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Abstract: To improve the effectiveness of exercise a novel vital sensing system is under development. For real-time
sensing of vital signs by a wireless network during exercise, image-assisted routing that enables dynamic
routing of a multi-hop network according to sensor locations estimated by visual information. To develop the
novel networking system, testing environment that enables runtime verification of dynamic routing based on
image processing. Experimental results actual sensor nodes with AR markers showed that locations of sensor
nodes obtained using a USB camera could be appropriately given to the control software of base station to
manage routing information.

1 INTRODUCTION

To improve the effectiveness of exercise and prevent
sudden illness, a novel vital sensing system is cur-
rently under development(Hara et al., 2017). Figure 1
illustrates the collection of vital signs via a multihop
wireless network. For the real-time sensing of hu-
man vitals by a wireless network during exercise, the
most significant challenge is the localization of sensor
nodes. This is owing to the inadequate operations of
conventional routing schemes based on the received
signal-strength indicator (RSSI) or global position-
ing system (GPS). To address this challenge, image-
assisted routing (IAR), which localizes sensor nodes
using visual information, was proposed(Miyamoto
and Oki, 2016). In IAR, vision-based human detec-
tion and tracking processes are applied to obtain the
location of humans wearing sensor nodes.

The vision-based localization of humans wear-
ing sensor nodes for vital monitoring comprises hu-
man detection and tracking. For the detection pro-
cess, an exhaustive search based on sliding windows

Figure 1: Collecting vital signs via a multi-hop wireless net-
work.

is adopted. Because accurate detection can be exe-
cuted(Oki et al., 2019b), its processing speed can be
improved, provided parallel processing is adopted, us-
ing specialized hardware and a graphics processing
unit (Oki and Miyamoto, 2017). Once accurate detec-
tion results are obtained by a detector, a simple track-
ing scheme (Yokokawa et al., 2017) that correlates de-
tection results over several frames of input images can
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Figure 2: System overview.

be optimally adopted in this application. Fundamental
technologies for wireless networking have also been
developed to actualize the real-time vital sensing of
humans during exercise(Hara et al., 2020; Hamagami
et al., 2020).

As described above, elementary technologies that
are indispensable for IAR have been successfully de-
veloped. However, to develop the definitive sys-
tem for IAR that combines image-based localization
and wireless multi-hop networking, it is necessary to
verify the operational efficiency of dynamic routing
based on sensor locations estimated using visual in-
formation. Accordingly, this study proposes a novel
testing environment that enables the verification of
dynamic routing for multi-hop networking using lo-
cations of sensor nodes estimated by visual informa-
tion.

The System organization of this definitive system
is presented in Figure 2, where the video sequence
obtained from a drone flying in a sports field is uti-
lized to localize humans wearing sensor nodes based
on computer vision technologies. However, it is im-
practical to use a flying drone for the integration test,
where the algorithm and implementation of dynamic
routing based on image-based localization should be
verified.

To actualize an efficient system that supports the
development of a novel sensor networking system, a
testing environment that includes the vision-based lo-
calization of sensor nodes without drones is required,
as well as a wireless networking system identical to
the definitive system. In the testing environment, an
AR marker is attached to a sensor node, and its lo-
cation is determined using a USB camera. Estimated

locations are provided to the control software of the
base station that handles the routing information of
the sensor nodes. Via this approach, it is possible to
develop an algorithm and a system for novel wireless
networking systems.

2 RELATED WORK

This section explains the concept of IAR, as well as
the indispensable computer vision technologies re-
quired for IAR actualization: visual human detection
and tracking.

2.1 Concept of Image-assisted Routing

In image-assisted routing (IAR), dynamic routing
in multi-hop networking is performed using the lo-
cations of sensor nodes estimated by computer vi-
sion technologies, using a video sequence obtained
by a flying drone; however, conventional wireless
multi-hop systems control multi-hop networking us-
ing RSSI and/or GPS. In addition, although the sensor
node presented in Figure 3 can sense RSSI and esti-
mate location using the GPS, IAR is implemented to
improve the robustness of multi-hop networking un-
der several conditions that may occur in sports scenes.

2.2 Visual Human Detection

The primary purpose of IAR is to actualize real-time
vital sensing of humans during exercise, where the
locations of sensor nodes are estimated as the loca-
tions of the humans wearing them. Here, a sensor
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Figure 3: Sensor nodes for real-time vital sensing during
exercises.

Figure 4: Attaching a sensor node to a human doing exer-
cise.

node is attached, as illustrated in Figure 4. The chal-
lenge of localizing target humans in an image can be
addressed by adopting visual object detectors widely
used in several computer vision applications. The
YOLO series (Redmon and Farhadi, 2017; Redmon
and Farhadi, 2018), RetinaNet (Lin et al., 2017), and
EfficientDet (Tan et al., 2020) are advanced schemes
based on deep neural networks, with excellent perfor-
mance in detecting target objects from an image.

In addition, a traditional detection scheme com-
prising handcrafted features and boosting also ex-
hibits adequate accuracy for human detection in
sports scenes (Oki et al., 2019b; Oki et al., 2019a)
because humans should be easier detected from back-
ground images than generic cases.

We adopt informed-filters, which are one of the
most accurate schemes for human detection among
the schemes with handcrafted features. This scheme
achieves both accurate detection and fast processing
by feature design, according to the average edge map
obtained from training samples, as illustrated in Fig-
ures 5 and 6. The processing speed of this scheme can

Figure 5: Edgemap generation.

Figure 6: Template generation.

be improved with the parallel application of a GPU
and an FPGA. The aforementioned advantages of this
scheme are suitable for the real-time processing of
IAR in sports scenes.

2.3 Visual Human Tracking to Estimate
a Target’s ID

Accurate human detection from sports scenes can
be realized by utilizing a detector constructed with
informed-filters. However, IAR requires human iden-
tification when several humans need to be monitored
by the proposed vital sensing system. Although sev-
eral approaches can be applied to the identification
of target humans, tracking over several frames of in-
put images is applied for this purpose in the proposed
scheme. This task is called visual target tracking or
visual object tracking in the field of computer vision,
where the family of Kalman and particle filters play a
significant role. KCF(Henriques et al., 2015), which
does not utilizes time-series filters, instead of image
correspondence over frames, has recently garnered re-
markable attention.

Several approaches have been proposed for this
task; however, we have selected a simpler approach
because relatively accurate detection results can be
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Figure 7: Overview of the proposed testing environment.

obtained by a detector in the sports scenes that we
tested (Oki et al., 2019a). This simple approach solely
associates detection results in the current frame with
those of previous frames. Remarkably, this approach
exhibited optimal accuracy, and became effective in
some test scenes with the application of error correc-
tion based on color information (Aoki et al., 2020).
Tracking-based identification is beneficial when all
IDs obtained via the detection and tracking processes
are assigned to the IDs of the sensor nodes used in
wireless networking. The correct assignment of IDs
can be obtained when the target humans line up ac-
cording to the IDs of the sensor nodes attached to
them before starting vital sensing during exercises.

3 TESTING ENVIRONMENT FOR
DEVELOPING A
WIRELESS-NETWORKING
SYSTEM BASED ON
IMAGE-ASSITED ROUTING
FOR SPORTS APPLICATIONS

This section proposes a testing environment for mul-
tihop wireless networking based on IAR, where the
location of sensor nodes is estimated via visual infor-
mation.

3.1 Overview of the Testing
Environment

Figure 7 presents an overview of the proposed testing
environment. In this testing system, the locations of
sensor nodes with AR markers are determined in real
time using a video sequence captured from a USB
camera, and they are sent to the control software of
a base station at runtime. This real-time localization
mechanism of sensor nodes using input images en-
ables the development and verification of a dynamic
routing system based on IAR.

Figure 8: Example of a JSON file that contains locations of
sensor nodes estimated by a USB camera.

3.2 AR Marker Detection

In an actual system based on IAR, the locations of
sensor nodes are estimated via human detection and
tracking using a video sequence obtained by a cam-
era mounted on a drone. However, it is expensive to
verify the networking system based on IAR using a
video sequence captured by a drone, because several
target humans in the sports field where a drone can
fly become indispensable. Therefore, a more com-
pact system is required to verify the basic functions
of IAR, especially in terms of the dynamic update of
routing information according to the results of the lo-
calization based on image processing. Accordingly,
we decided to attach an AR maker to a sensor node
and provide locations of sensor nodes to control the
software of a base station that manages the dynamic
routing of sensor nodes.

To verify the basic functions of the wireless net-
working based on IAR, AR markers are attached
to sensor nodes, which can be accurately obtained
using image sequences provided by a USB cam-
era. To generate and detect AR markers, the ArUco
marker (J.Romero-Ramirez et al., 2018; Garrido-
Jurado et al., 2016) used in the OpenCV library was
adopted. This library can drastically reduce the im-
plementation cost of AR marker detectors.

3.3 System Implementation

JSON file is adopted as the interface to control the
software of the base station. The locations of the sen-
sor nodes are written to a JSON file, and the control
software of the base station reads the node locations
from the file. Figure 8 presents an example of a JSON
file that contains node locations obtained via image
processing. The dynamic update of routing informa-
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tion becomes feasible when the control software of
the base station reads the current locations of the sen-
sor nodes after their updates. In actual cases, the cur-
rent locations of sensor nodes are determined by hu-
man detection and tracking using a video sequence
obtained from a camera mounted on a drone.

To verify the combined application of the image-
based localization and dynamic update of routing in-
formation using the control software, a software in-
terface for localizing sensor nodes using AR markers
to the control software is designed to be identical to
the actual one. This implementation does not require
any modification to the control software; instead, it
solely requires the implementation of the localization
based on AR markers with an identical interface. Via
the organization of this testing environment, the ef-
fective development of the novel sensor networking
algorithm and system becomes feasible.

4 EVALUATION

This section evaluates the proposed testing environ-
ment according to the following procedures:

1. Identical ID assignment of sensor nodes in the
control software and image-based localization,

2. Manual movement of sensor nodes, and

3. Update of sensor locations in the control software,
according to the movement.

To assign an identical ID to a sensor node in the
control software of the base station and the localiza-
tion software using AR markers, the ID assignment
procedure of the control software that assigns a new
ID to a sensor node when it is switched on, as well as
the sensor nodes, are switched on according to the ID
of the AR markers attached to them. Accordingly, the
same ID in the control software and image processing
were assigned to a sensor node.

After activating all the sensor nodes, a sensor node
was moved, as illustrated in Figures 9,10, and 11. In
these images, the AR markers corresponding to all
the sensor nodes were accurately detected. Accord-
ingly, appropriate locations and IDs were obtained.
The update rate of the base station’s control software
was significantly less than the frame rate of the USB
camera. Hence, the control software updated the lo-
cations of the sensor nodes after a while, because
the actual movement of the sensor node had finished.
Figure 12 illustrates how the locations of the sensor
nodes were updated according to the movement of
the sensor node. These results indicate that the lo-
cations of sensor nodes determined by a USB camera
can be appropriately assigned to the control software

Figure 9: Before moving.

Figure 10: While moving.

Figure 11: After moving.

Figure 12: After update of locations.

of the base station to manage the routing information
of the sensor nodes. It is evident that the proposed
testing environment enables the algorithm design and
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system development of dynamic routing based on the
sensor locations determined by visual information at
runtime.

5 CONCLUSION

This study proposes a novel testing environment for
developing a novel vital sensing system based on the
IAR of humans during exercises in an outdoor sports
field. The key technology for the vital sensing system
is the dynamic routing of wireless networking among
sensor nodes based on their locations estimated by
computer vision technologies. However, it is difficult
to verify the functions of the networking system us-
ing actual video sequences of several people perform-
ing exercises on the outdoor sports field captured by a
camera mounted on a flying drone at runtime; In ad-
dition, the development of this approach is too expen-
sive. To address this challenge, a compact but effec-
tive system was developed to verify the combined ap-
plication of a control and localization software based
on image processing. The proposed system adopts
AR markers to determine the locations and IDs of
sensor nodes and provide locations of sensor nodes
to the control software in real time. The experimental
results of actual sensor nodes with AR markers indi-
cate that the locations of sensor nodes obtained using
a USB camera could be appropriately assigned to the
control software of the base station to manage routing
information.
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