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AB S T R A CT  

Heading angle estimation is reported a big challenge task for pedestrian navigation systems 

(PDR), and it is required to combine different estimation techniques to obtain heading angle 

accurately. In this paper, we proposed a novel method to accurately estimate the turn direction of 

the user based on analysis of the tri-gyroscope signals. We used prominence and width of the 

peaks to measure the walking direction by utilizing the decision tree method. We examined three 

different turn detection methods and we found that the performance of the step detection using 

peak detection method is better than zero-crossing methods in terms of accuracy. A machine 

learning algorithm-that is a decision tree method used as heading angle estimator, Kalman filter, in 

other hand, is used to fuse the heading angle measurements obtained from direct measurements 

and the estimated by our technique. The experimental results show that using a proposed method 

an improvement of localization accuracy have been achieved, compared with the traditional PDR 

method. 
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1. Introduction 

An inertial navigation system (INS) is an independent system that provides position, 

velocity, and attitude based on measurements from inertial sensors and by applying the 

dead reckoning (DR) method [1]. INS has been widely used in aircrafts, guided missiles, 

and submarines. Before the introduction of GPS, INS was the most common instrument 

used to determine position. Moreover, INS systems are self-contained in the sense that all 

measurements are taken by sensors that are part of the system without having to depend on 

any external input. The development of micro-electromechanical systems (MEMS) has led 

to the shrinking of the size of sensors. MEMS are used for many applications, one of which 

is position estimation. Nowadays, most smartphones are equipped with MEMS sensors. 

The most important MEMS components for determining indoor location are 

accelerometers and gyroscopes. Accelerometers comprise a spring and a mass. The inertial 

measurement unit (IMU), which contains three accelerometers and three gyroscopes 

mounted in one unit, is used to measure the movement and rotation of an object, for 
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example, a vehicle, airplane, or person. There are two categories of PDR, namely, Inertial 

Navigation Systems (INS) and Step-and-Heading Systems (SHS) [2]. In INS systems, 

inertial sensors are used to measure the acceleration and the velocity can be determined by 

integral operation of acceleration measurement, it provides position solution in 3D. Step-

and-Heading Systems, on other hand, usually used for pedestrians based location systems; 

it provides a walking direction or heading angle and length of the step. In this work, we use 

prominence and width of the peaks instead of direct sensor measurement transformation to 

measure the walking direction by utilizing the decision tree method. A machine learning 

algorithm-that is a decision tree method used as heading angle estimator, Kalman filter, in 

other hand, used as integration method for estimated and predicted heading angle. 

The remainder of this paper is organized as follows. Section II reviews previous work on 

heading angle estimation. Section III explains our system model. Section IV presents 

experimental results. Section V concludes with a brief summary and mentions future work. 

 

2. Related Work 

Heading Angle (or Azimuth) estimation is reported a big challenge task for pedestrian 

navigation systems, and it is required to  combine different estimation techniques in order 

to obtain heading angle accurately  [3]. Recent studies in the field of heading angle 

estimation for localization systems are summarized in this section. These systems use 

variety of underlying estimation algorithms. The study in [4] proposed a technique for 

sensors fusion technique to exploit the gyroscope, magnetometer, and accelerometer 

measurements for device heading angle estimation in the different environments based on 

Kalman filter and quaternion mechanization.  The work in [5] proposed an approach for 

heading estimation utilizing Principal Component Analysis (PCA), the accelerometer 

measurements are projected into a reference coordinate frame, The rotation matrix is 

obtained by an extended Kalman filter (EKF)-based attitude estimation model. The main 

contribution of PCA is to extract the direction of walking over horizontal plane. A turn 

detection algorithm has been proposed to improve the heading estimation accuracy. In [6] 

proposes a method combines a strap-down IMU sensors which based on the time integral 

of the angular velocity with magnetometers that uses the earth’s magnet filed and gravity 

components to compensate the attitude obtained from gyroscope, high data rate angular 

velocity are combined with low data rate observation measurements; gravity and magnetic 

field, using a complementary filter coupled with Levenberg Marquardt algorithm to 

provide an accurate attitude estimate. 

 

3. Proposed Methodology 

The process of this study includes following stages: collecting measurements from inertial 

sensors of smartphone, smoothing measurements and a detection algorithm to estimate the 

heading angle Fig. 1 2 shows the detailed flowchart of the principal of proposed method. 
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Fig. 1: Illustrates flowchart of the proposed method. 

 

3.1 Signal Processing of Sensor Data: Savitzky-Golay filter 

Savitzky-Golay filter (S-G) introduced by A. Savitzky and M. Golay in 1964, they 

developed this filter is to smooth the noisy measurement collected from chemical spectrum 

analyzer. They used local least squares polynomial regression for smoothing while 

preserving the width and peaks similarly the original data [7]. This filter usually used for 

de-noising signals in time domain smoothing applications such as Electrocardiogram 

(ECG) signals, speech enhancement … etc.  The Savitzky-Golay filter is based on the 

Least Square polynomial fit to the given set of input data [7].  

 

3.2 PDR Module 

Pedestrian dead reckoning (PDR) technique uses inertial sensors which embedded in any 

smartphones nowadays. Smartphone’s inertial sensors, including the accelerometer, 

magnetometer and gyroscope, can improve the accuracy of wireless based localization. The 

position in PDR method can be estimated by providing the initial position and estimating 

the distance walked and its direction from the initial position [8],[9], [10]. In contrast, the 

steps can be detected based on the periodic pattern of vertical acceleration, which can be 

measured by vertical accelerometer. Typically, the raw measurements of the 

accelerometers consist of noise. Thus, smoothing stage is required in order to decrease the 

effect of the noise [8]. 

 

3.2.1 Step Detection & Direction Estimation 

Steps of the user can be detected by applying peak searching algorithm or by using zero-

crossing detector (ZCD)[11]. The peak searching algorithm checks the current 

measurement of accelerometer sensor if it is greater or less than a step threshold value. 

While zero-crossing detector counts the number of times the signal crosses zero, or 

changes sign. The peak detection and zero crossing techniques are usually performed on 
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the forward accelerometer sensor, however sometimes the forward accelerometer 

components are distributed among all three axes. for that, we use all three axis 

measurements for step detection or counting number of steps by calculating the norm of the 

three axial accelerometers      ,       and      [11], [12] as given in (1):  

  

 
Norm(Acc(t)) =  √Accx

2(t) + Accy
2(t) + Accz

2(t)  (1) 

 

Heading angle is usually estimated by the magnetometer and accelerometer measurements. 

In order to reduce effect of nearby magnet fields, the magnetometer is calibrated by 

rotating the smartphone in all axis .i.e. rotating like infinity ( ∞ ) shape. Gyroscope, 

accelerometer and magnetometer are used for estimating the rotation of Direct Cosine 

Matrix (DCM). DCM   
   is widely used to transform the coordinate frames between body 

frame (subscript b) and local navigation frame (subscript n), In particular, the DCM can be 

given in (2) : 

 

  ̇ 
 
=   

 ( )   
 ( ) (2) 

In this work, we use a heading detection or (turn detection) technique based on peak 

detection of gyroscope signal is proposed in order to improve the heading angle estimation 

accuracy obtained by magnetometer sensor. 

 

4. Heading Angle Estimation using a Prominence Peak Detection: 

Prominence of a peak measures the independency of this peak relative to other peaks. In 

other words, it determines how much the peak remains out with respect to other peaks. To 

identify the prominence of the peak, firstly we search for all peaks among given data, the 

peaks can be detected by finding the local maxima of a given subset data.  Then we start at 

first peak 𝜌ℎ1(𝑡1) at time (𝑡1) and move forward (right) until  we reach a higher peak 𝜌ℎ2(𝑡) 

at time ( 𝑡2 ), the local minima ( δmin) of the signal between time interval (𝑡1, 𝑡2)  is 

considered as a valley and the maxima of local minima (δmax) is defined as the reference 

level [13]. To end, a prominence of the peak 𝜌𝑝(𝑡) at time (t) is measured by the height of 

this peak above the reference level (δmax ). Fig. 3 shows the peak prominence  𝜌𝑝(𝑡) 

represented as a dashed green line, peaks width 𝜌𝑤(𝑡) as dashed red line, and height of the 

peaks 𝜌ℎ(𝑡) represented as dashed purple line. In some cases, a low peak has a higher 

prominence value than another higher peak. Fig. 3 clearly shows that the peak 𝜌4(𝑡) is 

higher than peak 𝜌3(𝑡), but it is less prominent than peak 𝜌3(𝑡).  
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Fig. 2: Shows height, width and prominence of a given signal. 

 

To determine if the pedestrian is making a turn, we use the heading angle change 

pattern during walking scenario. Fig. 4 illustrates the flowchart of the procedure of a 

prominence detection method. We detected peaks which have a specific height and 

compare its prominence value with a threshold value, a turn is detected when value of 

prominence peak of magnitude gyroscope exceed the threshold value.   

 

 

Fig. 3: Flowchart of the proposed heading angle estimation method. 

 

5. Experimental Results and Discussions 

Many experiments were carried out to evaluate the estimation performance taking into 

consideration two prospective points turn detection, and estimation of pedestrian 

heading angle. The measurements of accelerometer and gyroscope sensors are obtained 

by using smartphone Samsung Galaxy S7 edge. To filter out the noise caused by 
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misalignments, scale factor and bias, the pedestrian remains stationary few seconds 

before start walking then the noise removed by calculating the average of stationary 

data.  We use a sliding window-based technique to deduce the heading angle of 

pedestrian and a decision tree method as a model for a sequential decision problem. In 

General, a decision tree is a machine learning method that uses a graphical tree structure 

to make a decision; it consists of two types of nodes, namely, decision nodes, and leaves 

nodes. In this work, we use height 𝜌ℎ(𝑡), width 𝜌𝑤(𝑡) and prominence 𝜌𝑝(𝑡) of the 

peaks as training data of the model, and estimated heading angle      as the response 

data. It is clearly shown in fig. 5 that width of the peaks during 360
o
 degree or U-turn 

event is greater than other turns.  However, the widths of peaks in 45
o
 and 90

o
 rotations 

are nearly equivalent. For that, height and prominence of the peaks have been taken into 

consideration to distinguish between closer turns.  

 

Fig. 4: Shows width of the peaks during different rotations. 

 

We use three different modes of using a smartphone that represent variety of situations 

such as texting, calling or in the pocket. In this work, we investigated three different 

turn detection methods, Zero-Crossing method using acceleration (ZCA), Zero-

Crossing method using rotation measurements (ZCG), and Peak Detection Method (PD) 

which uses accelerometer data. As shown in Fig. 6, the performance of the step 

detection using peak detection method is better than other method in terms of accuracy. 

However, Zero-crossing using gyro (ZCG) in pocket mode outperforms the other; this 

because during walking phase the gyro sensor detects the swing motion of the foot and 

hereafter the sensor experiences a significant angular acceleration. 
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Fig. 5: The error percentage in step detection. 

 

We compare the performance of our proposed technique with a widely used method 

based on DCM. The comparison is done by calculating mean square error (MSE) which 

means that it computes the difference between the real and the predicted position. The 

overall error of our proposed model is less than 0.2 m as shown in Fig. 8.  

 

 

Fig. 6:  Mean square error histogram. 

 

 

6. Conclusion and Future Work 

In this paper we implemented and compared some of the most recent methods related to 

pedestrian dead rocking. We propose a novel method to accurately estimate the turn 

direction of the user based on analysis of the tri-gyroscope signals. We use prominence 

and width of the peaks to measure the walking direction by utilizing the decision tree 

method. We examined three different turn detection methods. A machine learning 

algorithm-that is a decision tree method used as heading angle estimator. The 

experimental results show that using a proposed method an improvements of 

localization accuracy have been achieved, compared with the traditional PDR method, 

However, one limitation of this work is its dependence on such an involved device to 

collect enough data for larger scale and different device, and we leave this for future 

work. 
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