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Cooperative Smartphone GNSS/PDR for
Pedestrian Navigation

Changhui Jiang , Yuwei Chen , Chen Chen, Shoubin Chen , Qian Meng , Yuming Bo, and Juha Hyyppa

Abstract—Pedestrian navigation using smartphone built-in sen-
sors attracted wide attention with the booming Location-based
Service (LBS). Pedestrian Dead Reckoning (PDR) and Global
Navigation Satellite Navigation (GNSS) integration is recognized
as a reliable solution for smartphone-based pedestrian navigation.
However, GNSS is vulnerable under some conditions. Multi-path,
None-Line-Of-Sight (NLOS), and signal blockage all pose neg-
ative impacts on GNSS position accuracy. PDR position errors
increase with the pedestrian walking distance without GNSS.
Aiming at improving the smartphone-based pedestrian position
accuracy under GNSS signal challenging conditions, in this brief,
we propose a cooperative PDR/GNSS integration method with
Factor Graph Optimization (FGO). A factor graph is constructed
to represent the relationship between the multiple agents’ states,
measurements and inter-ranging information. Optimal estimation
is realized considering all the historical measurements and inter-
ranging measurements between these agents. Field tests were
carried out to assess the performance of the proposed cooperative
navigation method. Results manifest that the proposed method
can improve the position accuracy especially under the GNSS
signals challenging conditions.

Index Terms—Smartphone, GNSS, PDR, pedestrian naviga-
tion, cooperative navigation.
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I. INTRODUCTION

SMARTPHONE with various embedded sensors pose great
impact on people’s daily life. Smartphone-based loca-

tion and position for pedestrian has been the research
hotspot [1], [2]. Normally, a smartphone contains a chip-scale
GNSS receiver, three-axis accelerometers and gyroscopes,
barometer sensor, camera, magnetic sensor etc. Smartphone-
based pedestrian position and navigation system is constructed
via processing the measurements from the multiple sen-
sors [3], [4]. In the outdoor environments, GNSS can provide
position, navigation and timing (PNT) information under the
condition that there are enough in-view satellites [5], [6].
However, GNSS signals are not always available under some
signal challenging environments, i.e., indoors, city canyon,
tunnels.

Pedestrian Dead Reckoning (PD) algorithm updates the
pedestrian position with the estimated walking step and the
heading angle [7]. However, the PDR position errors diverge
over time due to the noises contained in the step length and
heading angle. Therefore, PDR/GNSS integration as a more
reliable solution is usually developed for smartphone-based
pedestrian navigation. While GNSS is unavailable, standalone
PDR can still work to generate position information.

Generally, PD/GNSS integration is constructed with the
positions from the PDR and GNSS. However, GNSS is not
always available [8], [9], [10]. How to improve the PDR accu-
racy without GNSS has attracted wide attention. Cooperative
range information might be helpful to improve the PDR
integration performance without GNSS. In addition, smart-
phone has other sensors, i.e., WIFI, Bluetooth, which can
be utilized to acquire the ranging information between two
different smartphones [3]. Ranging information has not been
explored in aiding smartphone PDR under the GNSS denied
environments. With the aim to improve the performance of
PDR/GNSS integrated system, in this brief, we propose a
cooperative PDR/GNSS integration method using a Factor
Graph Optimization (FGO) algorithm. Ranging information
between different smartphones are investigated to aid PDR
under GNSS signal challenging environments. Different exper-
iments were carried out to assess the performance of the
proposed cooperative FGO-GNSS/PDR integration system.
Contributions of this brief are summarized as:

(1) a cooperative PD/GNSS integration method with inter-
ranging measurements constraints is proposed with the FGO
method. An iterative solver is employed to find the optimal
estimation of the states.

(2) feasibility of smartphone WI-Fi ranging measurements
are investigated in the cooperative PDR/GNSS integration
framework, its potentials to improve the PDR position accu-
racy under GNSS challenging environments are explored.
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(3) we present a flexible cooperative PD/GNSS integration
framework, which supports the agents and sensors integration
in a “plug and play” manner. We open the source codes and
expect this brief could inspire more exciting works on this
topic.

Reminder of the brief is organized as: Section II presents
cooperative FOG-GNSS/PDR method; Section III presents dif-
ferent experiments to assess the horizontal position errors of
the proposed methods; Section IV points out the limitations
and future works. Finally, conclusions are listed in Section V.

II. COOPERATIVE PD/GNSS INTEGRATION

In this section, firstly, the FOG-GNSS/PDR is introduced;
secondly, the cooperative FGO-GNSS/PDR is described based
on the FGO-GNSS/PDR.

A. FOG-GNSS/PDR

FOG-GNSS/PDR is described in our previous researches.
Consecutive positions are correlated by the PDR position,
the position increments between the two consecutive posi-
tions refers to the walking step stride length [11], [12]. The
corresponding cost function is expressed as [11], [12]
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In addition, at each step, GNUS position measurements
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where δGNSS
k+1 denotes the GNUS factor cost at the k+1 epoch,

the �GNSS
k+1 denotes the corresponding covariance matrix.

At each step, the state optimal estimation is solved by
minimizing the cost function, which is expressed as
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where argmin(·) denotes the function minimizing the costs.
As expressed in the equation (3), the positions are time-

correlated. Specifically, the consecutive positions are corre-
lated. In addition, we can observe that, in the equations (3-5),
both the θk+1 and θk are unknown, optimal estimates of
these states are expected while regarding all the past states
as unknowns. Assuming a set of states θ = (θ1, θ2, . . . , θk+1),
and the optimal estimates can be expressed as
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where the Gauss-Newton or Ehrenberg-Marquardt methods
can obtain the optimal estimates based on the rule minimizing
the costs [12], [13], [14].

Since the heading angle and the misalignment angle
between the smartphone and the walking direction affect the
position updating in the PDR, the step stride length can be

Fig. 1. Connections between different pedestrian smartphones.

directly utilized in the PDR/GNSS integration. Cost function
utilizing the step stride length is expressed as
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where δSSL
k+1means the cost, ‖θk+1 − θk‖means the distance

between two consecutive positions. Similarly, the optimal
estimates of the states are expressed as

θ∗ = (

θ∗
1, θ

∗
2, . . . , θ

∗
k+1

)

= argmin

(
k
∑

i=1

(∥
∥
∥δ

SSL
i+1

∥
∥
∥

2

�SSL
i+1

+
∥
∥
∥δ

GNSS
i+1

∥
∥
∥

2

�GNSS
i+1

))

(6)

where the Gauss-Newton or Ehrenberg-Marquardt methods
can be utilized to find the optimal estimates via minimizing
the cost values. Compared with the equation (4), the δSSL

i+1 are
nonlinear with the respect to the position.

B. Cooperative GNUS/PDR

Previous subsection presents two different FOG-PDR/GNSS
integration models for single-agent pedestrian navigation. In
fact, different smartphones can be connected via Wi-Fi, per-
sonal hotspot or possible UWB [4], [5]. Measurements, i.e.,
distance, angle of arrival, can be extracted from the con-
nection. Therefore, cooperative navigation system can be
constructed with different smartphones. Fig. 1 presents an
illustrative example describing the relationship between the
smartphones. When the range measurements between different
smartphones are available, the cooperative PDR/GNSS inte-
gration system can be built with the distance connections.
Two different cooperative navigation methods are presented
in this section based on the GNSS/PDR integration models in
previous subsection. For explicitly presenting how the coop-
erative navigation system estimate the navigation information,
we employ a three-agent cooperative navigation framework to
illustrating the mechanism. In addition, adding more agents
to the cooperative navigation system is also feasible with the
FGO-PDR/GNSS integration framework.

Compared with the single-agent GNUS/PDR integration,
inter-range factors between the states from different agents
are added to the graph. Fig. 2 presents the factor graph for
the cooperative GNSS/PDR integration. Compared with the
equation (4), ranging factors are added to the cost function.
Therefore, the cost function of the three-agent cooperative
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Fig. 2. Cooperative PD/GNSS integration with three agents.

PDR/GNSS integration is expressed as
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where θ∗ denotes a set of state variables, and its specifications
are expressed as
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In addition, a new model which directly utilizing the step
length in the PD/GNSS integration with cooperative agents is
constructed.
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, D12
i , D13

i and D23
i are the same as that listed

in the equations (11)-(13). Different from equation (7), the
model in the equation (14) utilizing the step length instead of
position in the integration, which can alleviate the negative
influence of the heading angle on the position errors.

Fig. 3. Horizontal position errors comparison for Agent01.

Fig. 4. Horizontal position errors comparison.

After constructing the cost function, Ehrenberg-Marquardt
(LM) or Dogleg trust-region method is usually employed to
solve for the optimal estimations. We utilize the Georgia Tech
Smoothing and Mapping (GTSAM) library to implement the
FGO-GNSS/PDR and cooperative GNSS/PDR [11], [12], [13],
[14], [15].

III. EXPERIMENTS AND RESULTS

With the aim to evaluate the performance of the proposed
methods, field experiments were carried out with two different
smartphones. Sensors’ datasets were collected for analysis. A
commercial product Nova tel SPAN-CPT was employed as
the trajectory reference to calculate the position errors, and
the equipment is installed in the backpack box.

A. Backpack Smartphone Experiments

In the first filed test, we installed a smartphone horizontally
on a backpack box for assessing the advances on the posi-
tion accuracy brought by the multi-agent cooperation. Before
introducing the experimental results, we name the methods
presented in Section III. PD/GNSS integration method with
position is named as P-FGO; PDR/GNSS integration with
step stride length is named as SSL-FGO; the cooperative
PDR/GNSS integration with position is named as C-P-FGO;
and the cooperative PDR/GNSS integration with step stride
length is named as C-SSL-FGO. In the experiment, for saving
the hardware, following assumptions are defined before the
experimental results.

(1) A reference trajectory from the SPAN-PCT is presented
in the Fig. 5, we divide the trajectory into three parts to simu-
late three different agents. Corresponding measurements from
the smartphone are processed individually.

(2) Ranging measurements between the agents are calcu-
lated via adding Gaussian noises to the trajectory reference.

Following Fig. 6, Fig. 7 and Fig. 8 present the horizontal
position errors for the three agents with above four methods.
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Fig. 5. Horizontal position errors comparison.

Fig. 6. Horizontal position errors with GNUS.

Fig. 7. Horizontal position errors without GNUS.

Specifically. It can be seen that (1) the ISL-FGO and C-
SSL-FGO methods perform better than P-FGO and C-P-FGO
individually, direct utilization of step stride length obtains
better performance in optimizing the position estimation; (2)
the C-P-FGO and C-SSL-FGO methods are both effective to
reduce the position errors compared with that from the P-
FGO and SSL-FGO methods, cooperative ranging constraints
are effective to improve the position estimation through the
FGO method.

Statistical analysis results are listed in the Table I, mean
values and the standard deviation values of the horizon-
tal position errors are calculated for qualitatively comparing
the performance of the different methods. In aspects of the
Agent01, the mean values of the horizontal position errors
from the C-P-FGO and C-SSL-FGO methods reduce by 32.6%
and 32.3% compared with the P-FGO and SSL-FGO meth-
ods individually; for the Agent#02, the corresponding mean
values obtain 29.9% and 33.3% reduction while adding the
inter-ranging measurements as the constraints in optimizing
the position estimation; for the Agent#03, similar improve-
ments of the horizontal position errors are also observed, the

Fig. 8. Cooperative PD horizontal position errors without GNSS.

TABLE I
STATISTICAL ANALYSIS

mean values of the C-P-FGO horizontal position errors reduce
by 11.8% compared with that from the P-FGO, and the C-
SSL-FGO gains 14.0% in terms of the mean values of the
horizontal position errors.

B. Cooperative PD With Partial GNSS Outages

After assessing the performance under ideal GNUS environ-
ments, we collected another dataset with handheld smartphone
for evaluating the cooperative PDR method under GNSS sig-
nal challenging environments. Similar to that presented in
the previous subsection, we divide the trajectory into three
parts to simulate three agents. Fig. 6 presents the individ-
ual PDR/GNSS integration results with the P-FGO method,
and horizontal position errors are below 4.5 meters. Fig. 7
shows the PDR results without GNSS. It can be observed
that the horizontal position results diverge over time without
GNSS. Fig. 8 presents the horizontal position errors adding
the inter-ranging measurements to the cooperative PDR via
FGO. The maximum values of the horizontal position errors
from the agents decrease at different degrees. Especially for
the Agent#02, its maximum horizontal position errors decrease
from approximately 17 meters to 6 meters. The cooperative
ranging measurements are effective to reduce the horizontal
position errors even if the GNSS is not available.

In addition, we assess the cooperative PD/GNSS under the
condition that the GNSS signals of the part of the agents
is unavailable. Fig. 9 shows the horizontal position errors
while the Agent#01 has no GNSS. It can be seen that the
Agent#01 horizontal position errors do not diverge over time,
which demonstrates the cooperative ranging measurements are
effective to reduce the agent#01 horizontal position errors.

C. WI-Fi Ranging Aided Cooperative PDR

Since smartphone has WI-Fi module, we carried out tests
with Wi-Fi measuring the range information. Specifically, a
Huawei P40 Lite and Mate 40 Pro were utilized to collect the
datasets. In the first experiment, the Mate 40 Pro keeps static,
and the Huawei P40 Lite works around the Mate 40 Pro. In
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Fig. 9. Cooperative PD/GNSS integration while no GNSS for Agent#01.

Fig. 10. Horizontal position results comparison.

Fig. 11. Horizontal position results comparison.

the second experiment, Huawei P40 Lite walks followed by
Mate 40 Pro. P40 Lite is connected to Mate 40 Pro Wi-Fi
hotspot, and the range information is extracted through the
Wi-Fi signal strength.

Fig. 10 and Fig. 11 present the horizontal position results
from the two experiments. The legend “C-KPH” refers to
the method KF based cooperative GNSS/PDR described in
Section II. It can be observed that C-SSL-FGO performs better
than C-KF. Mean values of the position results from C-SSL-
FGO reduce by 38.6% and 25.9% for the two experiments
respectively.

IV. DISCUSSIONS AND LIMITATIONS

Although the experimental results support that the proposed
method can improve the position accuracy, following works
are expected.

(1) how to acquire the ranging information more efficiently
is the key to construct the cooperative navigation system,
which is of great significance.

(2) FOG method requires much more computation than KF,
it is of great importance to reduce the computation cost while
keeping the performance.

V. CONCLUSION

In this brief, we investigated the FOG based smartphone
cooperative PDR/GNSS integration. With the experimen-
tal results, following conclusions are draw: (1) cooperative
PDR/GNSS integration can obtain superior horizontal posi-
tion results compared with the individual results; (2) direct
utilization of the step stride length in the FGO-PDR/GNSS
integration contributes to better horizontal position estima-
tion results; (3) FGO can improve the cooperative GNSS/PDR
compared with KF.
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