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ABSTRACT 
Foot-mounted inertial sensors, combined with GPS-receivers, magnetometers and barometric pressure 
sensors have shown great potential in providing a high-accuracy positioning system for safety-critical 
applications, such as first responders and military personnel. Although several research groups have 
demonstrated high accuracies with experimental systems in controlled environment tests, showcasing the 
potential of the technology, there is still an apparent lack of performance evaluations conducted during more 
realistic conditions. Several field tests have been performed and the results from the first scenario-based 
measurements are presented here. An accuracy of 2-4 m was obtained with an experimental soldier 
positioning demonstration system, using foot-mounted inertial sensors, during a realistic building-clearing 
exercise that lasted over three and a half minutes. Also, different sensor fusion alternatives are examined, 
using double foot-mounted inertial navigation systems (INS) and combining a foot-mounted INS with 
camera-based localization.  

1     INTRODUCTION 

Dismounted soldiers often operate in unknown terrain and surroundings. The threat level is high in many 
operations. The safety of our soldiers could be improved in many operational scenarios if they had access to 
reliable navigation aids. Also, a situation awareness (SA) aid providing the positions of friendly forces in 
real-time could enable an improved coordination of operations and possibly reduce the risk for blue-on-blue 
casualties. It is reasonable to assume that the operational tempo could be improved with these technical aids.  

Both the navigation and SA applications require the availability of accurate position and heading/orientation 
estimates, as well as geo-referenced maps, in all environments (including dense urban and indoor scenarios). 
Furthermore, the SA application implies the use of a low-latency group radio communication system. 
Finally, relevant information must be visualized to the dismounted soldiers in such a way that their attention 
is not shifted from the actual task to be performed. Hence, future dismounted soldier command and control 
(C2) support systems will consist of the following three main sub-systems: (1) a small lightweight 
positioning module which provides accurate positions in all environments, (2) a group radio system 
providing reliable voice and data transfer functionality, and (3) an intuitive user interface that conveys 
relevant information without distracting the user. 

The current generation of hand-held group radios provide both voice and data transfer capabilities within the 
group. Considering the limited communication bandwidths that generally are available, particularly in 
international missions, it is not likely that the data rates will be improved substantially in a 5-10 year period; 
the development efforts are more focused on providing higher availability of the communication service, by 
increasing the range of the radio links or through multihop and relay functionality. However, ad hoc 
networks intended for mobile applications typically require large amounts of overhead traffic and the data 
rates are expected to be fairly limited also in the future. Thus, it is important to restrict the amount of 
information to be conveyed down to the individual soldiers. The data rates in current systems are deemed 
sufficient for distributing positions and status messages, and related data such as target coordinates and 
descriptions, within the group at a sufficient interval. 

The visualization system is a crucial component of a dismounted soldier C2 support system. It is a nontrivial 
task to design the user interface so that soldiers can absorb the information they need at a certain time, while 
still having the required attention on the task at hand. This is especially true in combat situations. Several of 
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the on-going soldier modernization programs have experienced difficulties in the development of the user 
interface, and this in combination with too little attention being put on size and weight requirements may 
have alienated the end user communities. 

A robust positioning module that provides a high accuracy in all environments, outdoors as well as indoors, 
constitutes the core of any dismounted soldier C2 support system. In order to achieve user acceptance, the 
positioning module must be lightweight, small and power efficient. In many situations Global Positioning 
System (GPS) receivers can provide sufficient accuracy while meeting the above requirements. However, as 
will be discussed next, GPS receivers have serious weaknesses in military operations; they cannot provide 
sufficient positioning accuracy in for instance dense urban and most indoor environments. It is likely that the 
accuracy requirements are more stringent in urban operations, where the situation may change more rapidly 
and opponents are closer, and also when comparing indoors to outdoors. The latter is easy to motivate when 
considering the vertical component. Hence, there is a need for integrating additional positioning sensors in 
order to fulfil critical user requirements. Note that robust heading estimation is also an important component 
which enables efficient navigation. In order to achieve the full range of capabilities envisioned for the future 
soldier systems, the position estimates must be combined with orientation estimation. Information about 
soldier positions and weapon orientations can be used to reduce the risk of friendly fire. Additionally, rapid 
(semi-)automatic geo positioning of observations (e.g. targets) is enabled. In summary, accurate positioning 
in combination with orientation estimation and ranging are required when utilizing the soldier as an 
information node in a network enabled context.  

1.1     Current Status of Soldier Positioning Systems 

Naturally, GPS receivers form the core of all existing, as well as future, soldier positioning systems. 
However, GPS receivers have a few significant vulnerabilities. The availability of modern receivers has 
improved during the last decade, especially when considering civil high-sensitivity receivers using the C/A-
code signal. The result is that they provide position fixes also in many indoor environments, and they may 
also perform re-acquisition in these low signal strength environments. The drawback is however that the 
position error, due to multipath and signal attenuation typically experienced indoors, can be several tens of 
meters. Current hand-held military receivers, utilizing the encrypted P(Y)-code, have lower availability but 
the new generations of SAASM (Selective Availability Anti-Spoofing Module) chips are expected to 
improve the availability also in low signal strength environments. Another major weakness of GPS receivers 
is, due to the very low signal strengths, their vulnerability to hostile jamming and spoofing. Hence, there is a 
need for augmenting additional sensors in order to enable accurate positioning in all scenarios. 

Several vendors provide positioning systems based on GPS receivers combined with inertial measurement 
units (IMU’s) and a barometric sensor. Accelerometers, gyros and magnetometers are then used in a 
pedestrian dead-reckoning system, where accelerometers are used to detect steps and step lengths and the 
gyros and magnetometers provides an integrated estimate of the heading (orientation) of each step. The 
sensors are typically placed in the lower-back, since the direction of movement is mostly in the direction of 
the torso. The barometric sensor provides an estimate of the vertical position (height).  

The data sheets for PDR-type systems typically state a position error of 1-2% of the travelled distance, but 
this is under ideal conditions. Step detection thresholds vary for different individuals and types of movement 
(e.g. running vs. sneaking), as well as for different surfaces (e.g. grass or asphalt). Also, the step length 
varies between outdoors and indoors, in slopes, and when the person gets tired. This makes it difficult to 
accurately calibrate the step length estimation parameters. Hence, the error in travelled distance can be 
expected to be significantly higher during real operations. However, the main weakness with these systems is 
that they cannot reliably detect and compensate for realistic movements, such as walking backwards and 
sideways. In a worst case scenario they may when the person is walking backwards instead assume that the 
user is walking forward. The lack of consistency during realistic movements is indeed a serious weakness. 

1.2     Alternative Positioning Systems  

Foot-mounted inertial sensors, combined with GPS-receivers, magnetometers and barometric pressure 
sensors have shown great potential in providing high-accuracy positioning systems for safety-critical 
applications, such as first responders and military personnel. The new generation of lightweight, low-cost 
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MEMS-based inertial measurement units can fulfil critical user requirements concerning size, weight and 
power efficiency (SWaP). Boot-mounting is feasible or even integration of the IMU into the sole of the boot. 
However, foot-mounted sensors require a means of transferring sensor data to a processing unit and to the 
radio which normally are located on the upper body. It is still uncertain if the users will accept using a cable 
for this task, but existing wireless body area networks (WBAN) may not be sufficiently robust.  

Foot-mounted INS, utilizing zero-velocity updates during foot stand still, provides a significantly more 
robust and accurate alternative, concerning both travelled distance and sensitivity towards realistic soldier 
movements, compared to existing systems. The technology is maturing and products are expected to be 
released by a couple of companies within the next six to twelve months, initially targeting the first responder 
market. However, it is likely that soldier applications will require even higher accuracies than a single foot-
mounted INS will be able to provide. Additional sensors need to be integrated, e.g. additional foot-mounted 
IMU’s, cameras, and/or radio-based ranging equipment. An alternative development trend is to improve 
existing body-mounted PDR-type systems (e.g. through classification of the type of movement) and 
integrating velocity measurement equipment such as Doppler radars or by integrating cameras (see e.g. [1]). 

1.3     Scope of Work 

This paper provides an overview of the current activities carried out at the Swedish Defence Research 
Agency that are related to dismounted soldier positioning in GPS-denied environments. The performance of 
foot-mounted inertial navigation systems (INS) is demonstrated. Both controlled-environment tests and 
realistic scenario-based measurements are presented. Although several research groups have demonstrated 
high accuracies with experimental systems in controlled environment tests, showcasing the potential of the 
technology, there is still an apparent lack of performance evaluations conducted during more realistic 
conditions. Several factors can strongly influence the performance of foot-mounted inertial navigation 
systems, such as the type of movement and surface, the shape of the path, local magnetic disturbances, and 
so on. Hence, there is a need for scenario-based evaluations, both for vendors in their work with improving 
the system performance as well as for the end-user community in providing knowledge needed for upcoming 
requirements definition and procurement phases. Furthermore, automatic reference systems providing a 
means for evaluating the position accuracy during the exercise are desired when evaluating the influence of 
the trajectory on the positioning accuracy.  

We present results from building clearing exercises that were performed by soldiers equipped with foot-
mounted inertial measurement units (IMU’s). A camera-based reference system, using visual markers placed 
at known positions in the building, was used as an evaluation tool. Test methodology for comparisons and 
benchmarking of the performance of foot-mounted INS is also discussed. Different approaches for 
improving the positioning accuracy are also presented herein including the use of dual foot-mounted IMU’s 
as well as the integration of a stereo-camera with the foot-mounted INS.  

2     FOOT-MOUNTED INERTIAL NAVIGATION SYSTEMS 

Experiments using foot-mounted inertial navigation systems supported by zero-velocity detection and 
updates were published already in 2005 [2]. Since then, several research groups have demonstrated high 
accuracies with experimental foot-mounted inertial navigation systems in selected controlled environment 
tests, highlighting the possibilities with the technology in safety and security applications (see for instance 
[3] and [4]). The key for achieving an accurate foot-mounted INS is the ability to reliably detect a stance 
phase using data from the foot-mounted inertial measurement unit (IMU). Prior work within this area has 
often been based on applying empirically determined thresholds on accelerometer and/or gyro readings, see 
e.g. [5]. This approach normally performs well during walking; however, more robust stand-still detection 
algorithms are desired that can handle all relevant movements, including sprinting, jogging, side-stepping, 
ascending and descending stairs, and crawling. 

2.1     Description 

The foot-mounted inertial navigation system uses three-axis accelerometers and gyros. The gyros provide 
angular velocity measurements which are integrated to angles that describe the inertial sensors orientation 
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relative a chosen coordinate system. After the orientation of the sensor is calculated, the measured 
acceleration can be expressed in terms of components in a local coordinate system (e.g. north, east and down, 
NED) and the measured acceleration due to gravity can be removed. The accelerations are then integrated 
twice, providing first the velocity and thereafter the (change in) position. The foot is at stand still for a short 
period of time during each step and this information is used as a pseudo-measurement of zero-velocity in the 
sensor fusion filter. This approach has proven to efficiently limit the error growth of the navigation solution. 
Our navigation algorithm is based on a 9-state Extended Kalman Filter (EKF), which estimate the 3D-
position, velocity and orientation of the IMU. The initial roll and pitch orientation of the navigation solution 
are calculated from a coarse alignment procedure with accelerometer data from a brief period of stand still 
prior to the measurement. This period of stand still is also used for providing a coarse estimate of the gyro 
bias by calculating the mean value of the gyro signal. The initial heading angle is assumed to be known from 
an external source or manually input by the user. 

A simple threshold-based method for detecting foot stand still was utilized in this work. If the root-mean-
square value of the angular velocity, during a period of five samples (100 Hz sampling rate), is below a 
(empirically determined) threshold of 0.3rad/s a zero-velocity update is performed for each of these five 
samples. The optimal threshold level can however be affected by several factors, such as the motion of the 
person (e.g. walking vs. running), weight carried, surface (e.g. asphalt, sand, mud, gravel, indoors) and shoe 
type, and if the person moves in stairs (up- or downwards). Adaptive stand-still detection algorithms which 
automatically adjust thresholds, towards for instance movement speed, are expected to improve the 
navigation accuracy [4]. With the current stand still detection algorithm we have experienced problems 
during some running tests as well as when rapidly ascending stairs.  

The IMU was also equipped with a three-axis magnetometer. When using the magnetometer it is crucial that 
local disturbances of the magnetic field are not allowed to affect the results. The magnetic field is often 
significantly disturbed in indoor environments, by electronic equipment, metal objects, electrical wires, etc. 
An innovation filter is used to reduce the effects of locally generated magnetic fields [6]. The magnetometer 
data is only used when the foot is at stand-still (similar to the work reported in [7]). 

2.2     Scenario-based Evaluations 

A two-story building, consisting of two apartments on each floor, was searched during the exercise, see Fig. 
1. Four separate tests were performed and two representative tests are presented here. More details on the test 
set-up and results can be found in [6]. The soldier started outside the building, searched through the whole 
building and returned to the same position after each search. A MicroStrain 3DM-GX3-25 IMU was placed 
on the soldier’s boot. It is equipped with accelerometer, gyro and magnetometer triads. The dynamic range of 
the accelerometers and gyros are 18g and 1200º/sec, respectively. The soldiers were also equipped with 
uBlox EVK5 GPS receivers.  

A camera-based reference system, utilizing pre-installed visual markers, provided an estimate of the true 
location of the soldier position at several locations during the exercise [8]. The estimated trajectory from the 
foot-mounted system is in these analyses aligned to the coordinate system of the camera-based reference 
system. A number of reference markers are located along the first part of the trajectory, and the initial 
position and orientation of the foot-mounted system is found by minimizing the difference between the first 
parts of their estimated trajectories. The time synchronization between the two systems is also found by 
minimizing this difference.  

The trajectory for one of the experiments is overlaid on a building map (bottom floor) in Fig. 2. As shown in 
Fig. 3 and 4, the position error where the reference positions were available indicates that the position error 
during the operation remained below 3.5m in all four tests [6]. The height error was between 1-2 meters. The 
benefits of using magnetometers are still somewhat unclear, the resulting position error is sometimes 
increased due to insufficient pre-filtering of the magnetic field measurements. 

2.3   Discussion 

The foot-mounted system provided a high accuracy during the scenario-based tests. However, the 
experimental system experiences larger position errors during certain movements, such as running in stairs. 
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   Figure 1: Left: Two soldiers performing building-clearing exercise in a two-story apartment building. Right: 
External view of building. Soldiers entered and exited through the rightmost door. 

 

Figure 2: Example of horizontal position estimates from foot-mounted INS overlaid on building floor plan (1st 
floor shown). Height is color-encoded on the trajectory. 
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Figure 3: Left: Horizontal trajectory from foot-mounted INS. Color represents height estimate. ‘X’ denotes 
positions estimated by the camera reference system. Right: Horizontal position error, with (blue) and without 

(red) magnetometer.  
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Figure 4: Left: Horizontal trajectory from foot-mounted INS. Color represents height estimate. ‘X’ denotes 
positions estimated by the camera reference system. Right: Horizontal position error, with (blue) and without 

(red) magnetometer. 
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Also, the trajectory affects the error, distance scale errors and typical heading drift errors affects the results 
the most during long straight trajectories. The accuracy during these realistic scenarios is likely significantly 
higher than for existing positioning systems, but several issues still need to be solved (e.g. position and 
orientation initialization in favorable GNSS as well as in GNSS-denied environments).  

All dead-reckoning systems experience an increased position error with time or travelled distance. At this 
point, we believe that it is virtually impossible to design a foot-mounted system which consistently, during 
all motion types, provides a position accuracy of 1 to 3 meters after 20 to 30 minutes in GNSS denied 
operations. Also, the initial heading accuracy when entering a building will likely not be sufficiently high for 
achieving this accuracy. Hence, additional sensors need to be integrated into the positioning system. 

3     DUAL FOOT-MOUNTED INS 

Several research groups have experimented with using dual foot-mounted IMUs, see e.g. [9-13]. Extremely 
high accuracies have been reported in [13], where ultra-sonic ranging was performed between two high-end 
IMUs (HG1930 with gyro bias drifts of only a few degrees per hour). The feet-to-feet ranging improved the 
heading estimate dramatically; however, only a few chosen tests have yet been published and the consistency 
of the results during realistic operations remains to be proven. These IMUs are too bulky and expensive for 
use on regular dismounted soldiers, but the results indicate that very high accuracies could be achieved also 
in future mass-market systems when small MEMS-based IMUs have improved in accuracy.  

3.1     Description 

A study has been initiated concerning sensor fusion algorithms and performance evaluations of dual foot-
mounted INS on the soldier. Different fusion approaches will be examined but in this paper we will present 
the results from the initial work where the two EKF’s of the individual foot-mounted systems are combined 
into a new EKF where the state vector was chosen as the concatenation of states for the two foot-mounted 
systems. Hence, the new state vector consists of the positions, velocities and orientations of the foot-mounted 
INS separately (18-states).  Three new measurements are included, using the assumption that the 3D position 
of the two systems is the same. The uncertainty of these pseudo-measurements was set to one meter. 

3.2     Results 

Multiple tests were performed where the person walked on a straight line for nearly 49m. The data is from 
three different persons, which were equipped with a foot-mounted IMU (MicroStrain 3DM-GX3-25) on both 
feet. The initial heading of the trajectories was unknown so the initial heading has been calculated by 
examining the stand still positions during the first five steps of walking. The effect from this imperfect 
initialization on the end positions is estimated to be on the order of a few decimeters after 50m of walking.  

From Fig. 5 and 6 it is clear that the left and right feet experience different heading errors, where the right 
foot has heading errors that drift to the right and the left foot heading error is predominantly towards left. 
Similar results have also been reported in [14]. The position errors in the end of the straight line trajectory 
are up to 2.5m which is somewhat larger than expected, and larger than what we normally experience on 
other surfaces. 

Analysis of the gyro signals during detected periods of stand still indicates that the sensor experiences 
rotations during this period (see also [14]). (The surface in these tests was a fairly standard type of plastic 
mat typical for office spaces, which exhibits less friction towards the sole of the shoe compared to rugs or 
other rougher surfaces.) 

In Fig. 7 the results are shown for the three different test subjects. These results indicate that the heading 
error and travelled distance error is dependent on the person that walks. For instance, the mean travelled 
distance varied in this test by approximately 1 %. It is clear that the integration of the two foot-mounted 
systems can significantly improve the performance. The position error in the end of the tests was below one 
meter for all 11 tests. 
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Figure 5: Results from 11 different tests (three different persons) where the person was equipped with an IMU 
on each foot and walked along a straight line. Left: Trajectories for left (blue) and right (red) feet, using single 

foot-mounted INS. Right: Trajectories for left and right feet after sensor fusion.  
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Figure 6: Results from multiple straight line walks. Comparison of results for left and right foot, using standard 
INS with zero-velocity updates, and after sensor fusion. Blue and red circles represent stop position for left and 

right feet, respectively. Similarly, blue and red dots represent the end positions after sensor fusion.  
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Figure 7: Results from multiple straight line walks. Comparison of stop positions for different persons. Blue and 
red circles represent stop position for left and right feet, respectively. Similarly, blue and red dots represent the 

end positions after sensor fusion.  
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Figure 8: Left and right feet results during closed loop trajectory test, with (red) and without (blue) integration. 

 

Figure 9: Left and right feet results during closed loop trajectory test, with (red) and without (blue) integration. 

The results from two longer closed loop trajectories are shown in Fig. 8 and 9. The person walked into the 
corridor, turned left, walked one lap and returned to the starting position. Thereafter, the person walked the 
same lap in the opposite direction before returning to (approximately) the starting position. In the first test 
the heading error for the left and right feet were in different directions (especially during the second lap). As 
seen in Fig. 8, the integration of the two systems efficiently reduces the heading error and the position error 
remains small. However, in the second test the left foot heading error was small while the right foot 
experienced a larger heading error. Hence, in this case the sensor fusion reduced the right foot position error 
but at the expense of an increase position error for the left foot.  

3.3     Discussion 

Integration of two foot-mounted INS can significantly improve the heading accuracy, especially since the 
two systems appear to have systematic heading errors that mostly are in opposite directions. The benefit of 
using dual IMU’s is larger than initially expected due to these systematic heading errors. Further testing is in 
progress where different test subjects will move (walk and run) on several different surfaces, in an attempt to 
quantify the level of systematic errors experienced on the two different feet. Also, alternative sensor fusion 
approaches will be examined next, such as using inequality constraints based on the knowledge that there 
exists an upper bound on the spatial separation of the two navigation systems [11]. The inaccuracy estimates 
of the two foot-mounted systems are expected to be similar (as long as both successfully performs zero-
velocity updates) so the integrated solution can sometimes lead to a larger error than is experienced by one of 
the systems.  
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Figure 10: Floor plan in tests with 
stereo camera and foot-mounted INS. 

4     INTEGRATION OF FOOT-MOUNTED INS WITH STEREO CAMERA 

Cameras provide an alternative means of performing localization. The principle of operation is as follows. 
Image processing algorithms are applied to extract so-called landmarks in an image. The algorithm selects a 
number of landmarks (below thirty in our case) and stores these. Landmarks can consist of e.g. corners, lines 
or other points of interest. When the camera moves and rotates, the change in position and rotation can be 
tracked by comparing how the different landmarks move in the image during subsequent frames. New 
landmarks are continuously included as replacements for landmarks that disappear (e.g. when they exit the 
cameras field of view). By using two cameras it is also possible to obtain a distance estimate to the 
landmarks, and this considerably simplifies the task [15]. The stereo camera is also co-located with an IMU. 
Inertial measurement data is used to predict the navigation solution and the new positions of the landmarks. 
The landmark observations are used to correct the prediction error and for estimation of accelerometer and 
gyro biases. The EKF state vector of the camera-based system consists of the (3D) position, velocity and 
orientation, and accelerometer and gyro biases (15-states in total). 

During good visual conditions and when many landmarks are available, the accuracy of camera-based 
positioning has shown to be high. However, in dark or smoke-filled environments or where a large amount of 
the image actually consists of moving objects (e.g. a crowd of people), camera-based positioning has serious 
difficulties. Also, although possible to compute in real time, the computational complexity (and thereby 
battery size and weight) is still deemed too high for dismounted soldier applications. However, by including 
cameras on the soldier, it also becomes possible to build maps of the environment (floor plans) [15]. 

4.1     Description 

Different ways for integrating the stereo camera positions with the foot-mounted IMU are conceivable, and a 
straightforward approach was tested in [16]. The two EKF’s of the individual systems are combined into a 
new EKF, where the state vector is the concatenation of states for the foot-mounted and camera-based 
systems (positions, velocities and orientations of the foot-mounted INS and the camera systems separately, 
as well as the accelerometer and gyro biases of the IMU co-located with the camera). Three new 
measurements are inferred when the filter is updated, which are based on the assumption that the horizontal 
position of the two positioning systems are the same, and that there is a fixed offset in the vertical direction. 
Uncertainties of these measurements are included, between a few decimeters and one meter. Information 
about the implementation of the sensor fusion algorithm, and more results, can be found in [16].   

4.2     Results 

In order to illustrate the performance gains that can be obtained by 
the integration of the camera and foot-mounted systems, selected 
results are presented from two measurements that were performed 
in a two-story building (see floor plan in Fig. 10).The stereo camera 
(Point Grey Bumblebee2 with Xsens MTi-G IMU) was held in the 
hand and an IMU (MicroStrain 3DM-GX3-25) was placed on the 
right foot.  

In the first test the person walked anti-clockwise and the different 
positions of the two systems can be seen in Fig. 11, where the foot-
mounted system in (a) has moved a longer distance before the first 
turn (at about 8m compared 7.5m for the camera system in (b)). The 
person walked around the two apartments on the first floor, visiting 
most of the rooms, and then returned to the start position and 
walked almost 2m in the starting direction again (see black dashed circles in Fig. 11). The two systems 
perform fairly well during this test; for instance, the position error when returning to the starting point is well 
below one meter for the camera based system but there is a visible orientation error. The integrated solutions, 
shown in Fig. 11 (c) and (d), exhibits accurate orientations and very low position errors.  

In the second test the person walked a similar trajectory on the ground floor, but then walked up to the 
second floor and walked through the apartment to the right (similar trajectory) and then walked back down 
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and once again walked through the first apartment. In this test the person stopped at the starting position. The 
size of the orientation error is indicated by the differences in the trajectories highlighted by the black dashed 
oval in Fig. 12. The person walked approximately the same direction three times, twice on the first floor and 
once on the second floor. Both individual systems experience heading errors in the same direction in the end 
of the trajectories, see Fig. 12 (a) and (b). The heading estimate is improved through sensor fusion, 
particularly for the camera system, and the start/stop position error is reduced down to a couple of 
decimeters. The camera system had relatively large errors here, almost four meters start/stop error; it 
experienced an increased position/heading error in the stairs to the second floor, halfway up there was a 
landing and a 180-degree turn with lower visibility where the cameras mostly were pointing towards the wall 
at close range and had problems finding/tracking suitable landmarks. The foot-mounted INS experienced 
larger height drift in these experiments and the sensor fusion improved the height estimate as well [16]. 

4.3     Discussion 

Camera-based simultaneous localization and mapping (SLAM) technology and foot-mounted INS can 
complement each other; they have different weaknesses and an integrated system can both provide a higher 
accuracy and an improved robustness and availability in situations where one of the systems experiences 
difficulties. Furthermore, the use of cameras enables automatic mapping functionality. This is of interest 
since a building map simplifies the navigation task as well as the situation awareness. Also, the generated 
map can be used by the other soldiers positioning systems when they are in mapped environments, thereby 
enabling improved positioning accuracies. As in all sensor fusion approaches, it is crucial that the uncertainty 
estimates are accurate, otherwise an error in one sub-system may propagate to the integrated solution.  

5     Discussion on test methodology 

We believe that it is important to combine controlled-environment tests with scenario-based tests in the 
evaluation of dismounted soldier positioning systems. The way the soldier moves, load carried, trajectory, 
and surface are examples of factors that affects the position accuracy. It is important to examine how well the 
system under test can handle these variations. 

In the absence of accurate reference positioning systems, we propose to use the examined straight line test to 
evaluate the baseline performance of the system. Other trajectories, especially symmetric closed-loop tests, 
may reduce the effects of both scale errors of travelled distance as well as the usually dominating heading 
errors. Repeated tests should be performed where the person walks 100m. The same test should be 
performed also for other movements (running, etc), surfaces (indoors, concrete, sand, mud, snow/ice), and 
different persons. The distance and heading errors can then be evaluated and compared for these different 
tests. Trajectories with smooth curvature (horizontally and vertically) should also be examined in order to 
test if the system uses movement models such as straight line walking or floor-pinning. Similar tests can be 
performed for back-mounted dead-reckoning type of systems, placing special emphasis on situations with 
repeated transitions between movement types. 

The performance of the IMU during the high dynamics experienced on the foot can be tested by examining 
the heading drift on a foot-mounted IMU (w/o zero-velocity updates) with that for a body-mounted IMU.  

It is also important to perform scenario-based tests as a complement, partly because the above tests are 
designed to examine worst-case scenarios and also to capture the effects from realistic movements not 
included in the prior testing. An accurate reference system is needed when performing scenario-based tests. 
Pre-installed positioning systems in test facilities and training areas can provide high accuracies, while 
camera-based positioning using visual markers (e.g. at major doorways) can provide a low cost alternative. 
Using a helmet-mounted camera is recommended, the video itself is also valuable when analyzing the results 
and for understanding the system behavior. 

The GPS/INS integration algorithms also need testing, e.g. by examining heading errors when moving into a 
building and examining the resulting position error in urban scenarios where the position estimate from the 
GPS receiver can be biased. Test and evaluation during hostile jamming and spoofing should be included but 
this will be examined in later work. 
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(a)                                                                                                                  (b) 

 
(c)                                                                                                                 (d) 

Figure 11: Test 1. Horizontal trajectories for (a) single foot-mounted INS, (b) camera system, (c) foot-mounted 
INS aided by stereo camera system, and (d) stereo camera system aided by foot-mounted INS. Height estimate is 

color encoded.  

 
(a)                                                                                                                  (b) 

 
(c)                                                                                                                 (d) 

Figure 12: Test 2. Horizontal trajectories for (a) single foot-mounted INS, (b) camera system, (c) foot-mounted 
INS aided by stereo camera, and (d) stereo camera aided by foot-mounted INS. Height estimate is color encoded. 
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6     CONCLUSIONS 

Realistic high-tempo building-clearing exercises have been performed and the position error using a foot-
mounted INS was below 3.5m. The results from these scenario-based tests are encouraging but several issues 
still remains to be solved before foot-mounted INS can be deployed in dismounted soldier applications. 
Controlled-environment tests have also been performed and they revealed that systematic heading errors may 
occur depending on the foot the IMU is mounted on. These systematic errors make the use of dual foot-
mounted INS even more appealing. It was shown that the use of dual foot-mounted IMU’s can significantly 
improve the accuracy, also when applying simple sensor fusion approaches. Furthermore, it was shown that 
the accuracy and robustness of the positioning system can be improved by integrating a camera-based 
positioning system with the foot-mounted INS.  
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