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Abstract

This paper describes a localization method with wear-
able electromagnetic sensor and orientation sensor for
wearable computer users. Many user localization methods
have been investigated to realize location-based services
in a wide environment. The localization methods usually
employ a hybrid approach in which user’s position is esti-
mated by using positioning infrastructures and dead reck-
oning such as a pedometer. However, the installation cost
of infrastructures increases when the area expands, and the
error of the pedometer is frequently caused by failures in
walking locomotion detection and the difference between
ideal and estimated step lengths. If the relative distance
is accurately estimated by dead reckoning approach, the in-
stallation cost of infrastructures can be reduced.

This paper proposes a new localization method that im-
proves the estimation accuracy of step length in dead reck-
oning approach. The proposed method measures user’s ori-
entation and geometrical relationship between user’s heel
and waist with an orientation sensor and an electromag-
netic tracker attached to user’s body. When both feet come
into contact with the ground, user’s position is updated by
adding the estimated step length which means the relation-
ship between user’s heels and the position estimated in the
previous step. The proposed localization method has been
experimented using a prototype system to evaluate the ac-
curacy of the proposed method.

1. Introduction

Navigation systems which can provide users with
location-based information by acquiring the user’s position
with a wearable computer have been developed[1, 2]. In or-
der to realize these systems in a wide area not only indoors
but also outdoors, a number of localization methods have
been proposed. Especially in indoor environments, local-
ization methods can be divided into two steps: 1) absolute
position measurement from positioning infrastructures and
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Figure 1. User’s equipments in the proposed
method.

2) estimation of relative distance by using wearable sensors
such as dead reckoning sensors.

In general, in order to estimate the user’s position, im-
age markers [3, 4] or infrared markers [5, 6] are used as
positioning infrastructures. However, the larger the area of
positioning infrastructures is, the more the cost is increased.
On the other hand, a typical method in the dead reckoning
approach is to use a pedometer which measures the user’s
walking action by using accelerators and a digital compass
[7, 8, 9].

In the relative distance estimation by counting steps, it is
easy to accumulate the error of distance due to difference of
length of user’s step or miscount of steps by noise of sen-
sors. To measure the relative distance of user’s movement
accurately, some methods directly measure the distance of
the foot with accelerator attached to user’s toe[10]. By com-
bining the approach of relative distance estimation with the
approach based on positioning infrastructures, the cost for
infrastructure can be decreased[2, 11]. If the accuracy of
the relative distance estimation increases, the number of de-
vices of infrastructure decreases and the cost of positioning
infrastructure can be low.

In order to decrease the cost for positioning infrastruc-
ture, this paper proposed a new method for accurately mea-
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Figure 2. Hardware configuration of the pro-
posed localization method.

Figure 3. Illustration of summing up step vec-
tors.

suring the relative distance of user’s movement. Fig. 1 il-
lustrates an overview of the proposed localization method.
The user equips an electromagnetic tracker, inertial sensor
and push button switches. The electromagnetic tracker mea-
sures the relationship between right and left feet, and the
inertial sensor measures the absolute orientation against the
real world. The method estimates the user’s movement dis-
tance by summing up the relationship between left and right
feet when both left and right legs are grounded. That is, by
detecting the switch timing of the pivot foot, the step vec-
tor, which means the relationship between left and right legs
when both legs are grounded, is added incrementally.

This paper is structured as follows. Section 2 describes
the proposed localization method with wearable electro-
magnetic tracker and orientation sensor. In Section 3, ex-
perimental results with a prototype system are described.
Finally, Section 4 summarizes the present work.

2. Localization with 3D position and orienta-
tion sensors
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This section describes the proposed localization method
with an electromagnetic tracker, inertial sensor and push
button switches. A user equips an electromagnetic sensor
(Polhemus Inc.: 3Space Fastrak), an inertial sensor (In-
tersence, Inc.: inertiaCube2) at user’s hip, and push button

switches attached to user’s both heels, as shown in Fig. 1.
By attaching these sensors to user’s hip, leg, and heel, the
relative position of the left and right legs and absolute orien-
tation of user’s hip are estimated continuously. Therefore,
the proposed method can measure the distance of user’s
movement if at least one leg is always grounded. In other
words, when the user walks (not run), the relative position
can be estimated.
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To estimate the user’s position, the distance between left
and right legs is added when the pivoted leg is changed. In
this paper, let us call this distance a step vector. The step
vector can be calculated by using parameters acquired from
electromagnetic tracker and inertial sensor shown in Fig 2.
The step vector ����� is defined by Eq. (1).
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where
�
����

: step vector in the world coordinate system,
�� : absolute orientation of hip

in the world coordinate system,
� �� �� �� : position of cnemis

(position of electromagnetic tracker)
in electromagnetic sensor coordinate system,

�� ��� : pose of cnemis
in electromagnetic sensor coordinate system,

� �� �� �� : distance between cnemis and heel (constant).

Here, f and b mean front and back side legs, respectively.
Fig. 3 illustrates the process of estimating user’s position.
The estimated distance is defined by Eq. (2).
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In the proposed method, it is ideal that both left and right
heels are grounded at the same time when the step vector
is added. However, in a human walking action, the heel of
back leg usually leaves from the ground before grounding
of the heel of front leg as shown in Fig. 4. Therefore, the
error of height accumulates as shown in Fig. 5. In order to
overcome the problem, we correct the error by estimating
the 	���� which denotes the height of heel in each step, as
shown in Fig. 6. In fact, the parameter 	���� is estimated by
some trials of walking along a path whose distance is known
in advance. Equation for position estimation considering
the heel error is defined as follows:
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Figure 4. Movement of heel when step vector
is added.

Figure 5. Estimation without heel height cali-
bration.

Figure 6. Estimation with heel height calibra-
tion.
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where ����� � ��� �� 	���� �.

3. Expriments
In order to confirm the feasibility of the proposed

method, we have carried out the experiments. First, to ex-
amine the accuracy of estimated results, three kinds of paths
are evaluated: a straight line, a circle and stairs. Figs. 7, 8
and 9 show the estimated trajectories of three paths. Figs.
7 and 8 illustrate the results of walking along a straight line
whose distance is 9m and a circle whose radius is 1.5 m,
respectively. Fig. 9 shows the results when a user goes up
stairs to the upper floor. In this experiment, we have esti-
mated the height error 	���� in advance from the three re-
sults of user’s walking along the paths whose distances are
known. We can confirm the proposed method can estimate
user position accurately. Here, the error is defined as a ratio
of the difference between true and estimated positions and
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Figure 7. Estimated trajectories of walking
along a straight line with and -out calibration.
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Figure 8. Estimated trajectories of walking
along a circle with and -out calibration.
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Figure 9. Estimated trajectories of walking up
stairs with and -out calibration.
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Figure 10. Estimated trajectories of walking
along a square(one side is 50m).

the true total distance. Errors in the three paths are 7.2%,
4.2% , and 6.0%, respectively. Figs. 10 and 11 show ex-
perimental results of estimating two long paths. One is a
sequence of walking along a square whose one side is 50m
and the other is that of going up stairs to 7th floor. Errors in
estimation are 5.2% and 2.6%, respectively.

4. Conclusions

This paper has proposed a new localization method that
improves the estimation accuracy of step length dead reck-
oning approach. The proposed method measures user’s ori-
entation and geometrical relationship between user’s heel
and waist with an orientation sensor and an electromagnetic
tracker that are attached to user’s body. In experiments, we
have evaluated the accuracy of the proposed method with
the prototype system.
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Figure 11. Estimated result of walking up
stairs(from first floor to 7th floor).

Tracker,” Proc. Int’l Symp. on Mixed and Augmented Reality (IS-
MAR’02), pp. 27–36, Oct. 2002.

[5] D. Hallaway, T. Höllerer and S. Feiner: “Coarse, Inexpensive, In-
frared Tracking for Wearable Computing,” Proc. 7th IEEE Int’l
Symp. on Wearable Computers (ISWC’03), pp. 69–78, Oct. 2003.

[6] M. Maeda, T. Ogawa, K. Kiyokawa and H. Takemura: “Tracking
of User Position and Orientation by Stereo Measurement of Infrared
Markers and Orientation Sensing,” Proc. 8th IEEE Int’l Symp. on
Wearable Computers (ISWC’04), pp. 77–84, Oct. 2004.

[7] M. Kourogi and T. Kurata: “Personal Positioning based on Walking
Locomotion Analysis with Self-Contained Sensors and a Wearable
Camera,” Proc. 2nd IEEE and ACM Int’l Symp. on Mixed and Aug-
mented Reality (ISMAR’03), pp. 103–112, Oct. 2003.

[8] S.-W. Lee and K. Mase: “Activity and Location Recognition Us-
ing Wearable Sensors,” IEEE Pervasive Computing, 1, 3, pp. 24–32,
Jul.–Sep. 2002.

[9] J. W. Kim, H. J. Jang, D.-H. Hwang and C. Park: “A Step, Stride
and Heading Determination for the Pedestrian Navigation System,”
Journal of Global Positioning System, 3, 1–2, pp. 273–279, 2004.

[10] E. Foxlin: “Pedestrian Tracking with Shoe-Mounted Inertial Sen-
sors,” IEEE Computer Graphics and Applications, 25, 6, pp. 38–46,
Nov.–Dec. 2005.

[11] D. Hallaway, T. Höllerer and S. Feiner: “Bridging the Gaps: Hybrid
Tracking for Adaptive Mobile Augmented Reality,” Applied Artifi-
cial Intelligence Journal, Special Issue on AI in Mobile Systems, 18,
6, pp. 477–500, Jul. 2004.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /DEU ()
    /FRA ()
    /PTB ()
    /DAN ()
    /NLD ()
    /ESP ()
    /SUO ()
    /ITA ()
    /NOR ()
    /SVE ()
    /ENU ()
    /JPN ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


