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A THREE DIMENSIONAL LOCATION SYSTEM FOR HIKER
WALKING SPEEDS BASED ON CONTOUR LINES

MARY WU, KYUNGHWAN AHN, NI CHEN AND CHONGGUN KIM*

ABSTRACT. GPS is especially suitable for location systems in flat areas,
but the availability of GPS is limited in highly urbanized and mountain
areas, due to the nature of satellite communications. Dead reckoning is
generally used to solve a location problem when a pedestrian is out of range
of GPS coverage. To extend the apparent coverage of the GPS system for
a hiker in mountain areas, we propose an integrated 3D location system
that interpolates a 31D dead reckoning system based on information about
contour lines. The speeds of hikers vary according to the inclination of the
ground in sloped areas such as mountains. To reduce location measurement
errors, we determine the angle of inclination based on the contour lines of
the mountain, and use the speeds based on the inclination in the location
system. The simulation results show that the proposed system is more
accurate than the existing location system.
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1. Introduction

Recently, extensive studies have been performed on personal navigation sys-
tems.[1 - 3] It is apparent that a GPS receiver is ideal for this purpose. GPS is
well-known for its efficiency in flat areas, due to the nature of satellite commu-
nications. Unfortunately, the availability of GPS is limited in highly urbanized
and mountain areas.[4, 5] Other techniques are used to interpolate when users
are out of range of a GPS system. Such interpolation is performed by systems
known as DR(Dead Reckoning) systems, which involve estimating the current
location by tracking movements from the last known GPS position.[6 - 12]
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FIGURE 1. A conventional DR interpolation system

While hikers traverse a non-GPS mountain area, a DR system is used to ex-
tend the apparent coverage of the GPS system, as shown in Fig.1. The locations
of pedestrians are generally calculated using a 2D DR. However, there is a dif-
ference between 2D and 3D position estimation, when hikers are in sloped areas
such as mountains. Therefore, we propose an integrated 3D location system for
hikers based on contour lines in mountain areas. A 3D DR system is used while
hikers traverse a non-GPS mountain area. The speeds of hikers change according
to the inclination of the ground in the mountain area.

To provide seamless location services and to reduce location errors in moun-
tains, we initially obtain the angles of the inclination using the contour lines of
the mountains. Then, we calculate the speeds of the hikers based on the incli-
nation of the ground. Finally, we use the speeds in the 3D DR system. The
remainder of this paper is organized as follows. Related work is provided in
Section 2. The architecture of our integrated location system and integrated 3D
location system using the speeds of the hikers based on the inclination of the
ground is discussed in Section 3. Experimental results are provided in Section
4. Finally, the conclusion is provided in Section 5.

2. Related work

PDR(Pedestrian DR) systems are highly suited to indoor use, and in urban
areas where GPS signals are weak or unavailable because the geometry is un-
suitable. Jussi Collin analyzes major factors in PDR system position errors,
viz. step-length error and heading error, and proposes a theoretical method of
performance analysis of the accuracy in 2D PDR navigation systems. They use
a pedestrian’s average step-length, which can be calibrated with a specific RF
foot-to-foot range measuring technique in an analytic model. The heading can
be computed using gyroscopes or a levelled compass.

When a magnetic compass is coupled with a gyro, magnetic disturbances can
potentially be detected. Therefore, if accurate navigation is required, the system
requires other means of determining the heading, such as gyros.[1] Cliff Randell
compares a number of sensors that can be used to achieve a robust and accurate
PDR system, and performs case studies based on real-world applications.[2] Peter
Sladen et al. present a positioning system that integrates both a GPS and a 2D
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FIGURE 2. Contour lines and points at intervals of contour lines

dead reckoning method using sensors such as gyros, accelerometers, compasses,
etc.[6]

3. An integrated 3D location system

In this section, we introduce an integrated 3D location system system for
hikers, to provide seamless location services and reduce location errors in sloped
areas such as mountains. A 3D DR system is used while a hiker traverses a non-
GPS area. It uses the speeds of hikers based on the inclination of the ground.
The architecture of the integrated 3D location system system is shown in Fig.2.
The system, which consists of a GPS receiver, a direction sensor, and an altitude
sensor, aims to provide pedestrians with data.

When the proposed location system is switched on, the system searches for a
GPS signal. If GPS signals are of sufficient strength, then the system processes
the signal and displays the location of the hiker. If GPS signals are not of
sufficient strength, then the system records the hiker’s current position as the
starting position for tracking and initiates tracking. Once tracking has been
initiated, any movements of the hiker away from the recorded starting position
are tracked by the proposed DR system.

3.1. GPS positions

The GPS elevation has an error between 50m and 200m, due to SA(Selective
Availability). The accuracy of the GPS elevation varies between 15m and 20m,
due to random errors other than SA factors. To provide accurate location coor-
dinates, elevation readings from an altimeter sensor are integrated with readings
from the GPS-determined elevation coordinates for the locations of the pedes-
trian.[13] Map matching is necessary to reduce GPS random errors and cumula-
tive errors resulting from DR. Roads can be described as a fixed series of points
{(Ro, R, Ra, ..., Ry) in our proposed system. The series of points are located
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FIGURE 3. Architecture of the location system

along the road at intervals of contour lines, as shown in Fig. 3. In the case in
which the distance between contour lines is large, due to a gentle slope, an ad-
ditional point is set between the two points on the neighbor contour lines. The
attributes of the points are coordinates (x, y, z) that identify the 3D location.
Map matching is accomplished by comparing the point on the nearest road with
the determined position.

In Fig. 3, the integrated elevation coordinate is associated with an elevation
of 734m. When the distance between the measured location coordinate and the
location associated with an elevation of 734m on the road is within a certain
range, the location of the hiker is determined as the point on the road. The
location associated with an elevation of 734m on the road is determined by Eq.

(1).
= (Ig—ﬁl)(z—zl)/(ZQ—Zl)+l‘1,
= (g2 —y)(z—21)/(22 — 21) + - (1)

3.2. 3D DR system using the speeds of hikers based on inclination

The location system estimates the positions of a hiker based on his/her initial
position and subsequent movements, using measurements from direction and
altitude sensors while the hiker traverses the non-GPS area. The 3D DR system
uses a direction sensor, and an altitude sensor to provide hikers with data. The
position of the hiker is determined by Eq. (2).

ziy1 = zi+(—)h,
Tiv1 = x; +dcosg;sinb;, (2)

Tit1 = Z;+dsing;cosb;,
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Where is the angle obtained from the direction sensor, is the angle of the
inclination, which is calculated as =sin~!(h/d), h is the difference between the
(i+1)th and ith measurement of the altitude, and d is the distance the hiker has
moved.

The positions of the hiker are calculated at n-second intervals, to reduce the
computational overhead and ensure efficient battery use. Eq. (3) determines
the positions of the hiker along a curved path, at n-second intervals, as shown
in Fig. 5.

7
Zivl = Z+ E hg,
k=1
T
Tign = zi+dY  cose;ksinbi, (3)
k=1
kg
Titl = X+ d E sin ¢ x co8 8, k.
k=1

To reduce location errors in the mountains, we initially obtain the angles of
the inclination wusing the contour lines of the mountains. Then, we calculate
the speeds of hikers based on the inclination of the ground. Finally we apply
these speeds to the 3D DR system. Contour lines can be used to obtain the
inclination of the ground. In Fig. 6, D; is the distance between two points on
contour lines, which changes according to the angle of the inclination. The angle
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of the inclination is calculated as =sin~!(H/D;), where H is a constant of an
interval of a contour line.

T; is the elapsed time required for a hiker to traverse the distance(D;) between
two points on contour lines, and is calculated as the difference between t;+1 and
t; in Eq. (4). And, the hiker speed is expressed by dividing D; by T; in Eq. (5).

T =tiy1 — i (4)

d; = D;/T;. (5)

Table 1 shows the speeds based on the angle of inclination. The interval
of contour lines in the digital map is 5m, and the angle of the inclination is
calculated as =sin~!(5/D;). The hiker speed is set to 1.6m/s according to fast
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TABLE 1. Hiker speeds based on the angle of inclination

Angle of Inclination | Elapsed Time(T) | Hiker Speed(d)

0 1.6 1.6

5 1.5 11958
10 1.2 0.9603
15 1.0 0.8054
20 0.9 0.7315
25 0.8 0.6964
30 0.7 0.6666
35 0.7 0.6228
40 056 0.5984
45 0.6 0.58%91

walking speeds in flat areas. The elapsed time(T;) is measured at a 5 degree
interval of the inclination, and the hiker speeds(d;) are determined by Eq. (5).
The location based on the inclination of the ground is determined by,

Zit1 = zi+ th,
k=1
Tipr = z;+d(h) Z cos ¢; . sin b; 1, (6)
k=1
n
Tiv1 = X;+ d(h) Z sin ¢i,k CcoS ei,ka
k=1

where d(h) is the speed of the hiker based on the inclination of the ground.

4. Experiments and the results

We collected angles of inclination and calculated speeds based on the incli-
nation of the ground at intervals of contour lines in a single digital map of a
mountain, as shown in Fig. 7.

We calculated the positions in order to verify the accuracy of our proposed
system. The results show that positions determined by speeds based on incli-
nation are similar to those comprising the route of a hiker, and the method is
more accurate than a method using the average speed. The position error of
the 2D route calculated using the average speed is larger than that of the 3D
route calculated using the average speed, as shown in Table 3. We calculated
the positions in another digital map of a mountain, as shown in Fig. 9.
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FIGURE 7. Map of a mountain

TABLE 2. Angle of inclination and hiker speeds based on inclination

at inI;::;;Sls of . An_gle ° £ Ht::e?f);ds

contour lines inclination inclination
1-2 14.94 0.9603
2-3 8.35 1.1958
3-4 27717 0.6964
4-5 10.55 0.9603
5-6 24.15 0.7315
6-7 175 1.1958

The results also show that the positions determined by speeds based on in-
clination are similar to those comprising the route of the hiker, as shown in Fig.
10 and Table 5.

5. Conclusions

We proposed an integrated 3D location system for hikers in sloped areas such
as mountain areas. A 3D DR system was used while a hiker was traversing a
non-GPS mountain area. To reduce errors, we used the speeds of the hikers
based on the inclination of the ground in a 3D DR system. The results showed
that positions determined by the speeds based on inclination were similar to
those comprising the route of the hiker. The experimental results demonstrate
the effectiveness of the proposed system.
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FIGURE 10. Calculated positions

TABLE 5. Calculated positions

IS E T NE I T I

Real-world route

x 9.65 40.96 67 69 9390 | 10501 | 113982 | 123.08

y | 73962 | F77.13 | 807.39 | 856.48 | 876.47 | 89631 | 92123

z | 625.00 | 630.00 | 635.00 | 640.00 | 645.00 | 65000 | 655.00

Calculated 3D routs using speeds based an inclination

X 9.65 40 96 74.26 100.47 | 111.58 | 120.49 129.65
y | 73962 [ 77713 | 81483 | 86392 | 883.91 | 903.75 | 928.67

z | 625.00 [ 630.00 | 635.00 | 640.00 | 645.00 | 650.00 | 655.00

Caleulated 3D route using average speed
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