
 

Journal of Advanced Research in Applied Sciences and Engineering Technology 26, Issue 2 (2022) 8-23  

8 
 

 

Journal of Advanced Research in Applied 

Sciences and Engineering Technology 

 

www.akademiabaru.com/ submit/index.php/araset/index 
ISSN: 2462-1943 

 

New Zero-Velocity Detector for Low-Cost Inertial Pedestrian 
Navigation 

 

 

Muhammad Syahmi Hamdan1, Khairi Abdulrahim1,*  

 
1 Department of Electrical and Electronic Engineering, Faculty of Engineering and Built Environment, Universiti Sains Islam Malaysia, 71800 Nilai, 

Negeri Sembilan, Malaysia 
  

ABSTRACT 

A new Zero Velocity Interval (ZVI) detector is proposed and investigated in this article to augment the computation of a pedestrian’s 
position. In a low-cost pedestrian navigation system, the position of a pedestrian can be computed by using inertial navigation 
algorithms. The low-cost pedestrian navigation system employs an inertial measurement unit (IMU) comprised of accelerometer 
and gyroscope sensors to record acceleration and attitude rate. These measurements, when integrated mathematically, yield 
velocity and position. Similarly, attitude rate changes to attitude. The algorithm will then be able to figure out the changes in 
pedestrian position with the proper attitude. However, due to its low-cost nature, these sensors are built in such a way that their 
measurements are easily corrupted by noise, and once integrated mathematically, the measurement error grows exponentially. Zero 
Velocity Update (ZUPT) algorithm is frequently used to limit these errors. It works by detecting the ZVI that occur when the foot is 
on the ground. Assuming that the foot on the ground should have zero velocity, any remaining velocity measurements detected 
during this period are considered an error and are fed back to the navigation algorithm for correction. To detect the ZVI, a few 
commonly used detectors, namely Angular Rate Energy (ARE), Acceleration Moving Variance (MV), Acceleration Magnitude (MAG), 
and Generalized Likehood Ratio Test (GLRT) were revisited. These detectors were tested with real-world datasets of walking 
pedestrians. Then, a new detector, the Angular Rate Moving Variance (ARMV) detector, is proposed, and its performance is 
compared to that of the existing detectors.  
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1. Introduction 

 
The pedestrian navigation field is gaining interest in research because it can be improved to 

better detect and determine the location of someone, particularly in an indoor environment and in 
rural areas. For someone who is unfamiliar with the area, a pedestrian navigation system (PNS) can 
be very useful in updating his current location in real-time [1]. This can be accomplished by utilising 
various navigation technologies commonly used in this system, such as the Global Navigation Satellite 
System (GNSS), the self-contained sensor, and the radio frequency (RF) signal. However, these 
technologies have some flaws that make them unsuitable for use in an indoor environment. 
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Because the signal is blocked by the wall, the GNSS signal cannot be used to detect position in an 
indoor environment, and the RF signal output has some error due to the nature of the integration 
[2]. These technologies' flaws can be overcome by combining them with other positioning 
technology, referred to as microelectromechanical systems (MEMS). The combination of these two 
technologies improves the efficiency with which pedestrians in an indoor environment can be 
located. The Inertial Measurement Unit (IMU) is a microelectromechanical system (MEMS) that 
consists of gyroscope and accelerometer sensors. It functions as a sensor to detect changes in velocity 
measurement that occur during a pedestrian's walking cycle, and the velocity can be integrated 
mathematically to yield position. It is widely used and developed in navigation systems because it is 
a low-cost device that is simple to implement for the pedestrian user [3]. The velocity measurement 
output from this sensor still has some errors, but there is a technique called a Zero-velocity UPdaTe 
(ZUPT) that can help reduce the errors. The ZUPT technique uses an algorithm to detect the zero-
velocity condition that occurs during the walking cycle [4]. 

The stance and swing phases of a pedestrian alternate during the walking cycle, and these phases 
can be classified into four different states. A swing phase occurs when the foot is not touching the 
ground and the velocity is greater than zero, whereas a stance phase occurs when the foot is touching 
the ground but not moving. Figure 1 depicts the condition of the foot in the stance phase, whereas 
states 2 and 3 depict the condition of the foot as it begins to move and swing again. State 4 depicts 
the condition of the foot as it begins to touch the ground once more before returning to state 1. The 
mechanism of these 4 alternately occurring states produces a short period in state 1 where the 
velocity is approximately zero, which is known as the Zero Velocity Interval (ZVI) [3]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The performance of the detectors in detecting zero-velocity intervals is used to evaluate the 
ZUPT. Several detectors, such as the angular rate energy (ARE) detector, acceleration moving 
variance (MV) detector, acceleration magnitude (MAG) detector, and the stance hypothesis optimal 
(SHOE) detector, have been used in previous projects to detect the zero-velocity interval (ZVI). Each 
detector is made up of various algorithms and threshold values that are empirically determined based 
on the pedestrian's velocity. Using the algorithms of these detectors, the velocity measurements 
recorded by the gyroscope and accelerometer sensors were combined. 

Each detector's algorithm is used to compute the values of the recorded data gait speed, and the 
calculated values are then plotted. Following the plotting, the threshold value is applied to determine 

Fig. 1.  Value trend of y-axis gyroscope and foot movement in gait cycle [4] 
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whether the values fall below the threshold or not. If the statistical values are less than the threshold, 
the inertial measurement unit (IMU) is considered to be in zero-velocity mode; if the values are 
greater than the threshold, the IMU is not considered to be in zero-velocity mode. The zero-velocity 
update (ZUPT) is plotted when the observation is completed based on the detection of zero-velocity 
conditions. ZUPT plots 0 for zero velocity or stance phase and 1 for swing phase. A zero-velocity 
interval is defined as the point on the ZUPT graph where the values fall to 0 before rising to 1. The 
successfully detected zero-velocity intervals are then used to plot the trajectory point. 

In this article, a new zero velocity detector and threshold value are proposed to better detect 
zero velocity intervals at low gait speed, and the detector's efficiency is compared to that of the 
angular rate energy (ARE), acceleration moving variance (MV), acceleration magnitude (MAG), and 
stance hypothesis optimal (SHOE) detectors. 

 

2. Methodology  
 

Previously, the Global Positioning System (GPS) was used in conjunction with other navigation 
systems to detect the location of the pedestrian [5,6] and [7]. The integration of GPS with other 
navigation systems improves pedestrian navigation accuracy. There were also some works in Serra 
et al., [8], Zhuang et al., [9], Examiner et al., [10], and Schougaard  et al., [11] in which the smartphone 
was outfitted with an additional navigation system. The dead reckoning positioning step, 
microelectromechanical sensors (MEMS), and GPS were all part of the navigation system. It aided in 
the establishment of a communication link between the communication server and the device itself 
for the location to be updated on a regular basis. In Abdulrahim et al., [3,12], the inertial 
measurement unit (IMU) was used to collect data on the pedestrian's gait speed, acting as a sensor 
comprised of an accelerometer and gyroscope capable of sensing changes in velocity while walking. 
The INS module, gait phase detection module, and zero velocity update module were proposed as 
online smoothing zero-velocity update (ZUPT) modules [13]. Previous detectors such as ARE, MV, and 
MAG detectors were tested to investigate the framework for each detector, and a new algorithm 
with the integration of zero velocity update (ZUPT) was proposed [14]. 

The goal of this work is to propose a new velocity detector algorithm that can be used for 
pedestrian navigation using zero-velocity update (ZUPT). The MATLAB application was used to run 
the coding and display the output in detecting the zero-velocity interval (ZVI) at low gait speed data 
in this project. The data for this work was obtained from the OpenShoe project, which was started 
by researchers from the department of signal processing at KTH Royal Institute of Technology [15]. 
A set of algorithm frameworks was provided for this work, and it was used to process the data. The 
Generalized Likehood Ratio Test (GLRT), Acceleration-Moving Variance (MV), Acceleration-
Magnitude (MAG), Angular Rate Energy (ARE), and the proposed Angular Rate Moving Variance 
(ARMV) detectors are used in this project to compute gait speeds and determine the zero-velocity 
condition for the zero-velocity update. 
 
2.1 Understanding the process flow of Generalized Likehood Ratio Test (GLRT), Acceleration-Moving 
Variance (MV), Acceleration-Magnitude (MAG), Angular Rate Energy (ARE) detectors 
 

The detectors were tested using the Generalized Likelihood Ratio Test (GLRT), Acceleration-
Moving Variance (MV), Acceleration-Magnitude (MAG), and Angular Rate Energy (ARE) to understand 
the process flow of the detectors in detecting the stance phase and to evaluate the overall 
performance of the detectors. For each detector, the algorithms in sections 2.1.1, 2.1.2, 2.1.3, and 
2.1.4 were used to compute the gait speeds recorded and plot the test statistics.  
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The test statistic, T, values were then compared with the threshold value set for these detectors 
to determine the condition of the foot at that time. If the values obtained fell below the threshold, 
the hypothesis states that the IMU is in a stationary phase, and if the values calculated do not fall 
below the threshold, the hypothesis concludes that the IMU is in the swing phase. The graph of zero-
velocity update (ZUPT) can be plotted between 0 and 1 based on the observation. In the graph, values 
that are less than the threshold are plotted as 0, while values that are greater than the threshold are 
plotted as 1, and the plotting of these values alternates, forming periods. Zero-velocity intervals are 
the brief periods when the value falls to 0 before rising back to 1. The detection of the zero-velocity 
interval is then used for trajectory plotting. The detector that correctly detects zero-velocity intervals 
generates a good trajectory pattern that depicts a pedestrian's path. 

 
2.1.1 Generalized Likehood Rate Tests (GLRT) Detector 
 
 
 
 
 
The algorithm for the GLRT detector shows the summation of the mean square error of fitting a 
vector of magnitude g with the direction of the average specific force vector to the accelerometer 
data and the energy in the gyroscope signal. If the measurement that is obtained falls below the 
threshold, the algorithm concludes the hypothesis that IMU is stationary [14].  
 

2.1.2 Acceleration Magnitude (MAG) Detector 
 
 
 
 
 

The algorithm for this detector is described as the summation of the difference between the 
magnitude of the accelerometer signal with gravity. If the values of measurement fall below the 
threshold, the values are considered as zero-velocity [14]. 
 

2.1.3 Angular Rate Energy (ARE) Detector  
 
 
 
 

 
 
The algorithm for this detector is described as the summation of the magnitude of the gyroscope 
signal. If the values of measurement fall below the threshold, the values are considered as zero-
velocity [14].  
 
2.1.4 Acceleration-Moving Variance (MV) Detector  
 
 
 

 

(1) 

(2) 

 (3) 

(4) 
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The algorithm for this detector is described as the summation of the magnitude between the 
difference of angular signal and the value of the mean of angular data. If the values calculated from 
this measurement fall below the threshold, the value is considered in a stance phase [14]. 
 
2.2 Angular Rate Moving Variance (ARMV) detector 

An angular rate moving variance (ARMV) detector is proposed as a new zero-velocity detection 
algorithm. The detector's algorithm is shown in section 2.2.1, where the gyroscope values are chosen 
to be computed using the proposed algorithm and detecting the zero-velocity condition. The values 
are loaded into the ARMV detector's function, and the test statistic, T, is calculated and plotted. 
 
2.2.1 Angular Rate Moving Variance (ARMV) Detector 

 
 
 
 
 

The algorithm for this detector is described as the sum of the magnitudes of the gyroscope signal 
difference and the value of the gyroscope signal mean. If the statistical values calculated from this 
measurement are less than the threshold, the value is regarded as zero-velocity. During the early 
stages, no fixed threshold value is set for this detector because the algorithm of this detector must 
be tested with multiple threshold values until the best result is obtained. 
 
2.2.2 Set the best threshold value for the Angular Rate Moving Variance (ARMV) detector 

The threshold for this detector is being tested with values of 10000, 1000, 100, 10, 1, 0.5, and 
0.1. The horizontal and spherical errors calculated from the plotted trajectories, as well as the pattern 
of the trajectories themselves, are used to evaluate these values. The threshold for the ARMV 
detector is set to the value that produced the lowest spherical and horizontal errors as well as the 
best trajectory pattern. Based on the results of the evaluation, 0.5 produced the best output, 
indicating that this value can be used to detect the zero-velocity condition. 

 
2.2.3 Plotting of test statistic, T of Angular Rate Moving Variance (ARMV) detector 
  

The proposed algorithm for the angular rate moving variance (ARMV) detector is used to 
compute the gyroscope values that represent the recorded velocity speed. The calculated statistical 
values are plotted to form a speed graph. The threshold value set for this detector is applied to the 
graph to determine whether the calculated values fall below or exceed the threshold. The graph of 
the zero-velocity update can be plotted based on this evaluation. 
 
2.2.4 Plotting of zero-velocity update (ZUPT) of Angular Rate Moving Variance (ARMV) detector 

The applied zero-velocity update (ZUPT) is plotted based on statistical values that are checked against 
the threshold value. In zero-velocity update (ZUPT), values that are less than the threshold are 
considered 0 and values that are greater than the threshold are considered 1. The plotting of the 
zero-velocity update (ZUPT) used reveals that the values fluctuate between 0 and 1. The zero-velocity 

(5) 
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intervals (ZVI) are defined as the period during which the velocity falls to 0 before rising to 1, and 
these intervals alternate. 
 

2.2.5 Plotting of zero-velocity update (ZUPT) of Angular Rate Moving Variance (ARMV) detector 

The trajectory of the angular rate moving variance (ARMV) is then plotted from the detector's 
zero-velocity update (ZUPT). The coordinates of the trajectory's starting and ending points are 
observed in order to compare the distance between these two detector points. A shorter distance 
between these two points demonstrated that the proposed detector is detectable in zero-velocity 
intervals. 
 
2.2.6 The calculation of Euclidean Distance Error 

Calculating Euclidean distance error's function is to find the error in the distance between two 
coordinates. The Euclidean distance error is calculated using the coordinates of the final and initial 
points for the angular rate moving variance (ARMV) detector, angular rate energy (ARE), acceleration 
moving variance (MV), acceleration magnitude (MAG), and generalised Likelihood Ratio Test (GLRT). 
The performance of these detectors in detecting zero velocity intervals can be evaluated by 
calculating this error using the equation below. When compared to the detector that produces a 
higher distance error, the detector that produces a lower distance error performs better. 
 
 

 

3. Results  
 

The results are divided into five sections: calculated horizontal and spherical positioning errors, 
test statistic plotting, zero-velocity update (ZUPT) plotting, trajectory point plotting, and detector position 
accuracy. 

 
3.1 Horizontal and Spherical Positioning Error 
 

The horizontal and spherical errors are calculated using different threshold values to set a new 
threshold value for the proposed angular rate moving variance (ARMV) detector. The threshold value 
for the ARMV detector is determined by calculating the errors and selecting the threshold value that 
produces the lowest error. Table 1 displays various values of the error calculated using different 
threshold values. There are 5 threshold values in the table that produce a considerably low error (< 
2 m), and the values are further evaluated by observing the plotted trajectories. The ARMV detector 
is run using these threshold values for the second evaluation, and the trajectories plotted for each 
threshold value are observed. Based on the trajectories plotted in table 2, threshold value 0.5 
produced the best trajectory because this value can be used to detect zero velocity intervals with this 
detector. 

 
 
 
 

 

(6) 
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Table 1 
Horizontal and spherical errors calculated by using different threshold values for ARMV detector 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2 
Trajectories plotted using selected threshold values 

 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

𝜆 = 10000 𝜆 = 1000 𝜆 = 100 

𝜆 = 1 𝜆 = 0.5 
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3.2 The Comparison of the Plotting of the Test Statistics, T for the Detectors 
 

The pattern of the graphs is used to evaluate the plotting of the test statistic, T, for the 
Generalized Likehood Ratio Test (GLRT), Acceleration-Moving Variance (MV), Acceleration-
Magnitude (MAG), Angular Rate Energy (ARE), and Angular Rate Moving Variance detectors. The 
graph's pattern is determined by the values calculated by the various algorithms for each detector. 
Figures 2, 3, 4, 5 and 6 in this section depict the pattern of the graph of the test statistic, T, plotted 
for GLRT, MV, MAG, ARE, and ARMV detectors. In previous research, the GLRT detector was declared 
the best detector for detecting zero-velocity intervals, and therefore the performance of the ARMV 
detector was compared with that of the GLRT detector. The graph pattern for the GLRT detector in 
figure 2 decreased to zero and then increased. According to the evaluation, the ARMV detector has 
a similar pattern to the GLRT detector in that the velocity values appear to approach zero for a short 
time before rising again. The ARMV detector produced a similar pattern, demonstrating that the 
proposed algorithm and threshold can successfully calculate the gyroscope values recorded during 
the normal walking cycle and detect the zero-velocity condition. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. T plot of GLRT detector 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. T plot of MV detector 
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Fig. 4. T plot of MAG detector 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. T plot of ARE detector 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. T plot of the proposed ARMV detector 
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3.3 Graph of zero-velocity update (ZUPT) plotted for angular rate energy (ARE), acceleration moving 
variance (MV), acceleration magnitude (MAG), generalized like hood Ratio Test (GLRT), and angular 
rate moving variance (ARMV) detectors 
 

After the statistical values are combined with the threshold value, the graph of zero-velocity 
update (ZUPT) for the five detectors is plotted. It demonstrates the detectors' accuracy in detecting 
the zero-velocity condition by observing the periods of velocity that fall to 0. Figures 7, 8, 9, 10, and 
11 show the zero-velocity update (ZUPT) graph plotted for the five detectors. The graphs of ZUPT for 
GLRT, MAG, ARE, and ARMV detectors show a similar pattern, with the values of speed alternately 
changing between 0 and 1. The term "zero-velocity intervals" refers to short periods when the 
velocity remains zero before increasing to one. A detector with the incorrect algorithm and threshold 
settings resulted in false detection, as shown in figure 8, where the ZUPT graph is overlayed and the 
zero-velocity intervals cannot be detected. 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 7. ZUPT applied for GLRT detector 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. ZUPT applied for MV detector 
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Fig.9. ZUPT applied for MAG detector 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.10. ZUPT applied for ARE detector 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.11. ZUPT applied for the proposed ARMV detector 
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3.4 The plotting of trajectory points for angular rate energy (ARE), acceleration moving variance (MV), 
acceleration magnitude (MAG), generalized like hood Ratio Test (GLRT), and angular rate moving 
variance (ARMV) detectors. 
 

The trajectories plotted for the five detectors are evaluated by observing the pattern of the 
trajectories as well as the two points plotted in the trajectories that represent the final and starting 
points. Table 3 displays the trajectories plotted from the five detectors. According to the 
observations, the GLRT detector produced a better trajectory than the others. The points are well-
placed and form a pattern that depicts the path of a walking pedestrian. The starting and ending 
points of the GLRT detector appeared to be the same (0,0). The performance of the ARE and ARMV 
detectors is similar because the pattern of the trajectories plotted is similar to that of the GLRT 
detector. However, the MV detector's trajectory point is not as smooth as the other detectors', and 
the endpoint for this trajectory cannot be defined. This is due to the MV detector's inability to detect 
zero-velocity intervals very well. 

 

Table 3 
Trajectories plotted for the 5 detectors 

Detectors Trajectory plotted 

 
 
 
 
 

Generalized like hood Ratio Test (GLRT) 
detector. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Acceleration moving variance (MV) detector. 
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Acceleration magnitude (MAG) detector. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Angular rate energy (ARE) detector. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

 
The proposed Angular rate moving variance 

(ARMV) detector. 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 

 

3.5 Position accuracy of the angular rate energy (ARE), acceleration moving variance (MV), 
acceleration magnitude (MAG), generalized like hood Ratio Test (GLRT), and angular rate moving 
variance (ARMV) detectors 
 

The positioning accuracy of the five detectors is calculated in order to compare their 
performance. The Euclidean distance error is calculated using the starting and ending points of the 
trajectory for each detector. Because each detector produced a unique value for the ending point, 
calculating the mean coordinate (x and y-axis) assisted in determining the final value of the ending 
point for each detector. Tables 4 and 5 show the mean coordinates of the final point for each 
detector, while table 6 shows the Euclidean distance error calculated from the values in tables 4 and 
5. The GLRT detector determined the shortest distance between the final and initial points. Although 
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the ARMV detector produced better results compared to the MV and MAG detector, but GLRT and 
ARE detectors produced the best results.  

 
Table 4 
Values of X-coordinate of the ending point for every detector 

 

 

 

 

 

 

 

 

Table 5 
Values of Y-coordinate of the ending point for every detector 
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Table 6 
Euclidean distance error calculated 
 

 

 

 

 

 

 
 
 
 
 
To summarise this section, the proposed ARMV detector can be identified as a potential new detector 
in detecting the zero-velocity interval during normal walking gait. This is since it produces less error 
than the MV and MAG detectors used in this project. This is demonstrated by plotting the test 
statistic, the ZUPT, the trajectory point, and the error produced by the ARMV detector. This resulted 
in the conclusion that the threshold value set and the formulation used for this detector can adapt 
to different data speeds and are reliable for detecting the zero-velocity interval (ZVI). 
 
4. Conclusions 
 

In this article, a new zero velocity detector known as Angular Rate Moving Variance (ARMV) was 
proposed to detect the zero-velocity interval. The detector used the gyroscope measurements to 
calculate the pedestrian's data gait speed. A new threshold value was specified for the proposed 
detector to check the calculated gait speeds and identify the zero-velocity condition. The proposed 
detector was validated using the plotting of the test statistic, the zero-velocity update applied (ZUPT), 
the trajectories, and the computed Euclidean distance error. The Euclidean distance error was 
calculated from the trajectory plotting, and the accuracy of the proposed detector was determined. 
The acceleration-moving variance (MV) and acceleration magnitude (MAG) detectors were both 
outperformed by the proposed angular rate moving variance (ARMV) detector, although GLRT and 
ARE remains the best detector thus far in this work.  
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