ABSTRACT 

A method for determining a track of a geographical trajec 
tory Which has a predetermined start location and a prede 
termined end location, said method comprising the steps of: 
moving a data collecting device from the start location to the 
end location, the device comprising a set of sensors provid 
ing for sample Wise collection physical measurement data 
during the movement of the device and enabling the deter 
mination of a heading pro?le, a pitch pro?le, a distance 
pro?le and a roll pro?le from said measurement data; 
determining said heading pro?le, said pitch pro?le, said 
distance pro?le and said roll pro?le based on the collected 
measurement data; and determining said track based on said 
heading pro?le, said pitch pro?le, said distance pro?le and 
said roll pro?le. All said physical measurement data are 
stored during the movement of the device from the start 
location to the end location. After retrieval of the stored 
measurement data and before determining said pro?les, the 
method further comprises the steps of: determining at least 
?rst, respectively second trajectory parameters based on 
measurement data of a ?rst, respectively second sensor of 
said set and mapping said ?rst trajectory parameters on said 
second trajectory parameters; determining an error compen 
sation for said measurement data of said ?rst and said second 
sensors based on said mapping; and correcting said mea 
surement data of said ?rst and second sensors by means of 
said error compensation. 
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METHOD FOR DETERMINING A TRACK OF A 
GEOGRAPHICAL TRAJECTORY 

[0001] The present invention relates to a method for 
determining a track of a geographical trajectory. 

[0002] The track Which is obtainable by the method of the 
invention can for example be used for including the location 
or path of a Whole trajectory in a global coordinate system, 
for determining the length of a trajectory, for obtaining 
information about speci?ed sections of a trajectory, for 
determining the geographical location of a speci?ed event or 
other purposes. 

[0003] A method for determining a track is for eXample 
knoWn from FR-A-2610100, Which relates to a method and 
device for determining deformations and the path of a pipe. 
The method knoWn from FR-A-2610100 comprises the 
steps of moving a data collecting vehicle, Which comprises 
sensors such as accelerometers and gyroscopes, through the 
pipe, collecting and storing samples during the movement 
and afterWards transferring the collected samples to a com 
puter for determining the length and horiZontal projection 
pro?le of the pipe. A knoWn problem of sensors such as 
accelerometers and gyroscopes is that for measurements 
over a long period of time, the measurements become 
inaccurate due to a drift of the sensors, i.e. a build-up of 
errors. There is no teaching in FR-A-2610100 of hoW such 
drifts may be compensated or, in other Words, hoW the 
accuracy of the collected data can be improved. 

[0004] EP-A-534338 and US. Pat. No. 2002/0005297 
relate to methods and devices for steering or navigating a 
boring machine. In these methods, a sensing device com 
prising sensors such as accelerometers and gyroscopes is 
attached to the head of the boring machine, Which commu 
nicates in real time With a steering unit. The steering unit 
sends steering signals to the head in response of signals from 
the sensing device. Due to the drifts of the sensors, it is 
necessary to reset the sensing device at given time intervals 
to reestablish a proper heading or orientation of the head. In 
US. Pat. No. 2002/0005297, this resetting is performed by 
detecting the location of the sensing device by means of a 
tracker unit. In ERA-534338, the resetting is performed by 
detaching the sensing device from the head and moving it to 
a reference location With knoWn coordinates. There is no 
teaching in EP-A-534338 nor US-A-2002/0005297 of hoW 
accuracy of the sensor signals can be improved Without 
having to reset the sensing device. 

[0005] A method for determining geographical data of a 
trajectory is further knoWn from NL-C-1017128, Which 
describes a method for measuring a borehole. The borehole 
eXtends betWeen a ?rst and a second location, from Which 
DGPS (Differential Global Positioning System) coordinates 
are measured. A sensing unit comprising an optical gyro 
scope is moved from the ?rst to the second location for 
measuring the borehole. The optical gyroscope performs 
measurements on the ?rst location, a plurality of interme 
diate locations and at the second location. A drift Which 
occurs in the calculated track is compensated by determining 
the difference betWeen the measured DGPS coordinates of 
the second location and gyroscope measurement of the 
second location and proportionally correcting each of the 
measurements on the intermediate locations. Such a propor 
tional correction of measurements is hoWever only possible 
Without adversely affecting the accuracy of the data if the 
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trajectory or borehole is substantially straight or has a 
substantially continuous bend. In case of an arbitrary tra 
jectory, such proportional correction is insuf?cient for 
obtaining data of sufficient accuracy. 

[0006] There is thus a need for a method for determining 
geographical data of a trajectory, by means of Which the 
accuracy of the measurement data can be improved irre 
spective of the shape of the trajectory. 

[0007] It is therefore an aim of the present invention to 
provide a method for determining geographical data of a 
trajectory by means of Which the accuracy of data obtained 
from a data collecting device Which is moved along the 
trajectory can be improved. 

[0008] This aim is achieved according to the invention in 
that the method comprises the steps of the characterising 
part of claim 1. 

[0009] In the folloWing, the term “trajectory” is used to 
refer to the physical path Which is travelled by the data 
collecting device during its measurement and the term 
“track” is used to refer to the calculated path Which is 
obtained from the measurements of the data collecting 
device. 

[0010] According to the invention, the data collecting 
device Which is used for measuring data relating to the 
trajectory is provided With a set of sensors, enabling the 
sample Wise collection of physical measurement data during 
the movement of the device and enabling the determination 
of a heading pro?le, a pitch pro?le, a distance pro?le and a 
roll pro?le from the collected measurement data. During the 
movement of the device from the start location to the end 
location of the trajectory, the measurement data are stored, 
preferably in a memory of the device, for evaluation later on. 
Before the evaluation of the collected measurement data for 
determining the pro?les and the track from the pro?les, an 
error compensation is applied to measurement data of at 
least a ?rst and a second sensor of the device. In other Words, 
in the method of the invention an error compensation is 
already applied on the level of sensor data, before any of this 
data is used for calculating pro?les for roll, pitch, distance 
or heading. As a result, the accuracy of the track Which is 
?nally obtained from the compensated measurement data 
can be improved. 

[0011] The error compensation Which is applied on the 
level of the measurement data according to the invention is 
determined by correlating the measurement data of at least 
the ?rst and second sensors With each other. This is per 
formed by determining trajectory parameters by using each 
time the data of each sensor and mapping the trajectory 
parameters obtained from the data of the ?rst sensor on the 
trajectory parameters obtained from the data of the second 
sensor. This means that measurement data of the ?rst and 
second sensors are converted to trajectory parameters for 
enabling a comparison betWeen the tWo, so that deviations 
in the measurement data of the ?rst sensor can be evaluated 
by means of the trajectory parameters of the second sensor 
and vice versa. 

[0012] For determining the trajectory parameters of the 
sensors, measurement data of previous measurements can be 
taken into account. These previous measurements may for 
eXample comprise previous runs of the device on the same 
trajectory, previous runs on a different trajectory or runs of 
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the device on a predetermined trajectory of Which the path 
is known. In case of ?rst use of the data collecting device or 
in case no traj ectory parameters are available yet, a raW track 
is calculated from the uncompensated measurement data and 
trajectory parameters are obtained by correlating the mea 
surement data of the sensors With each other and the raW 
track. These trajectory parameters can then be ?ne-tuned by 
means of measurement data from subsequent runs, so that a 
self-learning or self-improving system can be obtained. 

[0013] An eXample of measurement data level error com 
pensation Which can be used in the method of the invention 
is correlating the measurement data of a ?rst sensor for 
measuring the gravitational force in a vertical plane of the 
device and a second sensor for measuring the angle variation 
around the longitudinal direction of the device. In this case, 
a roll position of the data collecting device is obtainable 
from both the ?rst and the second sensor, more particularly 
by integration over the measurement data of the second 
sensor and directly from the measurement data of the ?rst 
sensor. The integrated measurement data of the ?rst sensor 
constitute ?rst trajectory parameters for the roll position and 
the measurement data of the second sensor constitute second 
trajectory parameters for the roll position. In previous mea 
surements, it has been determined hoW the ?rst and second 
trajectory parameters are to be interpreted in relation to each 
other for detecting deviations for both sensors. These devia 
tions in the trajectory parameters are then converted back to 
data deviations, Which form the error compensation to be 
applied on the measurement data of each sensor. This error 
compensation is then applied to the measurement data of 
both sensors, before the roll pro?le of the data collecting 
device is determined on the basis of the corrected measure 
ment data of both sensors. 

[0014] Due to the error compensation on the level of 
measurement data, the accuracy of the pitch, heading, roll 
and distance pro?les Which are determined on the basis of 
the corrected measurement data can be enhanced. Conse 
quently, by using the method of the invention for evaluating 
the measurement data, the data collecting device can be 
alloWed to move independently along the trajectory, Without 
needing additional tracking devices for pinpointing the 
position of the data collecting device at intermediate loca 
tions of the trajectory. Furthermore, the need for resetting the 
sensors at a given time during the movement of the device 
along the trajectory can be obviated by the method of the 
invention, so that control electronics for resetting sensors 
can be omitted in the data collecting device. Due to the 
possibility of moving the data collecting device indepen 
dently along the trajectory, the method of the invention can 
be applied for obtaining geographical data of a variety of 
trajectories, such as for eXample utility ducts, onshore and 
offshore pipelines or the like, a track for car racing or the 
like, vertical or horiZontal boreholes or other trajectories. 

[0015] The method of the invention preferably comprises 
the initial step of pre-calibrating the data collecting device. 
This pre-calibration comprises the steps of moving the data 
collecting device along a predetermined trajectory in a 
controlled environment and mapping the measurement data 
collected during the movement along the predetermined 
trajectory on predetermined measurement data for this tra 
jectory. From the predetermined trajectory, the track and as 
a result the data Which should be measured by the data 
collecting device is knoWn, so that by mapping the measured 
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data and the predetermined data, an initial error compensa 
tion can be determined. This initial error compensation can 
comprise the above mentioned error compensation on the 
basis of the trajectory parameters or can form an addition to 
this error compensation. 

[0016] Preferably, in the method of the invention at least 
one of the heading, pitch, roll and distance pro?les is 
determined by fusing the measurement data of a group of 
sensors. This group is chosen in such a Way among the set 
of sensors of the device that a ?rst portion of the measure 
ment data of said group is complementary to a second 
portion of the measurement data of said group. For eXample, 
a sensor group for determining the roll pro?le may comprise 
the above mentioned ?rst sensor for measuring the gravita 
tional force in a vertical plane of the device and a second 
sensor for measuring the angle variation around the longi 
tudinal direction of the device. The measurement data of the 
?rst sensor is complementary to those of the second sensor 
in that the roll position is obtainable by integration over the 
second sensor and directly from the ?rst sensor. This shoWs 
that, according to the invention, the measurement data of 
tWo sensors may be ?rst correlated for error compensation 
and later fused for determining one of the pro?les. HoWever, 
the sensor groups may also comprise other sensors than 
those used for determining the error compensation on the 
level of measurement data. 

[0017] The step of fusing the measurement data of the 
sensor group for determining one of the pro?les can be 
performed by selecting betWeen the complementary portions 
of the measurement data, for eXample on the basis of 
performance characteristics of the corresponding sensors, or 
by combining the complementary portions, for eXample by 
Weighed average. The manner in Which the measurement 
data is to be fused can be determined on the basis of previous 
measurement results, for eXample from the pre-calibration 
of the device on the predetermined trajectory. Due to the 
complementary portions, the pro?le Which is obtained from 
the fused measurement data of the sensor group can be more 
accurate than a pro?le Which Would be obtained from the 
measurement data of a single sensor. As a result, the accu 
racy of the pitch, heading, roll and distance pro?les may be 
enhanced, Which may in turn lead to a higher overall 
accuracy of the track Which is determined from these pro 
?les. 

[0018] The method of the invention preferably further 
comprises the step of resting the data collecting device on 
the start location, the end location and/or an intermediate 
location of the trajectory for a predetermined amount of 
time. This means that for eXample a Warm-up period is 
applied before moving the device along the trajectory, so 
that the sensors are alloWed to stabilise before the measure 
ment is conducted. This may further enhance the accuracy of 
the measurement data and the track obtained With the 
method of the invention. 

[0019] The method of the invention preferably further 
comprises the step of compensating measurement data of at 
least one sensor for systematic error build-up. This system 
atic error build-up is derived from a difference betWeen the 
data measured during the resting period at the start and end 
locations. As the data collecting device lies still during the 
resting periods, the data remains substantially constant dur 
ing these periods, so that a systematic error can be deter 
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mined for the sensor. When this systematic error at the end 
location differs from that at the start location, this difference 
is taken into account by compensating the collected data of 
the sensor proportionally from start to end. 

[0020] The method of the invention preferably further 
comprises the step of compensating the data collected by 
means of at least one sensor for temperature variations, 
Which are measured during the movement by means of a 
temperature sensor Within the data collecting device. This 
enables removing temperature dependent measurement 
errors, Which may further enhance the accuracy of the 
measurement data and the track obtained With the method of 
the invention. The temperature dependency of sensors can 
be determined by the pre-calibration. 

[0021] The method of the invention preferably further 
comprises the steps of determining coordinates, such as for 
eXample GPS coordinates, for at least one location of the 
trajectory, such as for eXample the start, end and/or an 
intermediate location, and compensating the heading, pitch 
and/or roll pro?les for these coordinates. This may further 
enhance the accuracy of the pro?les and the track obtained 
With the method of the invention. 

[0022] The method of the invention preferably further 
comprises the steps of measuring heading, pitch and/or roll 
of the data collecting device at the start and end locations 
and compensating the calculated heading and pitch pro?les 
for deviations from the measured heading and pitch at start 
and end. This may further enhance the accuracy of the 
pro?les and the track obtained With the method of the 
invention. 

[0023] The accuracy of the obtained data may be further 
enhanced according to the invention by including the steps 
of compensating the calculated track for trajectory con 
straints and/or by calculating the track tWice per movement 
of the measurement device along the trajectory, namely 
forWards from start to end and backWards from end to start 
and then combining the tWo tracks into an average track. 

[0024] In the folloWing, the invention Will be further 
elucidated by means of the folloWing description and the 
appended ?gures. 

[0025] FIG. 1 shoWs a schematic representation of the 
method for obtaining geographical data of a trajectory 
according the invention. 

[0026] FIGS. 2a and 2b shoW a How chart of a preferred 
method for measuring a trajectory by means of a data 
collecting device FIGS. 3a and 3b shoW a How chart of a 
preferred algorithm for evaluating the data obtained With the 
method of FIGS. 2a and 2b and building a track from these 
data. 

[0027] FIG. 4 shoWs a How chart of a sub-algorithm of the 
algorithm of FIGS. 3a and 3b for compensating systematic 
build-up. 

[0028] FIG. 5 shoWs a How chart of a sub-algorithm of the 
algorithm of FIGS. 3a and 3b for compensating sensor data 
for temperature variations. 

[0029] FIG. 6 shoWs a How chart of a sub-algorithm of the 
algorithm of FIGS. 3a and 3b for compensating sensor data 
based on cross dependencies. 
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[0030] FIG. 7 shoWs a How chart of a sub-algorithm of the 
algorithm of FIGS. 3a and 3b for calculating an initial roll 
pro?le. 
[0031] FIG. 8 shoWs a How chart of a sub-algorithm of the 
algorithm of FIGS. 3a and 3b for compensating the roll 
pro?le for start and end boundary conditions. 

[0032] FIG. 9 shoWs a How chart of a sub-algorithm of the 
algorithm of FIGS. 3a and 3b for compensating an initial 
distance pro?le for Waypoint boundary conditions. 

[0033] FIG. 10 shoWs a How chart of a sub-algorithm of 
the algorithm of FIGS. 3a and 3b for calculating initial 
heading and pitch pro?les. 

[0034] FIG. 11 shoWs a How chart of a sub-algorithm of 
the algorithm of FIGS. 3a and 3b for implementing trajec 
tory constraints. 

[0035] In the scheme shoWn in FIG. 1, it is shoWn hoW the 
measurement data, i.e. the actual samples of the sensors 
included in the data collecting device, are evaluated for 
obtaining the ?nal track With the method of the invention. 
More particularly, the scheme shoWn in FIG. 1 shoWs that 
the method of the invention involves compensation on three 
levels, namely on the level of measurement data, on the level 
of pro?les determined from the measurement data and on the 
level of the track determined from the pro?les. Due to this 
compensation on three different levels, an accuracy of for 
eXample 0.05% of distance can be obtained. 

[0036] The compensation on the level of measurement 
data comprises error compensation Which is determined 
from a systematic error analysis. More particularly, this error 
compensation comprises a correction on the basis of map 
ping trajectory parameters, a correction for systematic error 
build-up and a correction for temperature variations. 

[0037] The compensation on the level of pitch, heading, 
roll and distance pro?les comprises the fusing of measure 
ment data of selected sensor groups A, B, C, . . . n and a 

compensation for boundary conditions associated With each 
of the groups. For eXample, one sensor group may comprise 
a differentation-based sensor and an integration-based sen 

sor or, in other Words one sensor Which delivers more 

reliable samples in a stable portion of the trajectory (eg a 
long straight) and another sensor Which delivers more reli 
able samples in an unstable portion (e. g. a bend). As a result, 
more data is obtained than strictly needed or, in other Words, 
the measurement data of each group comprises complemen 
tary portions. This complementary data is then processed 
intelligently With mathematics and/or algorithms for obtain 
ing a pro?le of higher accuracy. 

[0038] The compensation on track level comprises a cor 
rection for determined coordinates of speci?ed locations of 
the trajectory and possibly also a correction for trajectory 
constraints. 

[0039] The data collecting device Which is used for mea 
suring the trajectory comprises a number of sensors for 
sample Wise collecting different physical measurement val 
ues during the movement, such as for eXample heading, roll, 
acceleration, speed, temperature, gravity or other, so that 
data on the trajectory as Well as data on the measurement 
conditions is obtained. Examples of sensors Which are 
incorporated in the data collecting device are gyroscopes, 
accelerometers, magnetometers and a thermometer. During 
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the movement of the device through the duct, the samples of 
the various sensors are accumulated in a memory of the data 
collecting device for evaluation later on. Alternatively, the 
device may also be equipped With Wired or Wireless means 
for communicating the samples to an external storage 
device. 

[0040] In the data collecting device, the sensors are pref 
erably associated With electronics for reducing offset errors 
and increasing repeatability characteristics. The latter means 
that it is desirable that, if a sensor shoWs a given offset in its 
samples, this offset should remain betWeen narroW bound 
aries for a high number of samples. 

[0041] A preferred embodiment of the data collecting 
device, Which is extremely suitable for measuring a duct, 
comprises the folloWing sensors and parts: 

[0042] a 2-axis mechanical rotating gyro for the 
measurement of the heading and pitch angles (Wy, 
WZ), With built-in-thermometer 

[0043] a vibrating structure gyro for the dynamic 
measurement of the roll angle (Wx), 

[0044] at least four accelerometers for the measure 

ment of xyZ-displacements of the device, one directed along the longitudinal or x-axis of the 

device and the three others (AyZOOO, AyZ120 and 
AyZ240) mounted in star con?guration in the yZ 
plane, substantially perpendicular to the x-axis, 

[0045] a sensor for the measurement of high fre 
quency beacons (high frequency coils), for example 
placed at the entry, exit and optionally at intermedi 
ate locations of the duct, 

[0046] magnetometers for measuring the earth mag 
netism along the axes of the device (Mx, My and 
M2), 

[0047] tWo thermometers for temperature measure 
ment (T), one (T1) attached to the mechanical rotat 
ing gyro and one (T2) attached to the displacement 
accelerometers, 

[0048] an odometer or other device for measuring the 
distance travelled With respect to the starting point, 

[0049] a memory for storing the measured samples, 

[0050] a rechargeable battery for poWering the 
device, 

[0051] the device is preferably able to operate inde 
pendently in ducts of DN40 (32,6 mm internal), or 
narroWer or Wider, 

[0052] The preferred embodiment of the method of the 
invention described here, of Which the trajectory measure 
ment steps are shoWn in FIGS. 2a and 2b and the data 
evaluation steps are shoWn in FIGS. 3a and 3b, further 
comprises the initial step of pre-calibrating the data collect 
ing device for obtaining information on hoW the sensors of 
the device react to different circumstances and different 
movements. This pre-calibration may for example comprise 
a series of laboratory tests such as for example moving the 
device along a knoWn trajectory, subjecting the device to 
given accelerations, testing reactions of the device to tem 
perature or changes in temperature, or other tests. From the 
pre-calibration results, it can be determined hoW the depen 
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dency of sensor data of a given sensor on different circum 
stances/movements shoWs up in the sensor data of another 
sensor. An overvieW of dependencies of sensor data on 
various circumstances/movements and the activators of the 
circumstances/movements are given in table 1. From this 
pre-calibration, an error compensation can be determined for 
at least some of the sensors. This error compensation com 
prises a correction for a cross dependency betWeen sensors 
and a correction for temperature variations and possibly 
other corrections. The information Which is obtained from 
the pre-calibration, i.e. the performance characteristics of 
sensors under different circumstances and in relation to the 
movements of the data collecting device during the mea 
surement of a trajectory, is used for implementing compen 
sation algorithms in the evaluation method of FIGS. 3a and 
3b. 

[0053] The cross dependency of tWo sensors is determined 
by converting the measurement data of the one and the other 
sensor, collected during the pre-calibration tests, into a 
comparable format, Which is herein referred to as trajectory 
parameters. The error compensation for cross dependency of 
the sensors is determined by mapping the trajectory param 
eters of the sensors on each other, so that deviations in the 
measurement data of the one sensor can be shoWn by means 
of the other sensor and vice versa. From this mapping, an 
error compensation is determined for both sensors, Which is 
later on applied in the evaluation of measurement data for 
building the track of an unknoWn trajectory (see FIG. 6). 

[0054] In the folloWing, the different steps of the preferred 
method of FIGS. 2a and 2b for measuring a trajectory by 
means of the data collecting device are described in detail. 

[0055] First, the data collecting device is sWitched on and 
placed on the start location of the trajectory to be measured. 
The device is alloWed to rest for a Warming up period of for 
example 30 seconds at the starting point, so that the sensors 
of the device are alloWed to stabilise before measurement of 
the trajectory is started With. The samples measured during 
this Warming up period are used for systematic error build 
up compensation (see FIG. 4). 

[0056] Next, the coordinates, heading and pitch of the start 
location of the trajectory are measured. This can either be 
performed by means of the data collecting device, if the 
appropriate sensors are provided in the device, or by means 
of external measurement devices. The accuracy of these 
measurements Will correspondingly impact the accuracy of 
the calculated track. 

[0057] The data collecting device is then moved along the 
trajectory, i.e. through the duct to be measured in this 
example. The data collecting device is preferably moved 
through the duct by air propulsion, driven by a compressor, 
at a speed Which is held as stable as possible. The movement 
of the device can be achieved by means Which are part of the 
device, such as for example a battery operated electric motor 
or other. The movement can also be achieved by external 
means, such as for example gas propulsion, liquid ?oating, 
cable pulling or other. The external moving means are 
preferred for mapping longer ducts. 

[0058] At the end location of the trajectory, the data 
collecting device is again alloWed to rest for a period of for 
example 30 seconds, so that further samples are obtained by 
means of Which compensation for systematic error build-up 
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can be performed (see FIG. 4). The coordinates, heading 
and pitch of the end location are measured as Well. Then, 
measurement of the data collecting device is stopped. 

[0059] If applicable, coordinates may also be measured at 
Waypoints or intermediate locations of the trajectory. At 
these Waypoints, high frequency coils or other position 
markers may be placed so that passage of the device can be 
detected by means of a sensor. 

[0060] Next, the accumulated samples are doWnloaded 
from the memory of the device to an on-site evaluation 
system, Which may for example be formed by a computer 
With appropriate softWare. The sensor data, ie the accumu 
lated samples, is validated for consistency, temperature 
range, measurement range and saturation, and it is estab 
lished Whether an additional run of the data collecting device 
along the trajectory is needed for enhancing the accuracy. 
Finally, the data ?le comprising the sensor data and the data 
from heading, pitch and coordinate measurements at start, 
end and intermediate points is transmitted to a central 
processing unit. 

[0061] For improving the accuracy of the measurement by 
means of the method shoWn in FIGS. 2a and 2b, it is 
preferred that the folloWing measures are taken: 

[0062] the data collecting device is alloWed to stabi 
lise its temperature, Which is veri?ed by means of 
uploading 5 minutes of data; 

[0063] some daily calibration tests are performed at 
the starting location. 

[0064] In the folloWing, the different steps of the preferred 
method of FIGS. 3a and 3b for evaluating the data ?le in the 
central processing unit are described in detail. 

[0065] First the data ?le, Which comprises the sensor data 
or samples and the data from heading, pitch and coordinate 
measurements, is imported and checked a second time for 
validity. Before any of the sensor data is combined or fused 
for obtaining a pro?le for heading, pitch, roll and/or dis 
tance, a number of compensation steps are applied to the 
sensor data. More particularly, the sensor data is compen 
sated for systematic error build-up (as shoWn in FIG. 4), for 
temperature variations (as shoWn in FIG. 5) and for cross 
dependencies (as shoWn in FIG. 6). 

[0066] The compensation on the level of sensor data for 
systematic error build-up is shoWn in the sub-algorithm of 
FIG. 4. This compensation is based on a difference betWeen 
the value of the sensor in consideration during the stable 
period at the start location With respect to its value at the end 
location. This difference or built-up systematic error is 
compensated by spreading it out proportionally over the 
entire sensor data during the run along the trajectory. 

[0067] The compensation on the level of sensor data for 
temperature variations is shoWn in the sub-algorithm of 
FIG. 5. The samples of the sensor in consideration are 
compensated by correlating them With the data of the 
corresponding temperature sensor and With the pre-calibra 
tion results. 

[0068] The compensation on the level of sensor data for 
cross dependencies is shoWn in the sub-algorithm of FIG. 6. 
The samples of the sensor in consideration are compensated 
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by correlating them With the samples of sensors Which are 
cross dependent With this sensor and With the pre-calibration 
results. 

[0069] Next, an initial roll pro?le is calculated by fusing 
the sensor data of a ?rst sensor group in the sub-algorithm 
of FIG. 7. The ?rst sensor group comprises the Wx and AyZ 
sensors as basis for calculating the roll pro?le and the Wy, 
WZ, Ax and distance sensors for making a selection betWeen 
the Wx and AyZ sensors. The AyZ sensor data is ?rst 
corrected on the basis of its triangular con?guration, Which 
implies that the sum of the three accelerometers is neces 
sarily 0. The decision of Whether to use the Wx or the AyZ 
sensor for the respective location of the trajectory is made 
using the equation: 

VxSqrt(Wj12>< W22) <trigger value 

[0070] Wherein Vx (speed) is obtained from the odometer 
or other speed measuring device. The trigger value is 
obtained from pre-calibration results. 

[0071] Next, the sensor data of the ?rst sensor group is 
compensated by comparing the initial roll pro?le With start 
and end boundary conditions for the roll pro?le, by means 
of the sub-algorithm of FIG. 8. The start and end roll 
positions are calculated With the AyZ triangle sensor data. A 
?rst correction is applied forWards over the entire roll 
pro?le, ie from start to end, in such a Way that a ?rst roll 
pro?le is obtained Which meets the end roll position of the 
AyZ sensor. A second correction is applied backWards over 
the entire roll pro?le, ie from start to end, in such a Way that 
a second roll pro?le is obtained Which meets the start roll 
position of the AyZ sensor. For both corrections, more Weight 
is given to corrections on measurements in the curves of the 
trajectory, since the roll position accuracy is more affected in 
curves than in straights. Preferably, the correction factor 
curves/straights equals 6/1. Finally, the ?rst and second roll 
pro?les are combined by means of Weighed average. 

[0072] Next, an initial distance pro?le is calculated by 
fusing the sensor data of a second sensor group, Which is 
formed by the Ax sensor and the distance sensor. The initial 
distance pro?le is preferably calculated by double integra 
tion of the Ax samples and subsequently combining the 
tWice integrated Ax With the distance samples by means of 
Weighed average. 

[0073] The sensor data of the second sensor group is then 
compensated by comparing the initial distance pro?le With 
start, end and Waypoint boundary conditions for the distance 
pro?le, by means of the sub-algorithm of FIG. 9. This 
compensation is performed by calculating the distance 
betWeen the start, Waypoints and end and correcting the 
sensor data in such a Way that the distance pro?le meets the 
Waypoints. 

[0074] Next, initial pitch and heading pro?les are calcu 
lated by fusing the sensor data of a third sensor group in the 
sub-algorithm of FIG. 10. The third sensor group comprises 
the Wy and W2 sensor (2-axis mechanical rotating gyro) and 
the My and M2 sensors (magnetometers) as basis for cal 
culating the pitch and heading pro?les and the AyZ (triangle 
accelerometer), Ax (x-axis accelerometer) and distance sen 
sors for making a selection betWeen the WyWZ and MyMZ 
sensor data for calculating the pitch and heading pro?les. 
The AyZ samples are ?rst corrected through triangular con 
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?guration, as mentioned above With respect to the sub 
algorithm of FIG. 7. The selection is based on the equation: 

Ayz variations<trigger value, 

[0075] With the trigger value being derived from pre 
calibration results. 

[0076] Next, the sensor data of the third sensor group is 
compensated by comparing the initial pitch and heading 
pro?les With start and end boundary conditions, namely the 
measured pitch and heading at the start and end locations of 
the trajectory. 

[0077] After these steps of calculating initial pro?les and 
compensating sensor data by comparison of the initial 
pro?les With boundary conditions, the roll, distance, pitch 
and heading pro?les are recalculated With the compensated 
sensor data. These neW pro?les are then used for calculating 
a ?rst track. This ?rst track is then tested for compliance 
With the desired accuracy by comparing the calculated 
coordinates of the end of the calculated track With the 
measured coordinates of the end location of the trajectory, 
Which can be summarised in the condition: 

Calculated XYZ-Measured XYZ<limit 

[0078] A suitable limit is for eXample 10 cm on all aXes, 
but this limit may also be chosen Wider or narroWer. 

[0079] If the ?rst track is Within the limit, the track is 
recalculated by fusing the ?nal roll, distance, pitch and 
heading pro?les from start to end into a forWards track, 
fusing the ?nal pro?les from end to start into a backWards 
track and combining the forwards and backwards tracks into 
by Weighed average into a ?nal track. The backWards 
calculated track may lead to a different result since the 
measurements of the sensors have a tWo-Way in?uence on 
each other. This forWards and backWards recalculation leads 
to a further improvement in the accuracy of the resulting 
?nal track, so that the ?nal track is Well Within the desired 
accuracy limits. 

[0080] On the other hand, if the ?rst track is outside the 
limit, some further compensation algorithms are applied for 
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compensating the roll, distance, pitch and heading pro?les 
for trajectory constraints and/or geographical information. 
These further compensation algorithms may comprise one or 
more of the folloWing: 

[0081] an algorithm for correcting the track for devia 
tions of the calculated start, end and/or Waypoint 
coordinates to the measured coordinates of the start 
location, the end location and/or intermediate loca 
tions of the trajectory and applying a proportional 
correction to track points in betWeen the measured 
coordinates; 

[0082] an algorithm for correcting the track to align 
With measured coordinates of objects outside the 
trajectory, such as for eXample a river or other 
objects; 

[0083] one or more algorithms for correcting the 
track to physical constraints of the trajectory, such as 
for eXample a maXimum or standard curvature (e.g. 
30°, 45°, . . . ) of bent portions of the trajectory, a 
minimum length of straight portions of the trajectory, 
or in the case of a drilling pipe, the distance betWeen 
Welds of pipe portions having a standard length, or 
other physical constraints. 

[0084] An eXample of an algorithm for correcting the track 
to the physical constraint of a maXimum curvature of a bent 
portion of the trajectory is shoWn in FIG. 11. After recal 
culation of the pitch, heading and roll pro?les, bends in the 
track are detected by Zooming in on angle variations of for 
eXample 10° in a time period of 5 seconds. For the bends, the 
condition is applied Whether the bending radius is beloW or 
above the maXimum bending radius of the physical trajec 
tory of for eXample 0.8 m. If this condition is ful?lled, the 
bend is skipped and the neXt bend is considered. If this 
condition is not ful?lled, the bend of the track is corrected 
by either adjusting the roll pro?le over the bend or by 
limiting the bending radius of the bend until the physical 
requirement is ful?lled. 

TABLE 1 

sensor dependencies 

SENSOR DEPENDENCY ACTIVATOR 

WX Temperature Temperature. 
Earth rotation Earth rotation as a function of heading 

and pitch. 
Direct acceleration From acceleration of data collecting 

device in the x—axis and centrifugal 
force from Wy and W2. 

Cross acceleration in all yZ directions From centrifugal force on data collecting 
device in heading and pitch 
directions, and from acceleration of the 
Wy and W2 rate. 

Misalignment With the X- Misalignment. 
axis of the data collecting 
device 

Wy Temperature Temperature. 
Roll From gravitation ?eld. 
Pitch From gravitation ?eld. 
Earth rotation Earth rotation as a function of heading 

an pitch. 
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TABLE l-continued 

SENSOR 

sensor dependencies 

DEP ENDENCY ACTIVATOR 

AyZOOO 
AyzlZO 
Ayz240 

Direct acceleration in the 
y aXis 

Cross acceleration in all 
ZX directions 

Misalignment With the 
AyZOOO direction 
Non-orthogonality With the 
x—axis 
Temperature 
Roll 
Pitch 
Earth rotation 

Direct acceleration in the 
Z aXis 

Cross acceleration in all 
yX directions 

Non-orthogonality With the 
y-axis 
Non-orthogonality With the 
x—axis 
Temperature 
Roll 
Pitch 
Direct acceleration in the 
x—axis 
Cross acceleration in all 
yZ directions 

Misalignment With With the 
x—axis 
Temperature 
Direct acceleration in the 
000, 120 or 240 aXis 
Cross acceleration in all 
directions: perpendicular 
to 000, 120 or 240 aXis 

Non-120O —betWeen aXes 

Non-orthogonality With the 
x—axis 

From centrifugal force on the data 
collecting device in heading and pitch 
directions, and from centrifugal force 
due to WX 
From centrifugal force on the data 
collecting device in heading and pitch 
directions, and from acceleration in the 
x—axis. 
Misalignment. 

Misalignment. 

Temperature. 
From gravitation ?eld. 
From gravitation ?eld. 
Earth rotation as a function of heading 
an pitch. 
From centrifugal force on the data 
collecting device in heading and pitch 
directions, and from centrifugal force 
due to WX 

From centrifugal force on the data 
collecting device in heading and pitch 
directions, and from acceleration in the 
x—axis. 
Misalignment. 

Misalignment. 

Temperature. 
From gravitation ?eld. 
From gravitation ?eld. 
From centrifugal force due to Wy and 
W2. 
From centrifugal force on data 
collecting device in heading and pitch 
directions, and from acceleration of the 
Wy and W2 rate. 
Misalignment 

Temperature. 
From WX rotation, and from centrifugal 
force in heading- and pitch direction. 
From centrifugal force on the data 
collecting device in heading and pitch 
directions, and from acceleration in the 
x—axis. 
Misalignment. 
Misalignment. 

1. A method for determining a track of a geographical 
trajectory Which has a predetermined start location and a 
predetermined end location, said method comprising the 
steps of: 

a) moving a data collecting device from the start location 
to the end location, the device comprising a set of 
sensors providing for sample Wise collection physical 
measurement data during the movement of the device 
and enabling the determination of a heading pro?le, a 
pitch pro?le, a distance pro?le and a roll pro?le from 
said measurement data, 

b) determining said heading pro?le, said pitch pro?le, said 
distance pro?le and said roll pro?le based on the 
collected measurement data, 

c) determining said track based on said heading pro?le, 
said pitch pro?le, said distance pro?le and said roll 
pro?le, 

characterised in that all said physical measurement data 
are stored during the movement of the device from the 
start location to the end location and that, after retrieval 
of the stored measurement data and before determining 
said pro?les, the method further comprises the steps of: 

d) determining at least ?rst, respectively second trajectory 
parameters based on measurement data of a ?rst, 
respectively second sensor of said set and mapping said 
?rst trajectory parameters on said second trajectory 
parameters, 




