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Abstract: A real-time, Indoor navigation systems utilize ultra-wide band (UWB), radio-frequency 
identification (RFID) and received signal strength (RSS) techniques that encompass WiFi, FM, 
mobile communications, and other similar technologies. These systems typically require surplus 
infrastructure for their implementation, which results in significantly increased costs and 
complexity. Therefore, as a solution to reduce the level of cost and complexity, an inertial 
measurement unit (IMU) and quick response (QR) codes are utilized in this paper to facilitate 
navigation with the assistance of a smartphone. The QR code helps to compensate for errors caused 
by the pedestrian dead reckoning (PDR) algorithm, thereby providing more accurate localization. 
The proposed algorithm having IMU in conjunction with QR code shows an accuracy of 0.64 m 
which is higher than existing indoor navigation techniques.      
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1. Introduction 

Increasing requirements for location-based services 
have caused indoor navigation to evolve into a major 
research area for human users as well as autonomous 
systems. Precise indoor localization opens up a new 
frontier of mobile services, and offers significant 
opportunities to enhance navigation in indoor 
environments. After a massive development effort to 
enable outdoor navigation using global positioning 
systems (GPS) [1], researchers are currently searching for 
an enhanced technology to facilitate accurate navigation in 
indoor environments. GPS, a technology commonly used 
for outdoor positioning and navigation, cannot be used in 
indoor environments. GPS signals suffer a significant 
amount of attenuation in indoor environments, thereby 
providing very low accuracy [3]. Besides GPS, 
technologies that have been utilized for indoor 
environment navigation include received signal strength 
(RSS)-based techniques that involve WiFi [4, 5], GSM [6, 

7] and FM [2], as well as other techniques such as radio-
frequency identification (RFID) [8, 9], ultra-wideband 
(UWB) [10], and other similar schemes. The technologies 
mentioned above require the installation of surplus 
infrastructure and sensors. This prevents these 
technologies from achieving large-scale deployments [11]. 
Moreover, a number of these wireless technologies 
consume large amounts of memory and battery power, and 
may threaten the user’s privacy.  

To overcome the above-mentioned hurdles, this paper 
utilizes inertial navigation systems (INS) for indoor 
navigation. This system records the navigation state, which 
contains orientation and acceleration in all three 
dimensions, with the aid of measurements from inertial 
sensors. These systems have been used as guidance 
systems [12] on ships, airplanes, submarines, satellites, 
guided missiles, and spacecraft. This system measures 
movements with an inertial measurement unit (IMU), a 
device that may include sensors such as an accelerometer, 
a gyroscope, and a magnetometer, depending on the degree 
of freedom to measure the orientation and the acceleration 
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of the device. Owing to rapid advancements in the field of 
micro-electro mechanical systems (MEMS), IMUs can be 
produced in very small sizes, and have become a popular 
smartphone feature in recent years [13]. Using the 
information obtained from the IMU along with the user’s 
initial position, the current motion of the user can be 
tracked; thus, the path traversed by the user can be 
recorded. Numerous methods can be used by IMUs to 
provide the relative location change of the user. The strap-
down integration [14] and pedestrian dead reckoning 
(PDR) algorithms [15] are widely used positioning 
methods. However, the INS sensor may produce errors 
caused by bias, white noise, flicker noise, temperature 
effects, and calibration issues [16]. These errors increase 
drastically over time. Moreover, because of varying 
magnetic fields, huge deviations are caused by the 
compass, making INS unsuitable for use as a stand-alone 
indoor navigation system [17]. Hence, this system must be 
combined with another system that can compensate for the 
errors generated by the INS. 

Recently, the features of quick response (QR) codes 
have been employed for the purpose of navigation, with 
the assistance of image processing and recognizing 
systems [18]. The QR code is a tag for a type of matrix 
barcode. Compared to a traditional one-dimensional (1-D) 
code, a QR code incorporates features such as rapid 
readability and large storage capacity. Considering 
minimal deployment costs for enabling indoor navigation, 
this approach is very cost effective when combined with 
other existing techniques. This paper proposes a QR code-
aided, IMU-based indoor navigation model. This model 
effectively reduces the significant error propagations 
caused by the accelerometer and gyroscope and hence 
provide a better indoor navigation for human users and 
autonomous systems. This paper also provides a detailed 
discussion of various PDR methods proposed by Weinberg 
[19], Kim [20], and Scarlet [21], and also presents 
comparisons between them. In addition, error deviations of 
the conventional and proposed methods are discussed. This 
paper is an extended version of [22]. 

The paper is structured as follows. Section II provides a 
brief overview of the PDR approach and QR codes. The 
proposed model is discussed in section III. Experimental 
results for the proposed model and comparison results are 
exhibited in Section IV. Conclusions are presented in 
Section V. 

2. Background  

Existing methods for indoor navigation using IMU and 
a brief introduction to indoor navigation using QR codes 
are discussed in this section.  

2.1 Pedestrian Dead Reckoning 
The well-known methods utilized for indoor 

environment navigation with IMUs are the strap-down 
integration and PDR algorithms. In the strap-down 
integration algorithm, the attitude of the device to which 
an IMU is attached is computed using Euler angles, the 

direction cosine matrix, or quaternions. The quaternions 
method is advantageous because it is less complex, 
provides superior accuracy, and avoids singularity [23]. 
The strap-down integration method calculates the velocity 
and the position by double-integrating the acceleration 
obtained from the accelerometer. By integrating the 
rotation rate from the gyroscope, the angular orientation is 
determined. Because this process requires integrating the 
acceleration component, a minor error in acceleration 
would generate a significant error after integration. Hence, 
the accuracy of the strap-down integration is generally 
lower than other methods. In contrast, the PDR is a 
pedestrian positioning method, which is based on additive 
distance travelled from the initial position. The distance 
traversed can be tracked by step detection using an 
accelerometer, and the orientation can be calculated using 
a gyroscope.  

Implementation of the PDR method typically involves 
operations such as orientation, projection, filtering, step 
detection and step length estimation [15, 24]. Step length 
estimation can be performed using either static or dynamic 
method. The static method assumes all valid steps will 
have equal lengths, whereas the dynamic method assumes 
that valid steps can have different step lengths. When 
compared to dynamic methods, static methods are less 
accurate [25]. Therefore, this study implements dynamic 
step length estimation, which will be discussed in detail in 
Section III.  

The PDR with step detection has numerous advantages. 
It reduces errors accumulated by the navigation solution, 
because it utilizes the sequential nature of pedestrian 
motion [26]. The step detection approach confines the 
error to a certain range, because the step length is a 
random parameter, which is confined by the muscular 
force of a human body [27]. However, one of the major 
problems in using PDR for navigation is errors 
accumulated over a time span or a distance travelled, 
because the current location estimate is based on the prior 
estimate of the last step. In addition, PDR must be seeded 
with a precise initial position for effective estimation [28]. 
Hence, errors related to the stride length and orientation, 
which are unavoidable with currently available 
commercial grade sensors, make PDR unreliable when 
used for long time periods or long distances. Therefore, 
this technique is merged with other techniques to facilitate 
better positioning. Accordingly, this study uses PDR in 
conjunction with QR codes. 

2.2 QR code 

A QR code is a 2D image similar to a common barcode, 
featuring large information storage capacity and rapid 
readability [29]. The QR code is square shaped and is 
comprised of a coding region and a functional region [30]. 
The coding region is typically described by version, format, 
and data characters. The functional region is combined 
with localizing, correcting and seeking graphs. The QR 
code can be read and decoded by smart phones or tablets in 
a very straightforward manner. The QR codes in this paper 
are embedded with grid locations, to navigate the user 
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from the source to the destination. Costa-Montenegro et al. 
[31] have demonstrated an indoor navigation system using 
the QR code. This method requires location and map 
servers to be deployed, thereby increasing the cost. 
Alghamdi et al. [32] have also proposed a method for 
indoor navigation using QR codes and RFID; however, 
large-scale deployments of this method have also been 
hampered because of high costs. Chiou et al. [33] proposed 
a similar algorithm using PDR and QR codes, but this 
algorithm provides lower accuracy than other methods. 

3. Proposed QR Code-aided PDR system 

In this section, one of the existing PDR models [25] is 
discussed, followed by a discussion of the proposed 
approach. The proposed approach is comprised of a 
modified PDR model and a QR code-assisted PDR 
approach. 

The block diagram of the existing PDR method [25] 
using the scarlet approach [21] as step length estimation is 
displayed in Fig. 1. PDR Implementation using a 
smartphone includes various processes such as filtering, 
step detection, and step length estimation. 

The raw values of three axis accelerometers and three 
axis gyroscopes are obtained from the IMU of the 
smartphone. As a first procedure, the absolute acceleration 
is obtained from the raw acceleration values. These 
absolute acceleration values are then filtered to obtain the 
desired output signal. The acceleration values are first 
filtered using a high pass filter and then using a low pass 
filter. The high pass filtering is performed to eliminate the 
influence of gravity and noise [24]. This can be 
implemented using the following equations:  

 
 [ ] [ ](1 ) [ 1]h hy i x i y iα α= − + −              (1) 
 [ ] [ ] [ ]hz i x i y i= −                            (2) 

 
where [ ]hy i  is the mean of the signal, [ ]x i is the raw 
acceleration value, [ ]z ⋅ is the output of the high pass 
filtered signal, and α  is a constant used to optimize the 
filter. Eqs. (1) and (2) represents the simplest way to 
perform high pass filtering. The mean of the obtained 
waveform, which represents the low frequency 
components as displayed in (1) is subtracted from the 
signal as displayed in (2); this ensures that only high 
frequency components appear in the output and the offset 
of the signal is zero. A low pass filter is applied to the 
resulting zero offset signal by implementing a moving 
average filter as  
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where [ ]ly i  is the average filtered output, [ ]z ⋅ is the signal 
from the high pass filter, and M is the moving window 
size.  

The low pass filtering is implemented to decrease the 
noise in the signal. Averaging reduces the high frequency 
components in the signal, thereby smoothening the signal. 
The moving average signal is obtained based on a subset 
of the current and previously recorded data, thus 
attenuating the high frequency samples; however, signal 
flattening is performed in moderation to avoid losing the 
original features of the waveform. 

After applying the filters to the values of the detected 
axis, the step detection algorithm should be applied, 
because the distance travelled is represented by the user’s 
steps. There are two step-detection methods that can be 
used to analyze acceleration signals: peak detection [20, 
24] and zero crossing detection [34, 35]. The zero crossing 
method tallies signals that cross the zero level to determine 
step occurrences. The time interval thresholding is 
employed to reject false step detection. This method is not 
suitable for detecting a user’s step, because a certain time 
interval threshold is required to decide whether the zero 
crossing represents a valid step. The problem occurs when 
time intervals between footfalls vary for different subjects.  

In the peak detection method, the main objective is to 
detect the peaks of acceleration. The peaks of vertical 
acceleration correspond to the step occurrences, because 
the vertical acceleration is generated by the vertical impact 
that occurs when the foot hits the ground. 

In this paper, step detection is implemented using peak 
detection rather than the zero crossing method. Peak 
detection is performed using a variable threshold [15], 
thereby detecting the maxima and minima. The upper 
threshold is determined by adding the last valid minima 
with a threshold value, while the lower threshold is 
determined by subtracting the last valid maxima with a 
threshold value.  

As mentioned in Section II, there are two methods for 
estimating the step length: the static and the dynamic 
method. The static method assumes that all the valid steps 
have the same step length, whereas the dynamic method 
assumes all valid steps have different step lengths, which 

Fig. 1. The existing PDR model using scarlet approach.

 

Fig. 2. Vertical movement of hip while walking [19]. 
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can be estimated using certain approaches. This paper 
discusses three approaches, proposed by Weinberg [19], 
Kim [20], and Scarlet [21]. 

In the Weinberg approach, the vertical bounce, which 
is caused by impact while walking, is proportional to the 
step length as displayed in Fig. 2. The step length ws  is 
calculated using the peak to peak difference at each step as 

 
 4

w max minws k a a= ⋅ −                         (4) 
 
The Weinberg distance wD  is calculated by 

multiplying the number of steps n  as 
 

 w wD n s= ⋅                             (5) 
 

where maxa  and mina  are the maximum and minimum 
acceleration, respectively, and wk  is a multiplier constant 
given as 0.41. 

In the Scarlet approach, the accuracy problem caused 
by the  spring variations in the steps of different people is 
solved. This approach demonstrates a relationship between 
maximum acceleration, minimum acceleration and average 
acceleration of the step length ss  as 
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where avga  is the average acceleration, respectively, sk is a 
constant multiplier given as 0.81, and moving average size 
N is given as 16. The measured acceleration values are 
denoted by ma . The Scarlet distance sD  can be calculated 
by multiplying the number of steps n  as 

 
 s sD n s= ⋅                 (8) 

 
In Kim’s approach, a relation between step length kims  

and average acceleration ma  is given as 
 

 3
kim 1

/N
k mm

s k a N
=

= ∑                  (9) 

 
where kk  is a constant given as 0.98, and moving average 
size N is given as 16. The Kim distance kimD  can be 
calculated by multiplying number of steps n . 

 
 kim kimD n s= ⋅                              (10) 

 
However, the existing PDR model [25] using a 

conventional scarlet approach [21] for step length 
estimation, does not account for the orientation of the user 
and hence likely to get more erroneous location estimates. 
Hence, the proposed model as seen in Fig. 3 overcomes 
this drawback by implementing a gyroscope to track the 

orientation of the user with the scarlet approach. A better 
result is obtained in terms of accuracy when orientation is 
used with the scarlet method for location estimation. 
Furthermore, the proposed algorithm presents an efficient 
indoor navigation technique using QR codes as seen in Fig. 
4 to compensate for errors in the modified PDR technique. 

The block diagram of the proposed PDR model by 
incorporating orientation with scarlet method [21, 25] is 
shown in Fig. 3. Raw gyroscope values are obtained, in 
radians per second, from the IMU of the smartphone. 
These raw gyroscope values are converted to degrees per 
second to obtain the rotated angle. Using the rotated angle, 
the orientation is calculated. The rotated angle is merged 
with the step detection that utilizes peak detection, to 
acquire the orientation of the user. 

Furthermore, the proposed system using QR codes as 
an error compensator is displayed in Fig. 4. This paper also 
proposes an indoor navigation technique using IMU in 
conjunction with QR codes. To enable the real time indoor 
navigation, the smartphone must be equipped with the 
blueprint of the building, as well as a database that stores 
the QR code location with respect to the blueprint. The 
user has the ability to key in the destination, in case the 
database must be consulted to determine the nearest QR 
code in the vicinity of the destination. The proposed 
algorithm uses QR codes to assist PDR, thereby reducing 
the drift errors generated by the accelerometer and 
gyroscope. Therefore, the QR code is used as an error 
compensator. Moreover, the important factor while 
implementing indoor navigation using IMU is the initial 
position, hence in order to have a more accurate initial 
position QR code is used in this study. The PDR algorithm 
runs continuously, tracing the path of the user. When a QR 
code is read, the position or location is corrected to the one 
represented by the QR code, thereby suppressing drift 
errors. A performance analysis comparing the proposed 
algorithm with a conventional algorithm using Weinberg 
and Kim’s approach is presented in the subsequent section. 

One of the primary considerations for the proposed QR 
code-based algorithm is determining the number of QR 
codes required for the implementation. Utilizing a greater 
number of QR codes considerably increases the size of the 

 

Fig. 3. Block diagram for the proposed PDR implemen-
tation. 
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database, thereby reducing the performance of the system. 
Based on the experimental data, an optimal performance is 
achieved by placing a QR codes 10 m apart. However, this 
represents a tradeoff because increasing the number of QR 
codes can increase the accuracy of the system. Considering 
this tradeoff between the number of QR codes and the 
accuracy of the system, the selected distance of 10 m 
demonstrates an optimal performance. 

4. Experimental Results 

In this section, the implementation of QR codes, the 
experimental setup and the performance analysis are 
presented. Unlike other techniques like foot or waist 
mounted IMU, this study implements the PDR technique 
on a smartphone. 

4.1 QR Code Layouts 
As an initial step, the blueprint of the entire building is 

placed on a grid to identify each location in terms of 
coordinates. The QR codes are placed 10 m apart on 
floorings of the corridor as displayed in Fig. 5. The 10 m 
separation is the result of the tradeoff considerations 
discussed in the previous section. Each QR code placed on 
the floor of the building will represent location coordinates, 
to help determine the location of the user. (X, Y) values 
are assigned to each QR code, based on the blueprint. 
Finally, the blueprint augmented with the QR codes is 
provided to the user through WiFi, Bluetooth, or other 
similar data sources. The QR codes can be generated using 
free software available online.  

4.1 QR Code Layouts 
To demonstrate navigation in an indoor environment, 

the proposed algorithm was tested using a smartphone. For 
experimental purposes, the path from room number 515 to 
509 on the 5th floor of building IT-1 at Kyungpook 
National University is considered. The floor layout is 
shown in Fig. 5, where the entire layout has been 
augmented with a grid. The sampling rate of the 
smartphone’s IMU is set to 100 Hz for the experiment. The 
smartphone was placed in the hand of the user with the 
camera facing the floor of the building, making it feasible 

for the QR code placed on the floor to be read by the 
smartphone. It is usually seen that during indoor 
navigation the user ideally places the smartphone as 
mentioned above rather than in other places. 

In the real time navigating scenario, the blueprint 
augmented with QR codes is first downloaded to the smart 
phone or tablet using WiFi or Bluetooth, or directly from a 
PC. The user is then able to navigate by reading the QR 
codes, which are attached to the floor, with their 
smartphone. The QR codes read by the smartphone are 
utilized in conjunction with the PDR algorithm. The 
unique algorithm used in this study restricts the location 
estimates from deviating by using the QR codes. Once a 
QR code is read, the location determined by the values of 
the accelerometer and gyroscope is merged with the 
location of the QR code, thereby restricting the errors from 
the accelerometer and gyroscope. 

4.2 Results 
The simulation results of the PDR model presented in 

Section III are presented here. The absolute acceleration is 
obtained from the raw values of the three-axis 
accelerometer, as shown in Fig. 6.  

 

Absolute acceleration output obtained from previous 
step is passed through a high pass filter using (1) and (2) is 
shown in Fig. 7. The weighting value α  in (1) is 
considered to be 0.9 [24].  

The low pass filter output applied to the high pass filter 
result is displayed in Fig. 8. The low pass filter in (3) is 
simulated with an M  value of 15. On obtaining the 
filtered result the next step is to detect the steps of the user. 
Fig. 9 displays the zero crossing method for step detection. 
It can be seen that it is inefficient in detecting the user’s 
steps due to a fixed time interval thresholding. Hence a 
peak detection method is employed instead of zero 
crossing method for step detection. 

The peak detection employed in this study can be 
observed in Fig. 10. The threshold value is determined to 
be 0.8. To ensure a valid step, a time interval of 150 ms  

Fig. 4. Proposed PDR with QR code assistance for
navigation. 

  

Fig. 5. QR code placement on the blueprint augmented 
with a grid, and the test path considered in the 
experiment. 
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between maxima and minima is also determined 
experimentally.  

The obtained step detection is used to achieve step 
length estimation using the Scarlet approach as per (6) - 
(8). As per the proposed method, the orientation factor is 
used with the Scarlet approach for step length estimation 
for a better and accurate location estimation.  

Hence, the gyroscope implementation as per Fig. 4 is 
displayed below. The raw values of roll, pitch, and yaw 
from a three axis gyroscope in radians per second are 
displayed in Fig. 11. These values are then converted from 
radians per second to degrees per second as displayed in 
Fig. 12, to obtain the orientation. 

The obtained result in degree per second is augmented 
with step detection as per Fig. 4, to determine the step 
rotation. This is displayed in Fig. 13. Finally, the obtained 
step rotation is used along with the step length estimation 
in order to calculate the position of the user. 

In order to analyze the system in terms of accuracy, a 
performance analysis is carried out on the proposed system.  

The performance analysis of the system is divided into 
two parts. First, the analysis of different step length estima- 

 

Fig. 6. Absolute acceleration from raw values obtained 
from the three- axis accelerometer. 

 

 

Fig. 7. Raw acceleration values filtered using a high 
pass filter (HPF). 

 

 

Fig. 8. The filtered signal after the HPF is filtered by a 
low pass filter (LPF). 

 

 

Fig. 9. Zero crossing method for step detection. 
 

 

Fig. 10. Peak detection using a variable threshold. 
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tion approaches is performed, followed by analysis of the 
proposed model. As mentioned in section III, this paper 
presents three step-length estimation approaches from 
Weinberg, Kim, and Scarlet. A comparison between these 
three approaches is presented in Fig. 14. Based on the 
comparison graph displayed in Fig. 14, it is evident that 
the average error rate of the Scarlet approach is much 
lower than the error rates of the other approaches. 
Therefore, the Scarlet approach is utilized to estimate the 
step length. The implementation of the Scarlet approach on 
the blueprint of the building is displayed in Fig. 16. 

Employing the Scarlet approach, the proposed 
algorithm using QR codes is established. The QR code 
assists the PDR algorithm in determining the precise 
location of the user. This is displayed in Fig. 15. In this 
figure, the plot illustrates the comparison between the 
conventional PDR approach and the proposed algorithm 
using QR codes and PDR. As exhibited in Fig. 15, the 
proposed method demonstrates enhanced performance 
compared to conventional PDR approaches. The detailed 
comparison is listed in Table 1. The proposed algorithm 
provides an overall accuracy of 0.64 m, which is 

Fig. 11. Raw gyroscope values. 
 

Fig. 12. Rotated angle in degrees per second. 
 

Fig. 13. Step rotation angle. 

Fig. 14. Traversed distance using PDR and various 
step length methods. 

 

Fig. 15. Comparison between conventional PDR and 
the proposed method. 
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significantly better than the conventional PDR algorithm 
proposed in [24]. 

The implementation of the proposed algorithm using 
QR codes and PDR on a blueprint of a building is 
illustrated in Fig. 16. 

5. Conclusion 

This paper proposes two models for indoor navigation, 
an improvement in the existing PDR technique (that 
employs scarlet approach [21, 25]) by including the 
gyroscope values and using this improved PDR technique 
in conjunction with the QR code. Moreover, this paper also 
provides a comparison of various step estimation 
approaches and step detection methods; these results were 
utilized for selecting the most suitable step estimation and 
detection techniques for the proposed algorithm. Based on 
the results displayed above, the improved PDR technique 
used in conjunction with QR codes provides improved 
accuracy in comparison with other methods. 

The following features make the proposed approach 
superior to other existing indoor navigation techniques. (i) 
This technique provides greater accuracy. (ii) This 
technique does not require the assistance of any wireless 
based networks, other than the initial downloading of the 
blueprint. (iii) Infrastructure costs are minimal, increasing 
the viability of a wide range of indoor navigation 
implementations. (iv) Real-time navigation is unaffected 
by network traffic, because this method is not dependent 
on wireless connections. (v) Memory requirements are 
reduced compared to the database concept of the RSSI 
based method. (vi) Finally, battery consumption is 
comparatively low. However, this technique has some 
disadvantages as well: if modifications are performed in 
the building, the whole system must be re-implemented. 
The resolution of the camera also plays a vital role, 
because adequate light is required for the QR code to be 
visible for detection. Considering the tradeoffs, the 
proposed technique is optimal for various location-based 

service systems. The system proposed is targeted for both 
autonomous system as well as human users 
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