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Abstract—Inertial sensors for pedestrian dead-reckoning the user's ankle. Empirical evidence supports the claim tha
(PDFT) havetbeen attractingt C?QSidEfable lattt_emiofn recenyl S"igce angular rate data is more reliable than acceleration data. |
accelerometers are prone to the accumulation of errors, a “Bro ; ; ;

Velocity Update” (Z-FL)JPT) technique [1], [2] was proposed asa [14] regression an.alys.|s was used to detect walking fwe
means to calibrate the velocity of pedestrians. However, #se a.nd the variance |n-S|gnaIs from.an accel_erometer d“””g a
inertial sensors must be mounted on the bottom of the foot, Single step, from which a conversion equation betweenestrid
resulting in excessive vibration and errors when measuring length and step duration was derived. Nonetheless, each of
speed or orientation. This paper proposes a self-calibratig PDR  these systems produce a high degree of error when users
solution using two inertial sensors in conjunction with a neel  yaviate from their normal walking patterns.

concept called “Walking Velocity Update” (W-UPT). One inettial A fundamental issue in reducing measurement error in PDR
sensor is mounted on the lower leg to identify a point suitatd for i o ) i ]
calibrating the walking velocity of the user (when its pitchvalue ~Systems is identifying the most effective method with which
becomes zero), while another sensor is mounted on the upperto calibrate the system. This is primarily due to the fact
body to track the velocity and orientation. We have develope a  that accelerometers tend to accumulate a considerablearumb
‘é";’tg"ng prototype and tested the proposed system using actl  of errors when data is converted to speed or displacement.
KeyWordS' body sensing, inertial measurement unit IocatioTo overcome error Fjrlftmg problems, a_techmque known as
tracking p;edestrian deaé—reckoning wireless sensa,vcmtet 2_UF.)T (zero Velocity Update) employlng a foot-mounted
' ' inertial sensor was proposed [1], [2]. Readings taken bgehe

sensors are reported to be very close to zero when the sole of
the foot touches the ground. This event represents a seitabl

A large number of location-based services (LBS) [3], [4lnoment from which to calibrate the system, i.e., the vejocit
such as navigation and tracking, have recently been prdposef the walker is reset to zero when the system detects the
and a central issue in all such applications is locatiorkirez  occurrence of such an event. The main drawback of Z-UPT
Currently, GPS remains the most widely used technolody that the inertial sensor must be mounted on the bottom
for positioning in outdoor environments; however, due tof the foot, leading to excessive vibration and error in the
shadowing effects, GPS is not always available or reliableeasurement of orientation and displacement.
To overcome these limitations, considerable effort hasnbee Our objective in this study was to develop an approach to
dedicated to the development of alternative positionirgdpte eliminate both accumulated and orientation based erroes. W
niques. These techniques can be classified into six cag=gorpropose a novel concept called “Walking Velocity Update”
AoA-based [5], ToA-based [6], TDoA-based [7], signal lossfW-UPT), using an inertial sensor mounted on the lower
based [8], pattern-matching [9], [10], [11], and pedestrideg and a second sensor on the upper body. The lower
dead-reckoning [1], [2], [12], [13], [14] techniques. sensor determines the timing aspect of walking velocity and

This work focuses primarily on PDR systems that rely oocontinuously forwards this information to the upper sensor
inertial sensors, such as accelerometers, electronicassap, The upper sensor calculates the velocity of the user acuprdi
and gyro sensors mounted on the human body. These devimemeasurements of acceleration calibrated against dea fr
are used to measure acceleration, orientation, and anfjleshe lower sensor. The upper sensor also provides informatio
rotation to track the location of users. The simplest PDRlated to the orientation of the user. Our results are based
system is the pedometer, which counts steps; however,ngalkithe following observations concerning walking motion.skir
motion actually comprises of a series sifides which are the angular velocity of the lower leg with respect to the grbu
far more effectively characterized by triaxial accelerteng® can be used to determine the walking velocity of an individua
and e-compass sensors. In [12], a pattern matching methaoen the thigh and lower leg form a straight line. Second,
was used to derive strides from vertical accelerations18},[ when the aforementioned straight line is perpendiculahéo t
step events were detected through the cooperative effbrtsgoound (i.e., its pitch value= 0), the angular speed can be
a vertical accelerometer and the angular rate at the axisamfcurately converted to body speed. Third, for the purpése o

I. INTRODUCTION
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Fig. 1. System model of of W-UPT.
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Fig. 3. _(a) Five poses of a stride from two users and; (b) walkposture
trajectory tracking, mounting an inertial sensor on thearppversus pitch angles.

body incurs fewer positioning errors than mounting one @n th
lower leg. A prototype was developed to verify these claims.

The remainder of this paper is organized as follows. fhe thigh and lower leg gradually form a straight line, which
model of the proposed system is presented in Section We call thestraight-line conditionWhen this condition is met,

A number of implementations and experimental results atlee horizontal component of the tangential velocity ovex th
presented in Section Ill. Conclusions are drawn in Sectian | hip joint is equal to that of the body (because at this poiayth
merge into a single rigid entity). Let be the length of the
leg, v be the velocity of the upper body, be the tangential

An inherent limitation of most PDR solutions is the problemelocity of the hip joint, andv be the angular velocity of the
of error drifting. Z-UPT deal with this problem by resettingower leg. According to Newton’s Second Law, we assume that
the velocity of the user to zero, when it detects slippage tife following equality holds when the thigh and the lower leg
the sole on the floor. This approach requires that the senfi@m a straight line:
be mounted on the bottom of the foot, which inevitably ,
leads to excessive vibration and error in the measurement vi=wx L. @
of orientation. To alleviate this problem, we propose a WNote the tangential velocity and the angular velocity oedffer
UPT solution, involving the use of two inertial sensass to their magnitudes (i.e., no direction is involved). Besail
and S, mounted on the lower leg and upper body of this given andv can be measured b, it is possible to derive
user, respectivelyS, measures the velocity of the user and’. The projection ofu’ on the ground is equal to. It follows
is re-calibrated every stride according to the angularaiglo that when the pitch value is zero, we have
measured bys;. ,

Our system model is shown in Figure 1. Sengfr is v=vs 2)
attached to the user’s upper body and seiss@ttached to the Therefore, we use’ to calibrate the value of measured by
user’s lower leg. In every stride, the sole touches the gtouls;, when the pitch value of; is zero for every stride. (Note
for a short period of time. During this period, we observe théhat v is indirectly derived by the accelerometer $f.)

\ 4
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Fig. 2. Workflow of the W-UPT method.

Il. SYSTEM MODEL
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Fig. 4. (a) Inertial sensor; (b) sensors mounted on the uppdy and the lower leg.

Figure 2 shows the workflow of W-UPTS, comprises value ofw, a number of filtering techniques may be used. In
a triaxial accelerometer, a triaxial e-compass, and ai#iaxthis case, we adopted a Low-Pass filter [15] to achieve this
gyro sensorsS; consists of a triaxial e-compass and a triaxiajoal.
gyro sensor. The Raw Data Processing block $grextracts
information related to acceleration and orientation frdme t C. Location Tracking Block

sensing data of;,. The Raw Data Processing block f6§ h id ) d h . ki
extracts pitch and angular velocity from the sensing data When a stride event is reported to the Location Tracking

of S;. The Stride Detection block uses pitch to identify twi IﬁCk’, It begllgs %omputatlo_n Of;he Ieng‘i]th a_nd dlrzcthqmt
events: stride events and straight-line conditions. Ugon trollowing stride, by integrating the acceleration and btaion

occurrence of a straight-line condition, the Walking Vétpc of S, during the current stride,_until the next stride_ event is
Update block computes current and report this velocity to reported. I.‘eut be the a}ccele_ratl(_)n measured fiyat timet,
the Location Tracking block. The Location Tracking bloclé_i be the time vyhen théth §tr|d_e is reported, antl, be th?
then calibrates its asv’ and computes the length and directiod™® yvhen the(i + 1)th st_nde is reported. Then the Wal!<|ng
of the stride by integrating the acceleration sensed fi§ym velocityvr of the user at imd’, t; < T' < ti+1, on thez-axis
over time, until the next stride event is reported. At the efid can be derived by
this process, the sum of each stride length and its oriemtati T
is considered the trajectory of the user. v(Tm) = v,ff) + / a\dt. (3)
ti

A. Stride Detection Block ) o

The most critical issue in W-UPT is the identification O{Iere We use superscrit) to indicate the component on the

. ) _ . . . x-axis. Note that, is updated by the value af when the
a suitable point frqm which to calibrate th_e walking Ve'9°'t ith stride is detected. The displaceméntof the user at time
of _the user. Con5|der. the.snapshots of five postures in the, _p t,.1, on thez-axis can be derived by
strides of two users in Figure 3(a). In both cases, during
the fifth posture, the pitch angle gradually decreases from a @ (@)
positive value to a negative value. At the point when thisieal dp’ = / vy dt. (4)
becomes zero, the straight-line condition becomes trues Th b
is also evidenced by our real measurements in Figure 3(B)milarly, the walking velocity of the user at timg, t; <
(Note that reference [13] also describes how angular rates @ < t;,1, on they-axis can be derived by
more accurately capture strides than the use of accelesatio .
When the straight-line condition is detected, a triggereists o) — L, ® +/ o
to both the Walking Velocity Update block and the Location T ti .o
Tracking block.

®)

The displacement of the user at timél’, ¢; < T < t;41,

B. Walking Velocity Update Block on they-axis can be derived by

When a report of straight-line conditions is sent to the T
Walking Velocity Update block, the angular velocityof S; is d¥ = / oW dt. (6)
used to determine’ by Eq. (1). Note that to obtain a smooth ti
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Fig. 5. The trajectories along the rectangular path fromué®r A, (b) userB, and (c) uselC.
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Fig. 6. The trajectories along the circular path from (a)rude (b) userB, and (c) uselC.
For the (i 4+ 1)th stride, its displacements on the- and the where the rotation matrices are defined as
y-axis can be measured as r 0 0
Ro(¢) = |0 coso —sing), (10)
0 sing coso
D¥ = lim d, @) i
T_)t'H»l -
. cosf 0 sind
DY = lim d¥. 8)
T—tit1 Ry(e) = 0 1 0 ) (11)
|—siné 0 cosf
The sum of n displacement vectors is considered the user’s [cos¢ —sing 0O
; @ ) .
trajectory(zizlnn D§ ), D icin Dl( ) Note that the accel- R.(¢) = |sing cos¢ 0. (12)
erations measured by, can be decomposed into(vertical) 0 0 1
and xy (horizontal) components. They are relative to the
sensor itself. Therefore, it is necessary to transformtivela ~ [Il. SYSTEM IMPLEMENTATION AND EXPERIMENTAL
accelerations into absolute accelerations.ibgt, and¢ be the RESULTS

yaw, pitch, and roll valuesgl;, a,, a.] be the accelerations in p_ Implementation of the System
the x, y, and z directions, and,[, a., a4] be the accelerations

in the north, east, and ground directions. We have the fafigw ' this study, users are equipped with two inertial sensors
relationship: fabricated in our laboratory, as shown in Figure 4(a). The

dimensions of the inertial sensors wefé mm x 90 mm

x 25 mm, with a weight of60 grams. The inertial sensors
provide triaxial accelerations in the range-b% g, the triaxial
magnetic fields are in the range 6fl .2 Gauss, and the rate of
rotation is in the range df00° per second. The sampling rate
ae | = Ro(P)Ry(O)R- (V) x | ay |, (9 of these readings was set no higher taf Hz. The sensors
d az also provide orientation in Euler angle (pitch, roll, yaw)tb

Qn Qg



User A | User B | User C

W-UPT with the rectangular path 2.38 1.90 2.61

W-UPT with the circular path 3.57 2.85 5.95

Z-UPT with the rectangular patf 6.67 6.19 3.54

Z-UPT with the circular path 1.78 2.14 3.09

TABLE |

END DISTANCE ERRORS IN METERS

at a frequency not exceeding)0 Hz. The inertial sensors 98-2219-E-009-019, and 98-2219-E-009-005, 99-2218-&-00
communicated with the handheld device via an RS-232 or R@5, by ITRI, Taiwan, by lll, Taiwan, by CHT, Taiwan, by
485 interface. The optional communication speeds wér2, D-Link, and by Intel.

38.4 and 115.2 kBaud. The inertial sensors communicated
with each other via a UART interface and ZigBee protocol.
Figure 4(b) shows an inertial sensor mounted on the lower Il
of the user and another sensor mounted on the upper body.
2

B. Experimental Results 2

To verify our results, we performed several experiments in g;
sensing fieldb0m x 50m. In every case, the speed of the user
was set around m/sec. The first roaming path was a rectangle
28m in length and15m in width. The second roaming path [4)
was a circle with a diameter ofom. Figure 5 and Figure 6
show the trajectories of three users using the W-UPT and Z-
UPT methods. The dots indicate the initial positions and thg;
small squares indicate the end positions. The W-UPT method
was closer to the original shape than the Z-UPT method®
Table | compares the total distance errors of W-UPT witheéhos
of Z-UPT following various roaming paths. Although the endl[7]
positions of Z-UPT method are closer to the initial position
than W-UPT method in the circular path, the trajectories ofg)
W-UPT method are closer to the original shape.

IV. CONCLUSIONS [9]

This paper proposed a self-calibrating approach to PDRs
using two inertial sensors mounted on a pedestrian. Sengef
Sp is attached to the upper body and senSpris attached
to the lower leg. We also introduced a novel concept called
“Walking Velocity Update”, in which sensof; is used to [17]
determine a suitable point at which to calibrate the walking
velocity of the user. The other senséy,, tracks the velocity
and orientation. For each stride, the W-UPT extracts pitah a1
angular velocityw from the sensing data d&f;, using the pitch
value to identify two events: stride events and straighe-li
conditions. Upon the occurrence of the straight-line ctionj
the W-UPT calibrates its walking velocity according to alagu
velocity. It also computes the stride length and directign ()
integrating the acceleration data frafy to the point at which
the following stride event is reported. Finally, the sum atle
stride length and its orientation is considered the trajgrct (14]
of the user. In our experiments, the W-UPT method proved
superior to the Z-UPT method. [15]
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