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Application of stereovision, 
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Th e paper presents an approach that integrates stereoscopic images, numerical maps of terrain and inertial sensors’ signals for 
estimation of geographical location of system user. Th e proposed solution improves on the GPS system in terms of accuracy and 
it can be used also inside buildings where GPS readouts are not available. Th e system was designed with a view of blind 
pedestrians. Th e prototype employs the particle fi ltering algorithm to fuse data from diff erent sources. 
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Introduction
GPS readouts can stray as much as 100 m in urban 
terrains due to multipath propagation caused by high 
buildings. Multipath eff ects are less severe with quickly 
moving objects like cars because false fi xes do not form 
stable solutions in the long run. Moreover pedestrians 
walk on pavements which are located just by the sides of 
buildings, that create radio shadows. Th e behaviour of 
a human is less predictive than that of a car which usually 
moves along roads. Th us, the navigation for pedestrians 
especially blind requires a special approach. Th e accuracy 
of geographic location must be at least the width of 
a pavement (2–3 meters) so that a blind pedestrians 
knows on which side of a road he or she walks. Th e 
accuracy of the GPS Standard Positioning Service is 100 
m [1] in terms of CEP95% (Circle of Error Probability 
at a level of 95% — 95% percent of measurements have 
accuracy better than 100 m) [1]. Th e proposed approach 
integrates diff erent sources of data to deliver precise 
location estimation. Th e system can work with or without 
a GPS receiver (for example in buildings, tunnels and so 
forth). For the sake of assessing the algorithm eff ectiveness, 
we did not include GPS readouts in the algorithm, but 
we registered them for comparison. Th e algorithm was 
tested round the University Campus (500 m by 500 m). 
Th e results are good — several times better than GPS 
fi xes. Th e algorithm suff ers, however, from instability. 
During tests it happened that the estimation went in 

a wrong path and the algorithm diverged from the optimal 
solution. Th en the situation could not be recovered. Th at 
poses a main problem with the presented solution and has 
yet to be solved, e.g. by inclusion of GPS data. 

System diagram
Th e system features a gyroscope, accelerometer, 
stereovision camera and features access to digital map 
data. Th e system diagram is shown in Fig. 1. 

Fig. 1. System diagram.

Gyroscope

We used a 6DOF sensor ADIS16355, which incorporates 
a 3-axis gyroscope and a 3-axis accelerometer. Th e 
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gyroscope provides an angular velocity of the user. Th e 
rotation is measured only in the axis of the gravity. Th e 
relative rotation of the pedestrian can be calculated from 
formula 1.

 (1)

Every gyroscope exhibits the so called drift (denoted by 
ωdrift in formula 1) that defl ects angle estimation from 
the true value. Th e drift varies with temperature, sensor 
alignment and other factors. Th e noted gyroscope drift 
ωdrift was around 0.2°/s. Hence, after 15 minutes, the 
gyroscope can stray 180° from the true direction. Th us, 
without any other mechanisms, a simple navigation that 
is based on adding relative displacements of the user, 
would be useless after a couple of minutes. Th e sensor is 
read off  at a rate of 50 Hz via a digital interface SPI. 

An electronic compass provides the absolute user 
orientation but is viable to magnetic fi eld distortions 
caused by electrical lines, trams lines and other metal 
objects. Th e solution incorporating a gyroscope requires 
more time to converge but is more realiable and not 
susceptible to any electromagnetic distortions [2].

Accelerometer

Th e accelerometer provides acceleration of the user in 
3 axes. Only the acceleration along the gravity is taken 
into account. As an individual walks, the hip waves up 
and down pursuant to placed steps, which are refl ected 
in the acceleration along the vertical axis. Th is signal is 
used to detect steps as well as their lengths. Th e constant 
gravity component (earth gravity) is removed by 
subtracting a constant value or high-pass fi ltering. Th e 
signal is low-pass fi ltered with a cut-off  frequency of 
2 Hz. Th e peaks in the fi ltered signal are detected. Th e 
diff erences between subsequent extrema are risen to the 
empirical power of 0.25 and scaled by a person-dependent 
factor K to obtain step length in meters. Th e algorithm 
was reported earlier and can be read in details in [2]. 
Together with the gyroscope the accelerometer based 
stepmeter calculates a relative displacement of the user. 

Digital maps

Th e digital maps of a terrain play a crucial role in the 
proposed system for geographic position estimation. Th e 
map is divided into regions according to the probability 
of a traveller being in a given area. It was assumed that 
the user cannot cross buildings nor he or she can jump 
over fences, concrete walls or transverse ponds. Hence, 
the probability of being in these areas is 0. Most likely, 
the user would walk along pavements, alleys, market 
squares and so on. Th e user can trespass green areas, 
streets and etc., but it happens less frequent than walking 
along a pavement. A snippet of a map is shown in 
Fig. 2. 

Th e map alleviates the problem of the gyroscope 
drift. When the user walks along a pavement, the gyros-

cope drift can cause that the estimated location defl ects 
towards a building. By using the defi ned probability map 
the algorithm corrects for this erroneous position 
estimation. On the other hand, the drift may cause the 
estimated location enter slowly a street. But selecting 
a relation between street region and pavement region 
probability this drift can also be reduced. 

Fig. 2. A map of the University Campus. White, grey and 
black correspond to favoured, probable and forbidden 
areas respectively. 

Stereovision cameras

Geographic position estimation that is based on the 
stepmeter, gyroscope and digital maps provides the 
location of the user within a street. In most cases, both 
sides of a road are equally probable. It can be explained 
in the following way. Th e stepmeter introduces 
uncertainty that is perpendicular to the walking direction. 
Moreover, after traversing a long path the introduced 
uncertainties accumulate. Th e side of the road can be 
disambiguated by comparing the picture seen by the 
cameras with the map. Figure 3 shows an example of 
a depth picture registered by the stereovision module. 
Areas where depth image does not change rapidly are 
selected for stable distance assessment. Th ese distances 
are compared with the terrain map to improve the 
precision of estimation. Figure 3 shows an example, 
where a building presence helps disambiguate on which 
side of a road the user walks.

Particle fi ltering
Particle fi ltering is a simulation-based technique which 
stems from Monte Carlo method. Th e latter is a simple, 
yet eff ective, way of fi nding an optimal solution for 
multidimensional problems by randomly generating 

 ∫ +=Δ dtdrift )( ωωφ
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a large number of possible system states. Th is enables to 
observe the overall system behaviour and select the best 
solution. Th e particle fi ltering algorithm goes a step 
further. Subsequent iterations of the algorithm start from 
the optimal solutions found in the preceding steps. Good 
primers on particle fi lters and Monte Carlo methods can 
be found in [3, 4]. In our application, the aim is to 
estimate the user location in Cartesian coordinate system 
that can be then converted into latitude and longitude. 
Also the orientation of the user is important. Since, 
a particle represents the user state, it can be expressed by 
the vector given in equation 2.

 (2)

where ci represents a particle, and i is its number. xi(t), 
yi(t) are coordinates of particle i. φi(t) — orientation of 
a given particle. ni(t) is a particle weight. Th e larger value 
of the particle weight is, the more infl uence it has on the 
fi nal estimation, Th e fi nal estimates, thus the most 
probable user location, are weighted average of all 
particles — equation 3 and 4.

 (3)

 (4)

Th e applied algorithm is divided into two main steps, 
that are explained in the subsequent sections. 

Update of particles’ states 

Th e particles change their orientation and location in 
accordance with the traveller movements, which are 
measured by the gyroscope (relative rotation Δφ(t)) and 
the stepmeter (step length d(t)). Th e transition to a new 
state is depicted in Fig. 4.

Fig 4. Particle transition to a new state due to readouts 
from the stepmeter and the gyroscope. 

Th is transition due to driving parameters d(t) and Δφ(t) 
can be expressed using simple trigonometric relations by 
equation 5.

 (5)

where zd(t) is a random value that simulates stepmeter 
inaccuracies. Th is value is generated individually for 
every particle according to the stepmeter noise 
distribution. Large values of the standard deviation will 
result in the particle cloud being stretched in the walking 
direction. zφ(t) by analogy refl ects the gyroscope error 
distribution. Larger standard deviations cause the 
particles to spread radially. In principle, larger values of 
standard deviations furnish the algorithm with more 
fl exibility as to where to fi nd an optimal solution. 

Update of particles’ weights 

Particle weights refl ect how accurate a given particle 
approximates the optimal solution. Th e weights are 
updated on the basis of a sequence of uncertain 
measurements. In the proposed algorithm there are two 
types of measurements that validate particle weights:

Fig. 3. An example of depth picture and corresponding photo. Dark colours corresponds to greater distances. Red squares 
denote areas where depth picture does not change abruptly. These areas are used to acquire distance information, that 
are matched against the digital map. 
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a) occurrence probability in a given terrain map region 
— a particle can be in three types of regions: forbidden 
areas (buildings etc.), probable areas (streets, lawns), 
favoured areas (pavements and so on). Th e number of 
the allowed classes can be easily extended, should the 
need arise. A new particle weight is updated according 
to equation 6.

 (6)

Th e operator area(x,y) returns the probability that 
corresponds to given coordinates (x,y). We assumed the 
following values: 0 — for forbidden areas, 0.9 — for 
probable areas, and 1.0 for preferred areas. 

b) stereovision distance measurement — the 
algorithm looks for maximum 5 points that are spread 
in diff erent parts of a depth picture. Having measured 
points distances and their angles, the algorithm matches 
them against the map. Th e algorithm goes through every 
particle and calculates a distance at a given angle from 
the particle to the nearest obstacle acquired from the 
digital map. Th e weights are updated in this step in 
accordance with formula 7.

 (7)

where dstereo is a distance calculated form the depth image 
seen in the picture at angle α. dmap is a distance calculated 
from the digital map in the α direction , where xi(t), yi(t) 
are the particles coordinates, ed — is the probability 
function of distance comparison error. We used 
a triangular distribution to relief computation burden. 
Figure 5 clarifi es this stage.

Fig. 5. Measuring the distance from a given particle i to the 
nearest particle by using the digital map. The small dot is 
a particle at coordinate (xi,yi) with orientation φi. α is the 
angle at which the distance dmap is to be calculated. 

Results
Th e outlined algorithm was tested round the University 
Campus. Th e path length was ca. 2.5 km. Th e area was 
diversifi ed, e.g. trees, buildings, bushes etc. Th e tests 
have revealed typical problems although the outcomes 

outperform GPS readout in term of error histogram of 
the trial that is diagrammed in Fig. 6. 

During ca. 60% of the walking time the error was 
below 1 meter. Th e CEP95% measure is 3.48 m and 11 m 
for the proposed algorithm and GPS respectively. Th e 
maximum error in the trial was 7.8 m and 32.6 m for the 
particle fi ltering algorithm and GPS respecti vely. 

Fig. 6. Error distribution for the proposed algorithm (PF) 
and GPS estimates. The value under a column stands for 
the maximum value in a given range, e.g. column 4th 
denotes error within a range of 3 to 4 meters. 

Conclusions
It was shown that the proposed algorithm employing a dead 
reckoning strategy (position estimation not assisted by GPS 
readouts) can yield accurate estimations of geographical 
position of a pedestrian within an urban terrain. Th e 
algorithm underwent preliminary tests at the University 
Campus. Although, a number of problems were noted the 
presented approach deserves further study and improvements, 
e.g. a more stable mechanism for fastening the stereovision 
camera and sensor module should be taken into account 
and an algorithm for detecting deadlocks should be 
introduced (this algorithm could be based on comparing 
data from 3-D digital map and stereoscopic images). 

Further work assumes including GPS readouts to 
provide not only better accuracy but also more reliable 
navigation system for a pedestrian. 
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