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Preface

This volume contains the proceedings of the Third International Conference on Internet
of Vehicles (IOV 2016), which was held in Nadi, Fiji during December on 7–10, 2016.
IOV is different from telematics, vehicle ad hoc networks (VANET), and intelligent
transportation (ITS), in which vehicles, like phones, can run within the whole network,
and obtain various services by swarm intelligent computing with people, vehicles, and
environments. IOV 2016 intended to provide an opportunity for researchers and
industry practitioners to exchange information regarding advancements in the state of
art and practice of IOV architectures, protocols, services, and applications, as well as to
identify emerging research topics and define the future directions of IOV.

This year, we received a total of 55 paper submissions for IOV 2016 from 26
countries and regions. All papers were rigorously and independently peer-reviewed by
the Technical Program Committee members. After a thorough review process, in which
each paper was evaluated by at least three reviewers, 22 papers were selected for
presentation and publication. We believe that the program and this volume present
novel and interesting ideas.

The organization of conferences requires a lot of hard work and dedication from
many people. It would not have been possible without the exceptional commitment of
many expert volunteers. We would like to take this opportunity to extend our sincere
thanks to all the authors, keynote speakers, Technical Program Committee members,
and reviewers. Special thanks go to the entire local Organizing Committee for their
help in making the conference a success. We would also like to express our gratitude to
all the organizations that supported our efforts to bring the conference to fruition. We
are grateful to Springer for publishing the proceedings.

Last, but not least, we hope that the participants enjoyed the technical program
during this prestigious conference and discovered a lot of unique cultural flavors in Fiji
to make their stay unforgettable.

December 2016 Mohammed Atiquzzaman
Chung-Ming Huang

Reinhard Klette
Raouf Boutaba

Peng Cheng
Der-Jiunn Deng
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Advanced Road Vanishing Point Detection by Using
Weber Adaptive Local Filter

Xue Fan(✉), Yunfan Chen, Jingchun Piao, Irfan Riaz, Han Xie, and Hyunchul Shin

Department of Electronics and Communication Engineering,
Hanyang University, Ansan, Republic of Korea

{fanxue,chenyunfan,kcpark,irfancra,
xiehan}@digital.hanyang.ac.kr, shin@hanyang.ac.kr

Abstract. Variations in road types and its ambient environment make the single
image based vanishing point detection a challenging task. Since only road trails
(e.g. road edges, ruts, and tire tracks) would contribute informative votes to
vanishing point detection, the Weber adaptive local filter is proposed to distin‐
guish the road trails from background noise, which is envisioned to reduce the
workload and to eliminate uninformative votes introduced by the background
noise. This is possible by controlling the number of neighbors and by increasing
the sensitivity for small values of the local excitation response. After road trail
extraction, the generalized Laplacian of Gaussian (gLoG) filters are applied to
estimate the texture orientation of those road trail pixels. Then, the vanishing point
is detected based on the adaptive soft voting scheme. The experimental results on
the benchmark dataset demonstrate that the proposed method is about 2 times
faster in detection speed and outperforms by 1.3% in detection accuracy, when
compared to the complete texture based gLoG method, which is a well-known
state-of-the-art approach.

Keywords: Vanishing point · Weber adaptive local filter · Generalized Laplacian
of Gaussian (gLoG) filter · Voting map

1 Introduction

Over the past decade, the road vanishing point detection has been widely adopted for
Autonomous Navigation Systems (AVNS) [1] and for perspective rectification [2]. It is
a challenging problem owing to different road types and variations in background, color,
texture, and illumination condition. For the unstructured or ill-structured roads, it is quite
challenging to achieve robust vanishing point detection due to the lack of clear road
boundaries and lane markings. However, it was found that the trails left by previous
vehicles on the road surface, such as ruts and tire tracks, commonly tend to converge to
the vanishing point. Thus, the texture based vanishing point detection methods [3–5]
have been proposed to utilize these road trails for excellent detection accuracy in both
of the well-paved roads and unstructured off-roads.

Among all the texture based vanishing point detection approaches, the generalized
Laplacian of Gaussian (gLoG) filter based method [6] achieves the most promising

© Springer International Publishing AG 2016
C.-H. Hsu et al. (Eds.): IOV 2016, LNCS 10036, pp. 3–13, 2016.
DOI: 10.1007/978-3-319-51969-2_1



performance. It adopted two types of detection strategies: (1) the complete texture map
based gLoG method, which achieves the state-of-the-art detection accuracy; (2) the blob
based gLoG method, which obtains extremely fast detection speed. In complete texture
map based gLoG method, a set of gLoG filters are generated to perform texture orien‐
tation estimation, and the voting map is obtained by the pixel-wise soft voting scheme.
However, this method leads to high computation complexity because both road trails
and background noise can be regarded as voters and vanishing point candidates. In blob
based gLoG method, the vanishing point is detected by only using the texture orienta‐
tions estimated at road blob regions. Fast detection speed is achieved at the expense of
detection accuracy.

In this paper, a novel framework is proposed for road vanishing point detection,
through which both the detection accuracy and computation time are improved
compared to the gLoG filter based method. The Weber adaptive local filter (WALF) is
proposed to extract the road trails and to eliminate background noise. This can reduce
the complexity of pixel-wise texture orientation estimation and optimize the following
voting. Compared to the complete texture map based gLoG method, the proposed WALF
based vanishing point detection method can improve the detection speed about two times
while increasing the detection accuracy by about 1.3%.

This paper is organized as follows. A brief review of the related works about the
road vanishing point detection is presented in Sect. 2. The proposed WALF is explained
in Sect. 3. The experimental results and analysis are described in Sect. 4. Finally, the
conclusions and discussions are summarized in Sect. 5.

2 Related Works

Road vanishing point detection can be generalized into two main categories: edge based
method [7, 8] and texture based method [3–6, 9]. Edge based vanishing point detection
approaches depend on the utilization of dominant line segments to detect the vanishing
point. In [7], the vanishing point is estimated through calculating the intersection points
of line segments selected by a temporal filtering. In [8], real time vanishing point detec‐
tion is achieved by utilizing adaptive steerable filter banks. These approaches can be
applied to real time applications for structured road images, but the performance is seri‐
ously degraded for unstructured roads.

The texture based vanishing point detection approaches have been proposed to over‐
come the drawback of edge based methods. In [3], multi-scale Gabor wavelet and hard
voting scheme are used to estimate the vanishing point. Nevertheless, it suffers from high
computational complexity and tends to favor the points in the upper part of the image. To
compensate this drawback, Kong et al. [4, 5] used Gabor filters to estimate every pixel’s
texture orientation and also assign confidence value to each estimated orientation, and then
the local soft voting scheme is adopted to detect the vanishing point. In [9], the Weber local
descriptor (WLD) [10] and line voting scheme are used to detect the location of vanishing
point. To better utilize the texture information, Kong et al. [6] proposed gLoG filter based
vanishing point detection method, which achieves the-state-of-the art performance.

4 X. Fan et al.



In this paper, to improve the performance of gLoG filter based method, the Weber
adaptive local filter is developed to distinguish road trails from background noise, which
can be used to reduce the workload of texture orientation estimation and to optimize the
following voting stage. As a result, our proposed method achieves desirable detection
accuracy as well as fast computation time compared to the complete texture map based
gLoG method.

3 Proposed Vanishing Point Detection Approach

In this section, our proposed method is explained in detail. For an input image, the Weber
adaptive local filter is used to extract road trails, and the gLoG filters [6, 11] are used to
estimate the texture orientation of these road trails. Then, the adaptive soft voting scheme
is adopted to generate the voting map. The location with the maximum voting score is
detected as the vanishing point. Figure 1 shows the flowchart of the proposed method
and the shaded blocks are the new contributions of our work.

Fig. 1. The framework of our proposed method

3.1 Weber Adaptive Local Filter for Road Trail Extraction

In previous methods [3–6], all pixels that come from either road trails or background
region have the same influence during the voting stage, which results in the degradation
of the vanishing point detection accuracy. The differential excitation of WLD is intro‐
duced to distinguish the road trails from background noise in [9]. However, it is not
robust and adaptive to different road conditions and a large percent of informative votes
from valid road region are also removed. To solve these problems, a new road trail
extraction method, which we call a Weber Adaptive Local Filter (WALF) is proposed.

Weber local descriptor. Weber’s law [12] states that the ratio of the just noticeable
change of stimulus (such as sound, lighting) to the original stimulus is a constant. It
means that a human being would consider the new stimulus as background noise rather
than a valid signal if its change is smaller than this constant ratio of the original stimulus.
This law can be defined as

Advanced Road Vanishing Point Detection 5



ΔI

I
= k (1)

where ΔI denotes the increment threshold, I is the initial stimulus intensity, and the
constant k is called Weber fraction, which signifies that the proportion on the left side
of the equation remains constant despite of the variations in the term I.

Motivated by Weber’s law [12], a simple yet quite robust local descriptor WLD is
proposed in [10], which is robust to noise and illumination change and has powerful
ability for texture representation. The WLD consists of two components: differential
excitation (𝜉) and orientation (𝜃). The differential excitation is calculated using the ratio
between the relative intensity differences of its neighbors pi against a current pixel pc

and the current pixel itself:

𝜉(pc) = arctan(
n∑

i=1

pi − pc

pc

) (2)

where n is the number of current pixel’s neighbors. The orientation 𝜃 is the gradient
orientation of current pixel pc. Intuitively, the excitation response is positive value at
dark pixels, where “dark” denotes that the pixel is relatively darker than its surroundings.
On the contrary, it is negative at bright pixels, where “bright” means the pixel is relatively
lighter than its surroundings.

Proposed Weber adaptive local filter. Given an input image, after transforming it into
grayscale space, the local excitation response is calculated for every pixel at a block
level by using:

𝜉loc(pc) =
3

√√√√arctan(
n∑

i=1

pi − pc

n × pc

) (3)

where the cubic root function is utilized to make 𝜉loc more sensitive to small values, n
denotes the number of neighbors within the Nk × Nk kernel centred at pc, which is used
to reduce the effects of the number of neighbors. In our experiment, the kernel size is
experimentally set to be 7 × 7. The kernel size Nk is an important factor, using larger
kernel size, we can extract more texture information. Using smaller kernel size, more
locally representative texture can be obtained.

Considering that the road images exhibit large variations in illumination, texture,
color, and ambient environment, extracting road trails of different images by directly
comparing the local excitation response with a specific threshold as in [9] is not robust
and effective. Hence, we first calculate the global excitation response 𝜉g of the input
image based on every pixel’s response value 𝜉loc:

𝜉g =
1

W × H

W×H∑
i=1

||𝜉loc(pi)
|| (4)
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Then each pixel’s excitation response is normalized by this global excitation
response 𝜉g:

𝜉norm(pi) =
𝜉loc(pi)

𝜉g

(5)

where 𝜉norm(pi) denotes pixel’s normalized excitation response. If the absolute value of
a pixel’s 𝜉norm is larger than Tf , which is experimentally set to be 0.8, it will be regarded
as a valid pixel and preserved in the filtered image If . Otherwise, it will be filtered out.
Figure 2 shows the examples of road trail extraction with the WLD and the proposed
WALF on different types of road image. It illustrates that the proposed WALF is more
robust and adaptive than the WLD to different road conditions.

Fig. 2. Examples of road trail extraction by the proposed WALF and the WLD. (a) Input images.
(b) Extracted road trails by the proposed WALF. (c) Filtered images by the proposed WALF. (d)
Extracted road trails by the WLD. (e) Filtered images by the WLD.

3.2 Texture Orientation Estimation of Road Trails

After road trail extraction, we need to estimate the texture orientation of the road trails.
The gLoG filter proposed in [6, 12] is adopted to perform texture orientation estimation
considering that it achieves the best performance among all related works [3–5].

To perform texture orientation estimation, the generated gLoG kernels are divided
into n𝜃(n𝜃 = 12, in the current implementation) groups, where within each group
Fi(i = 1,… , n𝜃) all the kernels have the same orientation. For any valid pixel p in filtered
image If , a local patch Ip around p is extracted from the original input image. The patch
Ip is used to convolve with every kernel of each group Fi, and the integrated response
value is calculated as follows:
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R
Ip

Fi

=
∑
Ki∈Fi

Kt × Ip, i = 1,… , n𝜃 (6)

where Kt denotes a gLoG kernel belonging to group Fi. It is noteworthy that RIp

Fi

 tends
to be positive value when convolving the gLoG kernels with dark patch regions, where
‘dark’ means that the patch is relatively darker than its surroundings. On the contrary,
it tends to be negative value at bright patch regions, where ‘bright’ means that the patch
is relatively brighter than its surroundings. The texture orientation of pixel p is deter‐
mined by the group of kernels that can produce the maximum convolution response,
which is computed as follows:

𝜃p = (argi max|||RIp

Fi

||| − 1)180◦

n𝜃

, i = 1,… , n𝜃 (7)

where 𝜃p is the estimated texture orientation of pixel P.
Figure 3 displays the texture orientation of road trails estimated by the gLoG filters.

Normally, the road texture orientation changes gradually form left to right. From
Fig. 3(c) we can see that the estimated orientation maps illustrate a similar change in
pixel intensity, which means that the major trend of the estimated texture orientation is
correct, although the texture orientations of some pixels are not accurately estimated,
which can be observed from Fig. 3(d).

Fig. 3. Examples of estimated texture orientation based on extracted road trails. (a) Input images.
(b) Filtered images with extracted road trails. (c) Texture orientation maps. (d) Visualization of
the estimated texture orientations.
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3.3 Voting Map Generation

After estimating the texture orientation of the extracted road trail, the adaptive soft voting
scheme proposed in [6] is used to perform voting map generation, which is as follows:

V(p, v) =

⎧⎪⎨⎪⎩
exp(−

d(p, v) × ||𝛾i
||

l
), if ||𝛾i

|| ≤ 𝛿

0, otherwise
(8)

where d(p, v) is the Euclidean distance between p and the vanishing point candidate v, 𝛾i is
the angle difference, l is the normalization factor, and 𝛿 denotes the angular resolution. A
voting map is generated through aggregating votes from the road trails. The location with the
maximum votes is detected as the road vanishing point. Figure 4 illustrates the sample
results obtained by the proposed WALF based vanishing point detection method.

Fig. 4. Examples of detected vanishing points.

4 Experimental Results

The performance of the proposed method is mainly compared with the gLoG filter based
method [6] and the Gabor filter based method [3, 4]. The dataset used to evaluate the
performance of different approaches is a standard evaluation set, which is utilized in
other related literatures [4–6]. It consists of 1003 general road images with ground truth,
and all images are normalized to the same size of 180 × 240.

4.1 Performance Comparison and Analysis

For every image, the normalized Euclidean distance is calculated, where the Euclidean
distance between the detected vanishing point and the ground truth is normalized by the
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diagonal length of the input image. If the distance is not bigger than a specific threshold,
the detected vanishing point is regarded as a correct detection. As shown in Fig. 5, the
horizontal axis shows the normalized Euclidean distance Dnorm, and the vertical axis
shows the percentage of correct vanishing point detection under specific threshold. It
can be seen that the WALF based method achieves the best result among all. It is around
1.3% better than the complete texture map based gLoG method, 8.3% better than the
blob based gLoG method, and 5.0% better than the Gabor filter based method, when the
threshold is set to 0.05.

Fig. 5. Performance comparison of different vanishing point detection approaches.

The approaches are also compared on computation time and average normalized
Euclidean distance Dnorm, which is the average of Dnorm on the whole dataset, as shown
in Table 1. It is obvious that the proposed method achieves the best performance on the
whole dataset. In addition, it is more than 2 times faster than the complete texture map
based gLoG method, but computationally expensive than the blob based gLoG method.

Table 1. Comparison of average normalized Euclidean distance and average computation time

Method Dnorm
Average computation time

Gabor filter based method [4, 5] 0.064 36.3 s
Complete texture based gLoG [6] 0.057 56.2 s
Blob based gLoG [6] 0.071 3.1 s
Our proposed method 0.055 32.3 s

To provide a visual comparison, the detection results of related works [4–6] are
illustrated and compared with our results on a set of complex road images. In Fig. 6,
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each column shows a comparison of the vanishing point detection results on desert roads,
rural roads, snow roads, muddy roads, and structured roads. This visual comparison
demonstrates that our proposed method works well on these different road type images.

Fig. 6. Examples of road vanishing point detection results on different road types. The green
crosses show the ground truth, the red stars denote the detection results of our proposed method,
the blue circles are the detection results of the complete texture map-based gLoG method, the
yellow diamonds are the detection results of the blob-based gLoG method, and the magenta
squares represent the detection results of Gabor filter-based method (Color figure online)

The influence of various choices for parameters on performance is systematically
investigated. First of all, the parameters used in the proposed WALF are analyzed. As
plotted in Fig. 7, experiments are conducted with different kernel size Nk and threshold
value Tf . The x axis is the threshold Tf  which is ranging from 0.7 to 1.0, and the y axis
represents the kernel size which is changed by setting Nk to 3, 5, 7, 9, 11, and 13,
respectively. The z-axis shows the difference of the detection accuracy, which is
obtained by subtracting the detection accuracy of the complete texture map based gLoG
method from that of our method, where the normalized Euclidean distance threshold is
set to 0.05.

It can be observed that 7 × 7 kernel size with threshold Tf  = 0.8 works best, the
detection accuracy is 3.6% better than the complete texture map based gLoG method. It
will decrease the detection accuracy by using larger or smaller kernel size, and the
threshold Tf  affects the detection accuracy in the same way.

4.2 Limitation of the Proposed Method

Though the proposed method achieves state-of-the-art detection accuracy and faster detec‐
tion speed, there are still some cases where it does not perform well, as shown in Fig. 8. Our
method follows the line of texture based vanishing point detection approaches. The strong
texture noise contained in the background, such as trees or mountains, is a serious distrac‐
tion to the textures of road region. This distraction results in performance degradation, which
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is the common limitation with the works of [3–6, 9], but could be solved by combining
multiple road relevant features in a learning framework to distinguish the road region form
the surrounding noise.

Fig. 8. Failure cases of our proposed vanishing point detection method. The green crosses show
the ground truth, the red stars denote the detection results of our proposed method, the blue circles
are the detection results of the complete texture map-based gLoG method, the yellow diamonds
are the detection results of the blob-based gLoG method, and the magenta squares represent the
detection results of Gabor filter-based method (Color figure online)

5 Conclusion

A novel framework for vanishing point detection has been proposed in this paper. The
gLoG filter based method is improved by making full use of the new Weber adaptive
local filer, through which the road trails can be distinguished from background noise.
The experimental results demonstrate that the detection accuracy and computation time

Fig. 7. Detection accuracy with the different parameters used in WALF
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of our proposed method are improved by 1.3% and 2 times, respectively, when compared
to the other state-of-the-art methods.
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Abstract. Deep learning has become a powerful technology in image
recognition, gaming, information retrieval, and many other areas that
need intelligent data processing. However, huge amount of data and com-
plex computations prevent deep learning from being practical in mobile
applications. In this paper, we proposed a mobile cloud computing frame-
work for deep learning. The architecture puts the training process and
model repository in cloud platforms, and the recognition process and
data gathering in mobile devices. The communication is carried out via
Git protocol to ensure the success of data transmission in unstable net-
work environments. We used smart car camera that can detect objects
in recorded videos during driving as an example application, and imple-
mented the system on NVIDIA Jetson TK1. Experimental results show
that detection rate can achieve four frame-per-second with Faster R-CNN
and ZF model, and the system can work well even when the network con-
nection is unstable. We also compared the performance of system with
and without GPU, and found that GPU still plays a critical role in the
recognition side for deep learning.

1 Introduction

Deep learning has become the most promising machine learning approach. From
LeCun’s LeNet [1] to Khrizevsky AlexNet [2] and recent GoogleNet [3], deep
learning has shown its capability of solving difficult computer vision problems.
Its detection performance surpasses other artificial classifiers which reply on
the hand-crafted features. With the success in vision work, deep learning also
attracts attentions from other fields, such as sentiment analysis [4], language
processing [5], region of interest localization and description [6], and medical
use [7].

The success of deep learning is brought off by three factors: the advance
of numerical optimization methods, growth of data volume, and fast compu-
tational hardware. New numerical methods solved the convergence problems,
which are more and more critical when the number of layers goes deeper and
deeper. Large enough training data sets make the extracted features by deep
learning sufficiently representative. These required data can be continuously col-
lected by the sensors equipped in modern embedded systems and mobile devices.

c© Springer International Publishing AG 2016
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Last, the accelerators, such as Graphic Processing Units (GPUs), provide strong
computing power to support the training of deep learning model.

In the era of Internet of Things (IOT), the deployment of deep models to
mobile devices is a nature request. One the one hand, the mobile devices can be
smarter with the deep learning ability. Moreover, they also help the data gath-
ering from various sources. On the other hand, the limited power, storage, and
computational resources of mobile devices prevent the complex computation,
like deep learning, from being practical. Therefore, the mobile cloud comput-
ing model, which combines the mobility of mobile devices and the computa-
tional resources of cloud platforms via ubiquitously accessible network, becomes
a practical solution for mobile applications that utilize deep learning.

Mobile cloud computing has three types of models to coordinate the works
between mobile devices and cloud platforms. The first one is to off-load all the
work to the cloud platforms, and the mobile devices take care of data input and
output only. However, such model usually require frequent data communication,
which is not suitable for heavy data transmission. In addition, when the network
is unstable, mobile devices cannot work alone. The second model relies on mobile
devices to handle most of the works. Such model is only limited to light weighted
works that can be processed on mobile devices. The last one splits the works to
mobile devices and cloud platforms. This model could balance the computation
and communication, but requires good synergy from both sides.

Most of the current solution of mobile deep learning utilizes the first solu-
tion since the computation of deep learning is heavy. In this paper, we uti-
lized the third model for deep learning, which puts the training and model
repository on the cloud platform, and recognition and data gathering on the
mobile devices. Such architecture cuts the storage and computation requirement
of mobile devices and the data transmission between cloud and end users. In
addition, we employed the Git protocol for data communication data so that
the transmissions can be resumed even the network connection is not available
sometimes.

We used the smart car camera as an example application to demonstrate how
the framework works. The smart car camera can select suitable deep learning
models for video recognition, decide which part of video clips contain important
information and send them to cloud platform, and update the deep learning
models when necessary. We have implemented the system on NVIDIA Jetson
TK1 embedded development board. Experimental results show that detection
rate can achieve 2.8 to 4 FPS (frame-per-second) with Faster R-CNN and ZF
model, and the system can work well even when the network connection is unsta-
ble. We also compared the performance of system with and without GPU, and
found that GPU still plays a critical role in the recognition side for deep learning.

The rest of this paper is organized as follows. Section 2 introduces background
knowledge and related works. Section 3 presents the framework and the imple-
mentation details of the smart car camera. Section 4 shows the experimental
results of system performance. The conclusion and future directions are given in
the last section.
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2 Background

2.1 Mobile Cloud Computing

In the last decade, mobile devices have been widely used to provide various
services, such as gaming, video streaming, health-care, and position-based ser-
vices. However, mobile devices are still limited by storage capacity, battery life
and computing power. As a result, Mobile Cloud computing (MCC) came up
not long after cloud computing. Mobile cloud computing can be considered as a
combination of mobile services and cloud computing which communicate through
wireless network. The key concept of both cloud computing and MCC is offload-
ing heavy tasks to cloud platforms so that users can access a variety of services
without complicate computation on their devices.

Mobile Cloud Computing (MCC) architectures possess many desired advan-
tages, as well as many critical issues. In [8], authors listed three merits of MCC:
extending battery life, improving data storage capacity and processing power,
and improving reliability. On the other hand, MCC has issues to overcome.
Wireless network is less reliable and has lower bandwidth compared to wired
network. Other than bandwidth issue, network for mobile devices is usually
unstable, which could result service unavailable sometimes. Discussion of issues
includes offloading, security, heterogeneity are remained in [8].

2.2 Deep Learning

Deep learning, or deep neural network, refers to a neural network that consists
of one input layer, one output layer and multiple hidden layers. The earliest
appearance of deep neural network can be traced to late 1960s in the work
published by Alexey Grigorevich and V.G. Lapa. However, deep learning grows
at a slow pace due to immature training scheme and architecture in the next few
decades. In the 1990s, LeCun trained LeNet, a deep neural net with convolution
and pooling layers, with back-propagation algorithm for digit recognition [1].
Stochastic gradient descent was invented in the 1970s to train artificial neural
networks.

LeNet is the earliest work to take deep learning into recognition task. In 2006,
layer-wise unsupervised pre-training was proposed for parameter initialization
[9]. The new training method has two phases. In the pre-training phase, every
two consecutive hidden layers are considered a restricted Boltzmann machine and
weights are adjusted with an unsupervised learning manner. After pre-training,
the whole model is fine-tuned with an additional supervised layer in the sec-
ond phase. Pre-training makes layer parameters get better values compared to
random initialization. As a result, trained models reach more sensible local min-
imum and quality gets more stable. In 2012, Krizhevsky et al. developed the
eight-layer AlexNet and won the ILSVRC 2012 prize with about 85% classifi-
cation and 66% location accuracy [2]. AlexNet won their competitors who used
linear classifier over ten percentage. And the winners of ILSVRC classification
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task in the following years all used deep neural networks. Instead of using hand-
crafted classifiers, deep neural network learns high level features during training
time. And the ILSVRC challenge results prove its high performance.

With big success in image classification, deep learning attracts focus from
other fields. Beside from classification, deep learning is also used in object detec-
tion [10–12], speech recognition [13,14], language processing [5], sentiment analy-
sis [4], and many other works. Recent deep learning bloom can be ascribed to
new optimization methods, appearance of more powerful processor and rapid
growing data volume. With more powerful CPU and multi-core processor, espe-
cially general purpose GPU, training time can be cut down from months to
days. With growing of various data, under-fitting can be prevented and makes
deep learning be applied to solve different types of problem. Latest publications
not only improve accuracy but boost performance. PReLU activation function
pushes classification accuracy over 95% and saves time for deriving gradient [15].
Dropout prevents training from over-fitting [16]. Also, new initialization schemes
make pre-training phase unnecessary [17].

2.3 Git Version Control System

Git is an open source version control system. The designated work space to be
managed is called repository. The system would manage files added to tracked
list in the repository. Users can copy files from remote directory through clone
command. Cloned repository would be managed by Git system and repository
status be kept consistent with remote if git pull command is called. Push com-
mand would be used in the situation that a user makes some modification and
wants to update file in original repository. Modification of tracked file would not
be send back to remote after a commit is created. And according to the official
report, Git is faster than many other version control systems.

3 Framework and Implementation

3.1 Mobile Cloud Framework for Deep Learning

Our design of mobile cloud computing framework for deep learning is based
on two facts. The first one is about deep learning processes, and the second
one is for mobile network. Deep learning approach has two phases: training and
recognition. In the recognition phases, deep learning application only needs to go
through forward propagation with input data. After getting output data, some
post-processes are required to retrieve desired information. On the contrary, the
training phase needs both forward and backward propagation and a large amount
of training data. As a result, training process usually takes days or weeks.

For mobile network, according to 4GTest [18], LTE network has a median
of 5.64 Mbps upload bandwidth. Take image process for consideration, common
car cameras have 1080p resolution, which also indicates that a raw image can
have size overs 6 megabytes. Retrieving results after uploading and processing
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an image on the cloud becomes infeasible. Even we compress files first, unstable
wireless network may prevents users some services.

Our design offloads the training phase to the cloud platforms and keeps
trained models to the mobile devices for recognition. In addition, the mobile
devices collect received data and feed back to cloud. Various data collected from
users can help to improve accuracy of deep learning models. Also, the server side
can evaluate how the model performs by analyzing prediction result.

3.2 Smart Car Camera System

We used car camera object detection as an example application. Many cars
have equipped cameras to record videos during driving. However, the capacity
of device storage is limited, and many parts of the recorded videos do not have
interested objects. With the object detection ability, the car camera can find
out the video segments that possibly have objects of interests. Those interested
video segments can be uploaded to cloud platforms for further analysis, and the
unwanted video segments can be deleted to save storage space. We designed a
deep learning object detection system which not only provides detection service
but handles model maintenance.

The designed system is presented in Fig. 1. When the system starts, version
checker is executed first. If the client does not have model files in local disk stor-
age, it will connect to server and get the desired model. Otherwise the system
would check whether an updated version is available. In the second phase, the
system has two threads: update thread and detection thread. The update thread
keeps checking new model released periodically. This thread is only responsible
for model checking and downloading. Models would not be replaced with the
updated version until system restarts for safety concern. The detection thread
handles data collection. Detection thread would collect network inputs and out-
puts if possible object appears in the input images. Meanwhile, it keeps a counter
to control collected file size. Once the counter hits a designated threshold, the
detection thread creates another thread for uploading data. The collected data
after upload would be destroyed to save local storage space.

3.3 Detection Task

We have surveyed some object detection works, and chose Faster R-CNN as our
detection approach. We have re-produced the C version Faster R-CNN using
Caffe [19] and openCV. Figure 2 introduces the workflow of Faster R-CNN.
Although Faster R-CNN can take any size of input, we cropped and resized
every input image to a fixes size: 224× 224 pixels to make it faster. The follow-
ing section describes Faster R-CNN implementation in details.

Faster R-CNN trains RPN by sliding a small network over the feature map
from the last shared convolutional layer. At each location on the feature map,
RPN predicts 3 scales and 3 aspect ratios (the ratio of width to height). Centers
and sizes of each box is encoded based on a reference box, called anchor box.
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Fig. 1. Designed system

Fig. 2. Faster R-CNN workflow

At detection time, region proposal network (RPN) outputs two data blobs, pre-
dicted boxes and box scores, after a series of convolutional and pooling processes.
Prediction box is represented by four elements (N,C,H,W ), where N represents
the batch size, C stores proposed boxes, and H and W correspond to the height
and the width of feature map. After extracting proposal regions, we drop boxes
that are too small and crop the remaining boxes for ensuring that the box size
does not exceed input image size. Next, we sort the boxes by confidence c from
score blob and apply non-maximal suppression to filter out highly overlapped
boxes with lower confidence score.

Classification net takes n filtered regions and feature map generated by the
last convolutional layer of region proposal network (RPN) as inputs, and outputs
two blobs. Predicted boxes are stored in the same fashion as RPN’s output in the
first blob. The second blob contains prediction scores of background and desired
object classes. If the number of region proposals from RPN exceeds the batch
size N , the classification net will run more than one time. The batch size N is
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adjustable. In Sect. 4.2, we will discuss how to tune the batch size to optimize
performance.

Besides, we trained the models using py-faster-rcnn with VOC2007 dataset.
We trained ZF model with provided definition files and using the alternating
optimization [20]. Different from previously described Faster R-CNN, the model
takes over intermediate output, which does not require coordinate transforma-
tion between RPN and the following layers. Also, the output predicted boxes
information are not related with anchor boxes. Instead, it retrieves coordinates
of box vertices from the output blob. As to box regression, refined information
can be calculated in the same manner with original Faster R-CNN.

3.4 Model Maintenance

We chose Git version control protocol for model transmission. By using Git, we
save the effort to manage modifications. Also, Git provides the basic authen-
tication service, by which users need account and password to access remote
repository.

First time download and follow-up model update can be achieved by Git
clone and Git pull functions. And the feedback part can be implemented by Git
push. We created two Git repositories on our device: one for storing model files
and the other for feedback data. When starts, the system checks whether the
model repository exists. If files in need have not been downloaded, Git clone
would be triggered to get the latest files from server. Otherwise, the system calls
update function to keep version be consistent with the server. In the detection
phase, update-thread calls Git fetch constantly and push-thread starts to push
feedback repository once collected data reaches a threshold.

4 Performance Evaluation

We have implemented the smart car camera system using Nvidia Tegra K1, the
processor and GPU designed for mobile device. Tegra K1 has four plus one core
ARM Cortex-A15 CPU with upto 2.3 GHz frequency and a Kepler GPU. The
experimental board has a 2 GB memory, and is connected to wired network. Data
can be transmitted through WAN. We chose relatively light weight ZF model
provided by origin work to do the detection task. ZF net has 5 convolutional
layers and 3 fully connected layers. The trained model can be obtained from [20].

We evaluated out work on the trained dataset PASCAL VOC 2007 test
data. In addition, we used pedestrian detection database from University of
Pennsylvania and the clips downloaded from Youtube, which are videos recorded
by car camera on highway.

We have four sets of experiments. The first set of experiments compares the
performance with and without GPU. The second one is to tune the batch size for
the best performance of the model. The third one compares the system perfor-
mance for different data sets and different batches. The last one uses simulation
to demonstrate how our system works under unstable network environments.
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4.1 CPU and GPU Performance Comparison

We evaluated CPU and GPU performance for recognition process. Figure 3 shows
average CPU and GPU forward pass time. As can be seen, GPU accelerates the
forward propagation and performs over 20 times faster than CPU only ver-
sion, both for RPN and classification net. The significant difference indicates
the importance of accelerator. For the rest of our experiments, we only showed
the performance results with GPU.

Fig. 3. CPU and GPU performance

4.2 Batch Size Tuning

In the recognition phase, the batch size, which is the number of Region Of
Interests (ROI) to be processed at the same time, influences the performance
significantly. In this experiment, we evaluated the time (seconds) of forward
pass of classification net for different batch size. As Fig. 4 shows, execution time
of one iteration grows as the batch size gets larger. This is not a surprised results
since larger batch size means more work to do. However, if we normalized the
execution time for 180 frames, the time decreases first and then curves up later.
This is because when the batch size grows, the number of iterations to process
the ROIs of 180 frames decreases, but the time of each iteration increases. The
experimental results show the best performance falls around batch size 60, which
is the parameter we used in the later experiments.

4.3 System Performance

We evaluated the system performance for different number of batches to be
processed for the classification net. Since we resized and cropped input images,
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Fig. 4. Performance and batch size

execution time only relates to the number of candidate Region of Interests (ROI)
per image. We can accelerate the system performance by dropping the ROIs
with lower scores. The influence of dropping is that some of the objects may
not be detected. But experiments show the dropping of low score ROIs does not
alter the results much (less than 1%). Each frame usually has 60 to 180 ROIs.
Since we let batch size be 60, the number of batches per frame is ranged from
1 to 3. Figure 5 shows the performance result, measured by frame-per-second,
for different number of batches. The 1 batch means that we only keep at most
60 ROIs per frame; the 2 batch means each frame can have up to 120 ROIs; and
the 3 batch means 180 ROIs are detected for each frame. The results show that
the detection task could process over 4 frames per second for 1 batch. When the
number of batches grows, the performance drops to around 3 frames per second.
The results of two test data have similar behaviors.

4.4 Network Transmission

Our smart car camera system can dynamically download and update the required
models from cloud platform. According to [18], the downlink of current LTE
network is much faster than that of the uplink. However, the model files of deep
learning usually are usually very large, around hundred megabytes, even with
compression. In unstable network environments, transmission of such files could
cause a problem, because file transmission needs to restart after re-connection.
One solution to reduce the duplicate transmission is to split whole model into
chunks with smaller file size. With this approach, duplicate transmitted data size
would be limited to the chunk size. On the other side, it needs longer preparation
time for file splitting, but that can be done in advance on cloud platform.

We used the Markov chain model, proposed in [21], to simulate the package
loss to evaluate the performance of the file splitting strategy. The maximum
number of retransmission in the simulation is 15, after which the file chunk is
required to retransmit. The bandwidth of uplink in simulation is 15 Mbps and
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Fig. 5. Performance measured by frames per second

the model file size is 224 MB, which is a real data size of ZF model for 20
categories. The latency of each split file transmission is 0.1 s. The performance
of three chunk sizes (number of chunks) are compared: 1 (no slitting), 20, and
100. The evaluated package drop rates are 0.1, 0.4. 0.5, and 0.6.

Table 1. The transmission time (seconds) of different chunk sizes for different package
drop rates.

Drop rate\No. chunks 1 20 100

0 120 121 130

0.1 133 134 143

0.4 208 202 210

0.5 4382 271 256

0.6 (unable) 2877 451

Table 1 summarizes the transmission time of each method in seconds for dif-
ferent package drop rate. The result is the average of 10 times of simulation. It
shows when the package drop rate is small, which means the network environ-
ment is stable, the splitting method takes longer time owing to the overhead of
file transmission latency. However, for larger package drop rate, the time of un-
split file grows rapidly. For drop rate 0.6, the un-split file cannot be completed
in hours. On the other hand, for chunk number 100, the time grows much slower
even when the network is extremely unstable.

5 Conclusion

In this paper, we proposed a mobile cloud computing framework for deep learn-
ing. The architecture leaves training on the cloud and performs recognition in
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the client side with some post processing. The advantage is that the mobile
devices can still work under unstable network environment without huge stor-
age and computing capacity. Experiments show that GPU is still critical for the
recognition of deep learning, since it can accelerate the computation over 20
times.

Limited storage space and computing power remain a challenge for embedded
systems using deep learning. S. Han et al. proposed DeepCompression [22], which
reduces storage space by learning only important connections, quantize weights
and apply Hoffman encoding. They reduced size of AlexNet from 240 MB to
6.9 MB without accuracy loss. With deeper models applied on mobile devices.
For future work, we will integrated their work to the system, and investigate
further optimization of storage and computation for deep learning.
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Abstract. By the popularization of cars, average number of vehicles
owned by one person grows with passing days. However, the number of
parking areas is out of proportion. In order to satisfy the requirements
of parking space and reduce illegal parking, we propose iParking, a real-
time parking space monitoring and guiding system, in this paper. We lay
emphasis on roadside parking. The system determines and records empty
parking spaces through cloud computing, wireless technology between
vehicles, and image analysis. It tells you the nearest location of empty
parking space while drivers have requests. We expect the system to cause
attention to more people and government while it solves relative problems
about parking space.

Keywords: Cloud computing · Image recognition · Parking space man-
agement · Wireless technology

1 Introduction

Recently, parking problem has become people’s harassment. It is shown from sta-
tistical data in Ministry of Transportation, Taiwan that the number of registered
vehicles is 7,554,319 until December 2014 [1]; However, it is also mentioned that
the number of legal parking space is about four million in total. Furthermore, it
will cause several problems such as the extremely slow speed while finding park-
ing space, scrambling for roads with scooters, parking temporarily in dangerous
part, or driving U-turn illegally. The behavior will not only break the safety and
regular of transportation but also make noise and consume resource. It is easy
to observe that some vehicles need to find parking space by themselves while
roadside parking spaces are not enough. The situation will bring out arbitrary
parking, and it is also the main reason of illegal parking.

Over the last few years, LBS (Location-Based Service) [2] is getting noticed
along with the appearance of smartphones. LBS can apply broadly to different
area like health, job, daily life, and etc. Thus, how to use LBS to help different
users find the appropriate parking space is vital. The usage of monitoring parking
space now is to provide roadside parking space’s locations at best, but it will not
c© Springer International Publishing AG 2016
C.-H. Hsu et al. (Eds.): IOV 2016, LNCS 10036, pp. 26–33, 2016.
DOI: 10.1007/978-3-319-51969-2 3



iParking 27

tell drivers where the vacant space is. Thus, we would like to develop a monitor
and guiding system focus on roadside parking to provide the information of
nearby parking space and help drivers park with the fastest way.

We will introduce the system in four parts. First of all, know what is the
demand of our work and compare with other techniques. Next, show the details,
especially features and structure of our service. In addition, demonstrate how
we implement and design the system. Finally, make a conclusion, discuss more
about future work.

2 Related Work

2.1 Demand of Parking Space

In the statistical table of important indicators from Ministry of Transportation,
Taiwan [1], it is pointed out that parking space is one of the important indicators
in addition to the number of vehicles.

It is shown that the difference between supply and demand of parking space
is about two million. In addition, it is pointed out from trend of line that the
growth rate of vehicles and parking spaces is closed. However, it is not simple
to add parking spaces because it involves road network planning. In this knotty
situation, it becomes vital and urgent to solve the management of parking space
in order to make good use of limited resource.

Furthermore, some recent researches verify that people would rather spend
more time finding roadside parking space than off-street parking even if there
are vacant spaces in the off-street parking lot [3]. Take Tainan City for exam-
ple, service in parking lot does not meet drivers’ expect, such as high parking
fee, mess surroundings, or etc. Hence, the situation results in low usage rate of
parking lot and shortage of roadside parking space. Thus, to solve the problem
of roadside parking is necessary.

2.2 Existing Parking Space Monitored Technique

All of existing parking space monitored techniques are limited to parking lot
and only supported by sensors. For instance, intelligent parking lot uses wireless
sensor network, ZIBEE, pressure sensors [4,5]. They update database by sensors
to know if it is empty. The another instance is Eco-Community plan developed
by several schools [6]. Its main method is using the sensitivity of the sensor,
Octopus II, updating changes to database. Therefore, the changes will tell users
information about parking spaces. However, the two techniques have a big con-
straint when it comes to downtown area. It is a huge challenge to set up sensors
for all parking spaces in downtown due to the fee of building and maintenance.
That is to say, both of them are not suitable to roadside parking in comparison
with our system.

As regards other apps in the market, they are connected to nearby parking
lot, offering real-time information. However, only few of them mention payment
information about roadside parking. In conclusion, none of the apps in the mar-
ket provide function to find roadside parking spaces until now.



28 C.-F. Yang et al.

3 Service and System Structure

3.1 Software Platform

We choose smartphone and related device to complete mobility, driving recorder,
and Network communication by reason of the target users, people with mobile
vehicle. We build the application base on Android, using Java to implement code
structure and GUI design.

3.2 Features

Cloud Storage and Computing. Cloud Storage is an online service which
can save data on virtual server through Internet. The service become more and
more popular due to the popularity of Internet and the increasing demand of data
storage. That is to say, simply save data in actual hard dick is getting insufficient.
Therefore, limited storage devices will bring more benefit by Internet and storage
virtualization technique.

In order to improve the efficiency of driving records, and reduce the capacity
of mobile device. We will refer to existing cloud storage service, analyzing data
through servers in cloud, and send the parking information to users who have
request.

Static Image Streaming. Streaming media is a process to compress a series
of media data, send through network section, and offer real-time media service
on the Internet [7]. By the technique, media data are able to watch without
downloading whole media. Therefore, it is called “streaming” because data in
the process behaves like running water.

We can say that static image streaming is to connect images, record the event
over the next period of time. Under the premise that analyzing driving records
accurately, we will use static image streaming to lessen the burden instead of
sending whole driving record.

Analyzing Vacant Parking Space. In the reference [8], the author has pro-
posed solutions to detect if parking spaces are vacant. Its technique includes
Hough line detection and Canny edge detection, implementing by OpenCV
library. The original method has two limitations. The first one is that it can
only identify one photo at a time while the another is that only the parking
space at bottom right corner can be identified. We breakthrough them by using
static image streaming.

3.3 Efficacy

Monitoring Parking Space. The situation of parking space is different from
area, timing, and location. Therefore, the key point is how to monitor the specific
parking space immediately. Besides, if there are many people use this service at
the same time, it will be fairly accurate with steadily update.
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Saving and Analyzing Driving Recorder. In the process of detecting vacant
parking space’s condition, it is necessary to analyze big data and use large stor-
age. Hence, we use cloud service and client-server model to handle and send all
the requests in order to reduce the usage of memory, storage, and workload.

Data Transmission. If the goal is to keep high accuracy and immediacy, the
system will bring out high Internet usage because it continuing transfers driving
recorder. Therefore, we will capture driving image with a fixed distance accord-
ing to speed of the vehicle. Coordinating with GPS position, it will become
image streaming instead of video. That is to say, capacity and the time of data
transmission can be saved.

3.4 Structure

We mainly focus on car owners. Besides, we will use our own approach to detect
driving record automatically and communicate between vehicles. The application
is built on Android, expected to run the program on driving recorders. We will
limit to a specific road section while testing and developing the system.

Four steps are supposed to proceed. First, determine the specific road section,
and collect data; Next, sort out the collected data. Start to plan the structure
of program; Then, begin to develop the program, add GUI, do simulation, and
test system. Finally, analyze and present whole the research.

Building Cloud Service and Algorithm Design. The main usage of cloud
service is to implement each operated function, handle users’ request, and provide
storage to save driving records. The operated function includes receiving image
data from users, analyzing images, building database, searching database, and
etc. Hold time is the first concern because of massive calculation. The other
factor is the availability of data, for example, we will not use old data and data
which has been analyzed in the same location. This algorithm will help reduce
repeated operations, furthermore, it helps us make sure that we are analyzing
real-time image in every data.

Program Structure in Device and UI Design. We will plan our service
with relation to different characters. For example, it is necessary for users to
search nearby parking space, it is required for devices to send image information
to servers in cloud, and it is important for servers to analyze and collect data.
As for UI design in app, in order to realize convenient searching function and
interface, it need to be designed from the view of users.

The error of GPS measurement is about 5 to 10 m. We can say that it is
about 1 or 2 roadside parking spaces. In order to enhance the accuracy, we will
combine Google Maps API, take the advantage of its navigation and distance
matrix service. Besides accessing the speed and distance of vehicles, the API can
also help send GPS location to keep loading and operating fast in the device.

When it comes to clients, we will check whether there is anyone else sending
the same information of specific location at the same time or not. It will not send
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information if anyone else is sending the data. However, if there is not anyone
else sending the data, we plan to capture image immediately after moving a
small and appropriate distance before sending to servers in cloud (Fig. 1).

Fig. 1. System flow chart

4 Implementation

The system is divided into three parts - image recongization, cloud server, and
client’s application. At first, the three parts will be implemented separately.
They will be combined and operate after they all make a certain proportain.

4.1 Image Recognition of Roadside Parking Space

Image recognition and analysis of roadside parking space is implemented by
C++ with OpenCV library. The program will return if the image of parking
space is vacant after received an image.

Setting ROI (Region of Interest). First, the program will convert the image
into gray scale. The reason is that the perspective of image will affect the degree
of image recognition. Moreover, the image will be divided into four equal parts.
Only the right-bottom part will be reserved because the spaces are usually
located in the right hand side (Fig. 2).

Fig. 2. Setting ROI
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Sides Detection and Noise Reduction on Image. The program uses Canny
edge detection in OpenCV to find each side of parking space. Afterward it reduces
noise by the way, Median Blur. (Fig. 3)

Fig. 3. Detect each side Fig. 4. Draw parking space

Find Out Parking Spaces. First, find out straight line with Hough line detec-
tion. Detect which one is the line of parking space by angle and intersection of
lines (Fig. 4).

If the appropriate space is not found, the program will return the result of
no vacant space (equals to occupied by vehicle). However, if the space is found,
it will continue to next to detect if the space is able to use.

Detect if the Parking Space Is Able to Use. If the ratio between the side
of parking space and its shelter is more than a certain number, it means that the
space has been occupied. Therefore, the program will return no vacant spaces.
On the contrary, it will return there is a vacant parking space (Fig. 5).

Fig. 5. Detect parking space

4.2 Cloud Analyzing Server

After passing image recognition of roadside parking space testing, the program
mentioned above will be moved to cloud service. Moreover, it will coordinate
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with the open data offered by government. The data will provide the informa-
tion about roadside parking space. Therefore, we are able to know which road
sections do not have spaces, prevent analyze the images from those sections. We
implement the server by nodejs action hero framework; In addition to offering
API with http, we will provide interface for webpages in order to let users find
parking spaces directly. Non-relational database, Mongo, is also used to acceler-
ate access and operated speed.

Servers in cloud will translate longitude and latitude into address information
while receiving GPS information and images by users. Next, it will compare the
road section with open data to confirm if the section provides parking spaces.
After successful analysis, the result with address will update to database for
other users.

4.3 Mobile APP (Client Side)

It is divided into several steps to implement, mainly separated into user (device)
and server side. First, we use Android platform with Android Studio and Android
SDK, which are based on JAVA, to develop client’s application.

Fig. 6. User interface

Figure 6 is our main interface and function. Figure 6(a) is the first screen
of the system. You can choose the function of both recording and searching.
Figure 6(b) is recording screen. It will use device’s camera automatically, tem-
porarily save the records in iParking folder. The purpose is to let users check
the record, choose if they want to provide it to other users or delete it. After
uploading the record, it will be deleted. Figure 6(c) is the setting page. Users
can change their sending rate (network flow) and searching range while finding
parking space. Figure 6(d) is the result of searching. Users will know how many
parking spaces nearby. After choosing the one user prefers, the location will be
shown on the map like Fig. 6(e). Therefore, user can be navigated to the space
combined with Google API.
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5 Conclusion

The goal of this system is to offer users a practical and useful application. Users
are able to find parking spaces while having requests. In addition, traffic problem,
air pollution problem, and the behavior of illegal parking will decrease.

We have a simple but completed system until now. The system includes
cloud service, the technique to analyze images, and an application for Android.
We expect to develop more applications on iPhone and Windows Phone. Besides,
we look forward to doing more research on accuracy of image recognition, server
load balance, and Vehicular ad hoc network.
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Abstract. In this paper, we propose mathematical models for predictive
assessment of response times of road traffic video surveillance systems. Their
performances depend highly on the ability to perceive mobiles within a certain
radius of networked sensors, then distinguish their potential trajectory for further
decision making. Most QoS measurements and evaluations used within actual
literature are hardware based, and do not consider the influence of the technical
architecture. We therefore proposed a process based decomposition of video
surveillance systems to obtain functions approximating each ones time con-
sumption. The integration of these components guided us to generic mathe-
matical models validated through experimentations. The comparison between
them shows a considerably lower response time for a distributed architecture
over a centralized.

Keywords: Data � Transmission � Mobile � Monitoring � Forecasting �
Perception � Distributed learning

1 Introduction

Nowadays, smart cameras are almost designed to mimic eyes and brains. These devices
are capable of capturing a large amount of information and give them a meaning.

They are integrated into intelligent transport systems [20], video surveillance [1] to
better manage road traffic, supervising public or private places. Research efforts and the
reduction of material costs opened the possibility of using these systems to a wider
range of applications (automatic recognition and object tracking [10], the interpretation
of the scene [5] and the extraction or indexing special events [9]…).

There are also applications in the monitoring of industrial fields (access control or
the production quality control), in the supervision of highly frequented public places
(train stations, subway, [2] businesses [3]), in monitoring and analysis of elderly
activities (indexing activities [4] or fall detection [5]), in sport (football, golf, …)
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These systems generally operate according to the following process:

• Motion detection,
• Extraction and classification of objects,
• Monitoring of objects over time,
• Behavior analysis and incident detection [6]
• Transmission of information (events related to objects) to decision making unit.

However, the real-time management of this mass of data is problematic. Indeed, the
cameras must have a significant computing power to process it, or be connected to a
central collection and processing unit, engendering transmission duration issues, and
this in order to identify objects for example, before they go out of their reach.

Technologies have been developed to implement smart and powerful cameras [11]
and solutions have been proposed to better control the flow of information between
intelligent cameras and a central collection and treatment [11]. In the case of smart
cameras, solutions are now available to equip them with analysis capacities [7.8]. In the
field of prediction, more work was done: Road pedestrian path prediction in a normal
environment [7], arrival time estimation of the bus considering several routes [8], a
system of the destination and estimated future prediction according to the [9] trajectory.
In these systems, most of the evaluations are based on an assessment of an event [15]
and the cameras are not equipped with learning abilities, nor collaboration.

Given these limitations, we propose two types of road CCTV system architectures
resulting in two formal evaluation models detection performance by focusing on the
time of the response of the system following a picture taking.

The first case studied is based on a forecast model using distributed learning and a
shared knowledge base. The second case used evaluate distributed systems with
intelligent cameras working capacity.

In both cases an assessment of the potential response time between when an image
is captured, and the time a decision is made by the system, is proposed.

This work is presented through the following 5 sections:

• Section 2 presents the state of the art in performance assessment models in a
network video surveillance,

• Section 3 presents various deployment architectures,
• In Sect. 4 we divide and describe each architecture treatments via sub-processes,
• Section 5 provides the evaluation and comparison of centralized and distributed

data processing time models,
• Section 6 presents the conclusion and perspectives for future work.

2 State of the Art of Video Surveillance Network
Performance Assessment Models

2.1 Network Performance Measurement

Much work has been mentioned on network performance in terms of throughput, delay
and jitter [23–25].
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In [24] they proposed a model to identify flow variations and time in order to
optimize the system design with the correct configuration settings. A number of sim-
ulations were conducted to demonstrate the performance of the model. However, these
studies were limited to the WiMax network wireless mesh. Mahasukhon et al. [26]
have established a platform in which they measured the flow based on RSSI for each of
the mobile nodes in a mobile WiMax network operating on the IEEE 802.16e standard.
A method for improving performance in terms of throughput, end to end delay, and the
jitter of a WiMax network (carrying voice calls) was proposed in [27].

Kafhali et al. [28] presented a performance analysis for the frequency band allo-
cated to the IEEE 802.16 for wireless broadband access. In this analysis, the rate was
compared to the intensity of traffic. They noticed an increase in traffic intensity was
associated with an increase in flow to a point of saturation.

The authors [29], among others, have led throughput tests in TCP and UDP for the
downlink channels and amount of WiMax networks. Flow tests were conducted under
different types of modulations and varying distances. Reference [25] shows the work
done to determine the minimum value of the signal-noise attribute to ensure acceptable
levels in terms of throughput and quality of service in the WiMax networks.

2.2 Performance Measure to CCTV

PRISMATICA [31] is one of the most sophisticated monitoring systems developed to
detect relevant situations in complex environments. The architecture consists of a set of
devices that perform local monitoring on a small area. The obtained information can be
sent to a central manager. The authors conclude their work by talking about the need to
integrate expert knowledge and machine learning to provide more advanced moni-
toring. Detmold et al. [32] discussed a middleware as a deployment mechanism of
intelligent video surveillance systems based on the topologies described as the activity
of the monitored objects. One of the contributions is the use of a distributed table to
increase flexibility and scalability of the communication model. In this same line of
research, IBM introduced an alternative (Tian et al.) [33] based on the intelligent
management of the data collected by the safety device and open standards. For mea-
surements of performance applied to video surveillance, [30] talks about the flow
characteristics for video surveillance systems with WiMax with variations on the
nodes, frame rate and size of the MSDU to check their performance. The obtained
results show that, in similar circumstances, the HWW video surveillance system sur-
passes the legal system in terms of throughput in a factor of 1.75.

All these works do not make a formal assessment of the response time of treatment
centers based on the architecture of the video surveillance system and thus relativize
these studies. In this article, we propose a predictive model assessment of the response
time of road traffic video surveillance systems in the case of centralized and distributed
systems.
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3 Presentation of the Different Architectures

The significant problem in the design of urban traffic monitoring system is the ubiquity
of detection points, the quality and reliability of the communication system and the
establishment of the processing system. A widely distributed network cameras requires
infrastructure so vast that granting energy supply to the cameras and establish a
communication channel between devices [21] is problematic. The implementation of
such infrastructure involves high costs and relevant policy choices that often undermine
the feasibility of the entire project. Installation and network infrastructure maintenance
costs for both the cameras and infrastructure are of great importance for better system
performance. We proposed two generic architectures with video surveillance for each
specific treatment possibility.

3.1 Centralized Architecture

In this architecture the cameras are placed at the roadside and each covers a clearly
defined vision ray. A processing device is located at the remote monitoring center and
cameras are connected to the latter via a wireless system. As in a centralized system,
the processing unit is located at the monitoring center and handles the processing of the
transmitted video stream from the cameras, followed by the treatment of video meta-
data. Each camera, detecting the presence of a mobile in his field of vision, sends its
flow to the monitoring center where metadata are processed.

The example of prediction we consider is the anticipation of the direction of the
mobile through a learning system. The goal is to predict the path that the mobile will
take. Monitoring of the mobile and the prediction (activation of the next camera) will
be handled at this level (see Fig. 1).

Fig. 1. Centralized architecture
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3.2 Distributed Architecture

In this architecture the cameras are placed at each side of the road and has an embedded
processor. A wireless link connects the cameras together and each camera is connected
to the monitoring center via a wireless transmission system. Each camera that detects
the presence of a mobile in its scope follow it up and analyze until the activation of the
next camera using the onboard processor. Data processed and results will be trans-
mitted to the monitoring center to be displayed and stored (Fig. 2). The prediction
process will be triggered before the camera loses the mobile. Therefore, the current Cn
camera sends a signal to the next camera Cn + 1 so that it prepares for the detection
and monitoring.

Note that the average distance between the cameras is not significant because they
will be positioned according to the routes and the coverage area.

The description of the processing system and activation of the cameras to the
prediction will be outlined in the next section.

4 Description of the Processing System

The captured images transmission delay depends on several factors such as the
transmission rate, the weight of the images, the number of pictures etc. More images
weight, the higher the transfer time is long. [29] In our case, the transmission rate will
be calculated from the initial node, i.e. since the detection of moving up to the acti-
vation of the next camera.

4.1 How a Camera Works?

This diagram outlines the different behaviors of a camera during the monitoring process
to the activation of the next camera. Detecting a mobile to the prediction for the next

Fig. 2. Distributed architecture
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camera to activate, there are a set of processes between the different components of the
video surveillance system. The conditions for a camera to be involved in the process
are: whether it detects the presence of a mobile in his field of vision, or another sends a
signal that she is preparing for a mobile that is in his direction. The different states
taken by a camera system are: standby activation, detection and follow-up (Fig. 3).

4.2 System Sub-processes Modeling

In the system, a set of processes occur as soon as a camera detects a mobile in his field
of vision. This action arises a set of processes that induce communication between the
various system components (camera processing unit) depending on the architecture of
the video surveillance system (centralized or distributed architecture). These processes
can be grouped into processing block: launch detection, identification of the license
plate of the mobile, treatment and enrichment of metadata, enabling the next camera
(Fig. 4).

For a mobile to be detected, it must be in the field of view of a camera that is to say
at a range of 15 m (experimental data taken on the basis of available material). At this
level, a set of variable comes into play in the treatment process (Fig. 5).

It is well known that the speed = distance
time set

Let:

Tti = processing time of an image
Ti = size image file
Pc = camera range
Da = next camera activation time
Dp = time decision
Vm = speed mobile
Tm = time taken
Db = actual flow rate of the transmission medium

Fig. 3. State/Transition diagram of a camera
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Dt = Duration of treatment
Tcf = propagation delay information
Nit = Number processed image

In our case, the processing is done every 10 ms (Tt). So we will have 20 ms to
create a displacement vector for tracking mobile 10 ms and a centralized architecture
for a distributed architecture. With an image size of 30 kb = 0.029296875 MB and a
camera that covers a 15 m field of view, we have:

The number of images processed by the system during a mobile is in its field of
action is Nit ¼ Tm

Tti
.

With this system, we can offer the speed evaluation models of transmission at
different available architectures (centralized and distributed). An example of mobile
tracking system (Fig. 5).

After a description of our system, the evaluation of the treatment time between the
two systems will be outlined in the next section.

Fig. 4. Activity diagram

Fig. 5. Monitoring system of the mobile

40 P.S. Diop et al.



5 Evaluation of Centralized Data Processing Time
or Distributed in a Predictive Video Surveillance
Architecture

The evaluation consists in determining the time required for various processes to be
realized. Depending on the speed of the mobile, we have the possibility to determine the
time required for a mobile to be out of the camera’s field of view. Therefore, we can
determine the number of images to be processed by the processing unit. The number of
processed images allow us to determine the processing duration depending on the
transmission media for each architecture. By adding this result to the duration of decision
making and the activation duration of the next camera, we will be able to evaluate the data
processing times for our different cases (centralized and distributed processing).

5.1 For a Centralized Architecture

• With Time taken = distance
speed ð1Þ and

• Number of images processed ¼ Timeput
processing time of an image ð2Þ: )

• Tm ¼ Nit � Tti
• If we replace 1 in 2, we have:
• Nit ¼ Pc

Vm�Tti�cte
• Dt ¼ Ti

Db
� 8 � Nit

• Tpi ¼ Dt þDp þDa
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Y ¼ �13 ln xð Þþ 62; 541
R2 ¼ 0; 9843

Analysis of this curve shows the variation in the number of images processed
according to the mobile’s movement speed in a centralized architecture. We note that the
higher the speed, the greater the number of images processed by the camera decreases.
This is due to the fact that the time taken to get out of the camera field decreases as the
speed increases. Note that these results are the same for all cameras in the system
regardless of the road or the position of the surveillance camera (Figs. 6 and 7).

These curves represent the image processing time for different types of transmission
media (Fast Ethernet, WiFi 802.11g, 802.11n) depending on the speed of the mobile.
Note that if mobile speed increases, the time used for image transmission decreases.
This is due to the fact that fewer images are to be sent as the speed increases. The
difference in transmission media is explained by the fact that they do not offer the same
transmission rates.

5.2 For a Distributed Architecture

With virtually no processing time, since treatment is done within the embedded sys-
tems in CCTV cameras, we have:

• Nit ¼ Pc
Vm�Tti�cte

• Dt ¼ Nit � Tti � Dp

• Tpi ¼ Dt þDa

Fig. 6. Number of images processed
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Y ¼ �27; 4 ln xð Þ þ 125; 08
R2 ¼ 0; 9843

The analysis shows the variation in the number of processed image by a camera
considering the mobile speed in a distributed type architecture (Figs. 8 and 9). It is
noted that the faster the mobile runs, the number of processed images decreases by a

Fig. 7. Total time of transmission

Fig. 8. Number of images processed
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logarithmic law. This reflects the fact that the mobile switching time in the camera’s

field of vision decreases as the speed increases as the time taken = distance
speed .

Y ¼ �0; 001 ln xð Þþ 0; 0163
R2 ¼ 0; 9843

We change the processing time of different transmission media according to the
speed of the mobile in a distributed architecture. It is noted that the transmission time is
low and decreases if the speed of the mobile increases. This is due to the fact that each
camera is embedded with a processor and that everything is done at this level until it no
longer detects the mobile in the field of view of the latter before passing the relay to the
next camera. Although medias do not offer the same transmission rates, it is noted that
they all offer the same tendencies (Fig. 10).

The comparative study between distributed and centralized for the different cases
studied shows:

– We have more images processed in a distributed architecture when going mobile in
a camera field of vision. This reflects the fact that the treatment is much faster and
requires less communication between system components through the embedded
processing. Therefore, we have a better decision because we have more collected
information (metadata) that will allow us to have a better view and understanding of
the system.

– In terms of the total time of transmission, we also note that it is much faster for a
distributed architecture and is practically the same at the different types of trans-
mission media (RJ-45 Ethernet, Wi-Fi 802.11g and 802.11 not) because for a
distributed architecture, processing and following decision makings are made at the
embedded processor. Communication between the embedded processor and the
monitoring center have no bearing on the process of monitoring and prediction.

Fig. 9. Total transmission time
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6 Contribution

The field of prediction is nowadays a major issue in research. It can be applied to
several environments: Medicine [16], transport [17], radar [18], collision detection
[19], of road or path [8, 12, 20]. But however, the current methods of prediction do not
take into account the architecture of the processing system. In most cases, the archi-
tecture is fixed and is not the subject to studies for a better system performance. In our
case, we did a specific study of the processing system for optimization (communication
between devices) to justify our choices and have a guaranteed performance.

According to the results of our research, distributed treatment in video surveillance
processing systems offers by far the best performance in processing and data analysis.
Data processing time varies from 0.0016 s to a mobile traveling at a speed of 45 km/h
in 0012 to a speed of 95 km/h. We note the same transmission 801.11� standard in a
distributed processing system (0.0016 s to a speed of 45 km/h and 0.012 s for a speed
of 95 km/h) faster than that used in RJ45 giga Ethernet for centralized processing that
varies between 0.5 s to a speed of 45 km/h in 0.4 s for a speed of 95 km/h.

7 Conclusion

This experimental and mathematical study of the assessment of the central processing
time and distributed in road traffic video surveillance systems shows that the treatment
is significantly faster when it is distributed. The information is processed at the same
time as monitoring of the mobile. The decision to activate the next camera requires
very low latency and makes this type of architecture more appropriate regarding the

Fig. 10. Comparison between the two models
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processing time. The type of architecture does not arise since many see after the
experimental data, a distributed type architecture provides better performance in terms
of speed of transmission.

We will be called to confirm these results by comparisons with various simulations
using an individual centered approach (multi agents based simulations) which are
closer to the distributed architecture concepts.
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Abstract. The fast development of smart-grid technologies and appli-
cations calls for new means to meet the transportation and environment
requirements of the next trend of mainstream vehicles. Electric vehicle
(EV), which has been regarded as an important replacement for present
gasoline-based vehicle, is expected to greatly reduce the carbon emis-
sions meanwhile offer acceptable transportation ability. However, most of
present market-level electric vehicle heavily rely its capacity-constrained
battery which can only support limited driving range. Although there
have been many pioneer works focusing on ameliorating the driving expe-
rience of EVs through tuning the placement of charging infrastructure,
most of them do not consider the heterogeneity of vehicle movement
in different scenarios. In this paper, starting from a fine-grained analy-
sis of a real-world vehicle trace, a charging station placement algorithm
considering the installation cost, traffic flow and battery capacity, called
EVReal, is proposed. In comparing its performance with other represen-
tative algorithms, EVReal outperforms the others in various metrics.

1 Introduction

Electric vehicles (EVs) have been viewed as the potential solution to greenhouse
gas emission problem for several decades. EVs are worthy to be considered as a
replacement of current gasoline-based vehicles for several reasons (e.g., environ-
ment friendliness, fuel economy). However, EVs also have driving range problems
(typically 60 to 120 miles on a full charge), long recharge time (takes 30 min to
charge up to 80%), and expensive batteries replacement [16]. To make EVs pen-
etrate faster into consumers under the context of current charging infrastruc-
ture limitations, researchers have proposed various algorithms to optimize the
placement strategy of charging stations, which can be categorized into charging
demand based methods and traffic flow based methods.

In the charging demand based methods, vehicles’ charging demands are gen-
erally analyzed with various models (e.g., queue theory, driver preference, park-
ing positions) [4,5,13–16]. Then the decision is made to maximally fulfill the
deduced demands of certain road network. The common problem with these
algorithms is that the charging demand deduced by the proposed means cannot
c© Springer International Publishing AG 2016
C.-H. Hsu et al. (Eds.): IOV 2016, LNCS 10036, pp. 51–64, 2016.
DOI: 10.1007/978-3-319-51969-2 5
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depict the actual charging scenario of the whole road network due to several fac-
tors (e.g., timeliness, traffic pattern) [7,12]. Therefore, some algorithms based on
fine-grained analysis of traffic flow were proposed. The traffic flow is measured
based on EVs’ origin-destination pairs (O-D pairs). The traffic flow of a O-D
pair is defined as the number of vehicles that travel along the paths included in
the O-D pair during a certain period of time [6,12]. In these works, the vehicle
parameters (e.g., vehicle density on certain road segment, mobility pattern) are
extracted from the movement of vehicles, and the placement of charging stations
is designed to maximally capture (i.e., cover) the traffic flows [7,10,12]. In these
representative works based on traffic flows, [10,12] provide comprehensive mod-
els considering various aspects of traffic flow and road network, but they only
validate their works with very small scenarios (50 positions).

To provide a comprehensive EV charging station placement strategy with
fine-grained analysis of vehicle mobility, we propose EVReal, a charging station
placement method based on real world vehicle movement records. Its design is
based on the trace analysis of a 28-day vehicle trace in Rome. Then in the model
design, the properties and constraints of the vehicles are combined to formulate
an optimization problem. Finally, the performance of EVReal is evaluated using
the trace from various perspectives. In summary, our contributions are threefold:

(1) Our study on a real world trace [3] presents a comprehensive analysis of
vehicles’ mobility parameters related to the placement of charging stations
and their possible influence on the performance of a charging system.

(2) We propose a charging station placement method aiming at maximizing the
coverage of vehicle activities under constraints from the trace analysis.

(3) We have conducted extensive trace-driven experiments to validate the per-
formance of EVReal from various perspectives.

To our knowledge, this work is the first to formulate a charging station
placement optimization problem driven by the observations of vehicles’ real-
world movement characteristics. Related work is presented in Sect. 2. Section 3
presents the analysis of a vehicle mobility trace. Section 4 presents the detailed
design of EVReal model. Then Sect. 5 evaluates the performance of EVReal.
Section 6 concludes this paper with remarks on our future work.

2 Related Work

Charging demand based algorithms. Deploying charging stations based on
deduced charging demands has been extensively studied. Bae et al. [4] proposed
to determine the suitable deployment of charging stations through analyzing
the spatial and temporal dynamics of charging demand profiles at potential
charging stations using the fluid dynamic model. Zheng et al. [16] formulated
an optimization problem trying to maximize the number of EVs charged in the
charging stations while minimizing the life cycle cost of all the stations. Eisel
et al. [5] aimed at dealing with customers’ range anxiety (i.e., fear of being unable
to reach destination due to insufficient charging opportunities on road) through a
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model that transforms customers’ preference in charging positions into planning
of station locations. The problems with these works are that the mobility cannot
be modeled with independent sources.

Traffic flow based algorithms. To better capture the charging dynamics of
vehicles, several traffic flow based methods were proposed. Lam et al. [7] formu-
lated the station placement as a vertex cover problem, proved its NP-hardness
and proposed four solutions. Sánchez-Mart́ın et al. [10] proposed to deploy charg-
ing stations at the positions with many parking events and suitable parking
time length with the minimum deployment cost. Wang et al. [12] determined
constraints (e.g., driving range, traffic volume) from EV traffic statistics, and
formulated and solved a multi-objective location optimization problem to max-
imize the coverage of EV traffic. They conducted simulation experiments on a
33-node road network. Although these works have turned their focuses to cap-
turing the vehicles’ activities, they either validate their design on small road
network (e.g., a road network with 34 intersections) [7,10,12].

EVReal utilizes various vehicle mobility related parameters, which are
extracted from a real world vehicle trace, in forming the objective function and
corresponding constraints. Therefore, EVReal enables the charging system to
have higher serving performance.

3 Trace Analysis

In this section, we present our trace analysis on the Rome trace [3]. There have
been many works using taxis to analyze traffic flows [3,9,17–19]. We use their
insights to support our taxi trace based data analysis. The Rome trace lasts
for 30 days from Feb 1, 2014 to Mar 2, 2014. Each taxi reports its location
records (timestamp, ID, GPS position) every 15 s. We filtered out positions with
precision larger than 20 m, and taxis with few appearances (<500). We extracted
intersections, where vehicles make significant movement changes, as landmarks.
Finally, the Rome trace has 315 taxis and 4638 landmarks. When a vehicle stays
at one landmark for more than 5 min, we call this position anchor position that
cut the vehicle’s trace into several trajectories. Each trajectory is represented as
a sequence of landmarks with corresponding arrival timestamps.

3.1 Traffic Flows Deduced from Vehicle Trajectories

When a vehicle follows certain trajectory, it generates traffic flow to the land-
marks consisting the trajectory. During the driving process, there may be mul-
tiple vehicles driving on the same landmarks. Correspondingly, for each trajec-
tory, we define the number of vehicles driving on the consisting landmarks at
the same time as its traffic flow. The traffic flow is crucial because it represents
vehicle activity, and is closely related to the possible charging load at the land-
mark [7,20]. The distribution of traffic flow is not balanced. For illustration, we
measured the cumulative distribution function (CDF) of the traffic flows of all
trajectories as shown in Fig. 1(a). We see that most of the trajectories (more
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than 90%) have vehicle flows lower than 15. The largest traffic flow is higher
than 80. About 40% of the trajectories have traffic flows lower than 2. The
results demonstrate that the vehicles’ activities are highly concentrated at cer-
tain popular areas (landmarks). Therefore, properly planning charging stations
at these landmarks to maximize captured traffic is necessary. Meanwhile, almost
half of the trajectories cover areas with low vehicle flows, which means several
“unpopular” landmarks also need consideration.
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Fig. 1. Properties related to charging load.

3.2 Vehicle Active Time

The charging ability of the system should be consistent with the number of active
vehicles [4,16]. Most previous works only consider transient traffic load. But the
temporal dynamics of vehicle activities also need to be considered. We define the
active time of a vehicle as the total time it spends in transiting. Then we draw
the CDF of the active time of all the vehicles as shown in Fig. 1(b).

Around 50% of the vehicles have total active time between 200,000 s and
400,000 s. But around 20% of vehicles having active time less than 200,000 s and
around 15% of vehicles having active time more than 400,000 s. These results
demonstrate the fluctuation of the vehicles’ active time. Thus, comprehensively
collecting the traffic flows is crucial for deploying charging stations.

3.3 Properties of Vehicle Trajectory

In this section, we present the analysis of the properties of trajectories. Range
anxiety, which is the EV drivers’ concern that they might not reach a planned
destination due to a discharged battery, needs consideration in placing the charg-
ing stations [5,8,11]. Thus, considering the EV users’ habitual travel distance is
necessary to increase the charging station accessibility and relieve EV drivers’
range anxiety. We define the distance of a travel as the number of landmarks the
trajectory covers, and the duration as its time span. In urban scenario, vehicles
are likely to drive short trajectory. To confirm this, we measured the CDF of the
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Fig. 2. Properties of trajectories.

distance and the duration of vehicles’ travel as shown in Fig. 2(a) and (b). We
see that the travel times of 90% of vehicles are less than 5 min, and the travel
distances of 90% of vehicles are less than 20 km. These observations inspire us
that: when a vehicle needs charging, (1) its distance to the nearest charging
station should fit in the distances of majority of travels to avoid range anxiety;
(2) its time spent in reaching the nearest charging station should be shorter than
most vehicles’s travel times.

4 System Design

In this section, we present the details of EVReal. In formulating the problem of
optimizing deployment of charging stations, EVReal utilizes the analysis fruition
of Sect. 3 and consider other additional constraints as follows:

• Vehicle flows are highly concentrated within certain ranges (Fig. 1(a)).
Therefore, our objective is to maximize the totally captured vehicle flows.

• Vehicles’ active time in urban scenario fluctuate (Fig. 1(b)). Correspondingly,
we collect the traffic flow of every vehicle’s O-D pair as candidates, and use a
binary vector to represent whether a traffic flow should be covered.

• Vehicles in urban scenario usually travel short distance and duration (Fig. 2(a)
and (b)). We set the amount of energy that can be recharged at each station
to be nonnegative. That is, the vehicles will get charged as long as a charging
station is available at the position.

• Besides the parameters that directly affect the charging coverage, we also
consider the installation cost per station, total budget, battery capacity, etc.

The indices for the parameters and variables are listed in Table 1. The para-
meters are listed in Table 2. The variables are listed in Table 3. The meaning of
the parameters and variables are presented in Sect. 4.1. The formulation of our
optimization model is presented in Sect. 4.2.

4.1 System Preliminaries

We view the target road network as an undirected graph G = (N,A), where N
and A represent the set of all landmarks, N = {i|i = 1, 2, . . . , n}, and the set of
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edges, A = {(i, j)|i, j ∈ N, i �= j}, respectively. Given two candidate landmarks,
i and j, we define dij as the distance of the shortest path connecting these two
landmarks. For each traffic flow, we use r to denote its origin landmark, and
s to denote its destination landmark. The collection of the origin landmarks is
denoted with R, and the collection of the destination landmarks is denoted with
S. We define V R as the driving range, which is the vehicles’ maximum driving
distance after a full charge. For a subset of landmarks N̂ ⊂ N , if a vehicle can
reach at least one landmark j ∈ N̂ , then N̂ is reachable by the vehicle with V R.
Therefore, for a road network, if N̂ is reachable by any vehicle with V R, the
charging stations can capture all vehicle movements on the road network. For
convenience, we summarize the notations as in Table 1.

Table 1. Table of notations.

Index Description Index Description

i Index of candidate sites,

i ∈ N̂ ⊂ N

s A destination landmark in the network, s ∈ S ⊂ N

r An origin landmark in

the network, r ∈ R ⊂ N

a Index of arc set A, a = (i, j) ∈ A

Let frs be the traffic flow from r to s if there are vehicles following the O-D
pair in the records. Ideally, the more traffic flows that the model can capture, the
more power load the charging station can offer, and the higher residential power
the vehicles can maintain. However, the installation cost of charging station Ci

at landmark i, and the total budget m constrains the deployment of charging

Table 2. Table of parameters.

Item Description Item Description Item Description

Ci The installation
cost of a charging
station, i ∈ N

frs Traffic flow from r to
s

P rs A sequence of
landmarks on the
shortest path from r
to s

β Onboard battery
capacity (unified
in travel
distance), i.e.,
vehicle range

frs Traffic flow from r to
s

dij Distance between
landmark i and
landmark j

M A sufficiently
large number
denoting
restraining effects

δrsi δrsi = 1 if node i is in
the sequence of
nodes P rs, δrsi = 0
otherwise; this is an
outcome of the
deviation paths that
are exogenously
generated

V R The maximum
distance that an EV
can drive after it is
fully charged to
battery capacity,
denoted by β
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stations. Thus, to tune the performance of the station deployment with accept-
able cost, we further consider parameters: the sequence of landmarks composing
the path from r to s, P rs; the distance between landmark i and landmark j,
dij ; and the flag denoting whether recharging opportunity should be offered on
the path from r to s, δrsi . The combination of these parameters formulates the
objective of capturing as many traffic flows as possible, but is constrained by the
battery capacity, β, which determines V R; the constraint denoting the restrain-
ing effect on the length of path, M ; and the total budget for deployment, m. For
clarity, we summarize the parameters as in Table 2.

We use X = {Xi|i = 1, 2, . . . , n} to represent the decision vector indi-
cating whether a landmark should be installed with a charging station. Due
to the constraints, it is possible that not all vehicle flows will be captured.
Correspondingly, we use Y = {Xrs|r ∈ R, s ∈ S} to select the vehicle traf-
fic that will be captured by the final strategy. The charging system should
maximally keep the remaining driving capacity of vehicles positive whenever
the vehicle reaches a landmark installed with charging station. Meanwhile, the
power recharged at a charging station should be capped with the maximum
battery capacity of the vehicle. Thus, in formulating the constraints, we use
B = {Brs

i |i = 1, 2, . . . , n, r ∈ R, s ∈ S} to denote the remaining driving range
of a vehicle when it arrives at landmark i on the path from r to s. Similarly,
let l = {lrsi |i = 1, 2, . . . , n, r ∈ R, s ∈ S} be the vector denoting the amount of
residual power of a vehicle when it arrives at landmark i on the path from r to
s. For clarity, the variables that can be manipulated in finalizing the model are
summarized in Table 3.

Table 3. Table of variables.

Item Description Item Description

Xi Xi = 1 if a charging station is
located at landmark i; Xi = 0
otherwise

Brs
i Remaining range at landmark i

on the path of O-D pair r − s

Y rs Y rs = 1 if the path between r and
s can be completed (taken);
Y rs = 0 otherwise

lrsi Amount of energy recharged at
landmark i on the path of O-D
pair r − s

4.2 Model Formulation

Our goal, which is to maximize the captured traffic flow, is formulated as:

max
∑

r,s

Y rsfrs (1)

Additionally, we consider following constraints. First, the power recharging
of an EV can only be accomplished at landmarks equipped with a charging sta-
tion. Therefore, through combining the parameter δrsi (the flag denoting whether
recharging opportunity should be offered on the shortest path from r to s) with
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the variable lrsi (the amount of energy recharged at landmark i on the path from
r to s), we set a constraint corresponding to the EVs’ charging behavior. Due to
the EVs’ mobility, the traffic flow is time-varying and depends on various fac-
tors [12]. Thus, we set a constraint to guarantee that the sum of the remaining
power (range) and the power recharged at landmarks is no larger than the max-
imum battery capacity. Besides, the battery consumption should be consistent
with the distance between landmarks. As for the budget m, the total cost of the
charging system is consistent with the sum of the costs of all charging stations
Ci determined by the decision vector X. In summary, the constraints are:

Brs
i + lrsi ≤ M(1 − Y rs) + β, ∀r, s; i ∈ P rs (2)

Brs
i + lrsi − dij − Brs

j ≤ M(1 − Y rs),

∀r, s; i, j ∈ P rs; (i, j) ∈ A (3)
−(Brs

i + lrsi − dij − Brs
j ) ≤ M(1 − Y rs),

∀r, s; i, j ∈ P rs; (i, j) ∈ A (4)
∑

r,s

lrsi δrsi ≤ MXi, ∀i ∈ N̂ (5)

∑

i

CiXi ≤ m (6)

Xi = {0, 1}, ∀i ∈ N (7)
Y rs = {0, 1}, ∀r, s (8)

Brs
i ≥ 0, lrsi ≥ 0, ∀r, s; i ∈ P rs (9)

(2) assures that the total onboard electricity each vehicle carries will not exceed
the EV battery capacity (Brs

i + lrsi ≤ β) if the path of that O-D pair is taken
to electrify; otherwise no restriction exists when Y rs = 0. (3) and (4) work
simultaneously to ensure that the energy consumption conservation Brs

i + lrsi −
dij − Brs

j = 0 holds for all links traversed on the path which is taken to deploy
adequate stations (Y rs = 1). Otherwise, if Y rs = 0, then Brs

i + lrsi −dij −Brs
j ≤

M , namely no restraining effects. (5) implies a logic that recharging is only
available at node i if there is a charging station. Budget is indicated by (6). (7),
(8) and (9) are nonnegativity constraints on remaining power Brs

i and recharged
power lrsi , and binary definition on charging station placement vector X and
traffic flow selection vector Y . The problem is a Binary Integer Programming
(BIP) problem. We refer to an existing toolbox (e.g. GLPK [2], Cbc [1]) to obtain
the integer-feasible solution to the problem.

5 Performance Evaluation

We used the Rome [3] trace for evaluation. The experiments are deployed on a
trace-driven vehicular network simulation platform, called CGod. Unless other-
wise specified, the experiment setting is the same as in Sect. 3. We first elaborate
the charging station placement results in Sect. 5.1. Then we briefly explain the
comparison methods and the metrics for illustration in Sect. 5.2. Finally, we
present the experimental results and analysis in Sect. 5.3.
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5.1 Charging Station Placement

In determining the charging positions, we made assumptions as follows:

• The cost of installing a charging station at any landmark is identical, namely
the number of charging stations represents the restriction of budget.

• All the vehicles are homogeneous, having the same vehicle range and fully
charged at origins.

• All the drivers are homogeneous. Namely, they will seek charging station when
their residual power is below 10% of their battery capacity.

Table 4. Deployment of charging stations under different budget scenarios.

Sites Deployment of charging stations

(Landmark ID)

Sites Deployment of charging stations

(Landmark ID)

VR = 50 km VR = 100 km VR = 50 km VR = 100 km

1 3197 2558 7 5, 136, 262, 374, 741,

2957, 3197

-

2 14, 3197 - 8 5, 86, 136, 374, 382, 485,

615, 3197

-

3 14, 136, 3197 - 9 5, 136, 262, 374, 485, 741,

1782, 2980, 3197

-

4 14, 136, 374, 3197 - 10 5, 86, 136, 374, 485, 741,

1097, 1782, 2980, 3197

-

5 86, 136, 374, 382, 3197 - 11 5, 9, 136, 262, 374, 484,

485, 570, 624, 2980, 3060

-

6 136, 262, 374, 741, 2957, 3197 -

We extract the traffic flows as defined in Sect. 3, and obtained a road net-
work with 2514 landmarks and 27807 edges connecting these landmarks, and
EV traffic flows with 16443 O-D pairs. Then we applied the model on the net-
work with the landmarks as the candidate charging sites and the O-D pairs for
consideration. Two vehicle ranges are tested for comparison (i.e., VR = 50 km
and VR = 100 km). For each range, we first solve the problem with one charging
station, and then solve problems by gradually increasing the number of stations
until all the travel demand are covered. This is to find the suitable budget for
the planning of the charging stations given the road network and traffic flows.

Table 4 presents the detailed deployment of charging stations. Obviously,
given limited battery capacity, the more charging stations deployed, the more
traffic flows can be captured. Table 5 gives more details on this phenomenon.
Moreover, we also observe that vehicle battery capacity (i.e., driving range)
would indirectly affect the deployment of charging stations. For example, when
budget only allows us to place one charging station, the landmark selected for
installing charging station is different for VR = 50 km and VR = 100 km. When
the vehicle range is 50 km, all the flows are not captured until 11 stations can be
placed at locations as indicated in the table. In contrast, when VR = 100 km, one
station located at Landmark 2558 can cover all the traffic flows in the network.
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This is mainly because for most urban trips, their lengths are within the vehicle
range (100 km). Therefore, we assign VR = 50 km in the following experiments.
In Table 5, we can see the total number of traffic flows captured under various
deployment of charging stations. As the number of charging stations is increased,
we observe a diminishing marginal benefit in terms of coverage of flows.

Table 5. Coverage of flows under different budget scenarios.

Sites Captured traffic flows Sites Captured traffic flows Sites Captured traffic flows

VR = 50 km VR = 100 km VR = 50 km VR = 100 km VR = 50 km VR = 100 km

1 640619 645047 5 644386 - 9 644975 -

2 642058 - 6 644786 - 10 645010 -

3 643048 - 7 644875 - 11 645047 -

4 643830 - 8 644959 -

5.2 Settings of Performance Comparison

We compared EVReal with two representative charging station placement meth-
ods. The first one is random placement method (Random in short), which ran-
domly chooses landmarks for deployment. The second one is a traffic density con-
strained, drivers’ interest based method which considers both quantitative and
qualitative attributes of the target road network [5] (MaxInterest). In MaxIn-
terest, the landmarks with the highest average vehicle densities and long vehicle
staying time are treated as candidate charging places. The metrics are:

• Average charging station power load : Power load distribution on charging sta-
tions. It is calculated by averaging the total power that vehicles recharged in
different hours during a day.

• Average vehicle residual power : The vehicles’ average residual power under
different hours during a day. It illustrates the methods’ ability in keeping the
vehicles’ operability on road network.

• Average number of necessary charges: The average number of charges for keep-
ing each vehicle operable per day under different number of charging stations.
We define a necessary charge is needed when a vehicle’s residual power is lower
than 10%. It illustrates the methods’ ability in capturing vehicles’ traffic flows.

• Average travel time to the nearest charging stations: The average travel time
to the nearest charging stations when a necessary charge is needed. It is used
to measure the methods’ performance in properly distributing the charging
stations considering the reachability of vehicles.

5.3 Experimental Results

We conducted two kinds of experiments. In one experiment, given that the num-
ber of total charging stations is 11, we measured the average power load of
charging stations and the average residual power of vehicles under different hours
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during a day. In the other experiment, we varied the total number of charging
stations from 1 to 11 and measured the average number of charges and the
average travel time to the nearest charging station a vehicle needs per day.
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Average Charging Station Power Load. Figure 3 shows the measured
average charging station power loads. We see the results follow: MaxInterest
>EVReal>Random. The power load of EVReal is higher than the others at all
times. Note that the results are obtained with 11 landmarks installed with charg-
ing stations. This means the determined positions for placing charging infrastruc-
ture of EVReal can serve more vehicles than others with comparative power load
pressure.

MaxInterest has the second highest power load. This is because it focuses
on satisfying the charging need of most vehicles by placing charging stations
at vehicles’ most visited places. During rush hours, these charging stations can
fulfill the need of most vehicles. But during normal hours (e.g., 14:00 ∼ 16:00),
MaxInterest ’s power load is much lower than the one of EVReal. To illustrate the
difference of the methods in fulfilling vehicles’ charging needs, we further measure
the vehicles’ residual power in Fig. 4. Random always achieves the lowest power
load on landmarks. This is because vehicles have highly biased preference on
visiting landmarks. Randomly placing charging infrastructure on landmarks can
hardly meet the charing requirement of most vehicles.

Average Vehicle Residual Power. Figure 4 shows the average vehicles’
residual power in different hours during a day. We see that the results follow:
EVReal>MaxInterest>Random. We also measured the minimum vehicle’s resi-
dential power, which follows: EVReal-min>Random-min>MaxInterest-min.

EVReal has the highest vehicle residual power. This is because the charging
stations determined in EVReal can timely fulfill the charging need of vehicles.
The residual power of vehicles can be kept at relatively stable level within dif-
ferent hours. Besides, there are two obvious drops at around 8:00 and 16:00,
which correspond to the peaks in Fig. 3. This means that the rush hours with
active vehicle movements can affect the vehicle residual power. MaxInterest has
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the second highest vehicle residual power. This is because MaxInterest aims to
place charging stations at landmarks that can maximize the charging need of
most vehicles. Random has the lowest vehicle residual power. The reason is that
most vehicles cannot be charged timely. Furthermore, we measured the average
number of charges that vehicles can have under different number of charging
stations, as shown in Fig. 5. EVReal can still maintain the vehicles’ residual
power at around 35% under the worst case. Random achieves the second highest
minimum vehicle’s residual power. MaxInterest results in the lowest minimum
metric. This is because MaxInterest concentrates on the areas with dense vehicle
movements, so some vehicles in non-dense areas cannot be sufficiently charged.
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Average Number of Necessary Charges. Figure 5 shows the average num-
ber of the vehicles’ necessary charges under various number of charging stations.
We see the results follow: Random>MaxInterest>EVReal.

EVReal has much lower number of necessary charges, and the gap increases
along with the increasing of the number of charging stations. This is because
EVReal aims to cover most of the traffic flows. As for MaxInterest and Random,
their performance is comparative with EVReal only when the total number of
charging stations is small. The reason is similar to that explained in vehicles’
residual power.

Average Travel Time to Nearest Charging Stations. Figure 6 shows the
average travel time to the nearest charging station under various number of
charging stations. We see the results follow: MaxInterest≈Random>EVReal.

Vehicles in EVReal always have much shorter travel distances to the nearest
charging stations. This is because EVReal aims to maximize the covered vehicle
flows in balanced manner. Note that when the number of charging stations is
larger than 4, the improvement of the metric becomes smaller than before. This
is because when VR = 50 km, EVReal can use 5 charging stations to fulfill the
charging needs. In contrast, MaxInterest results in locating the charging stations
at popular places (e.g., downtown area). Therefore, vehicles need to travel longer
distances to these positions. Random cannot guarantee reasonable placement of
charging stations, leading to bad reachability in charging.
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6 Conclusion

Electric vehicle is expected to fulfill the blueprint of zero pollution meanwhile
offering acceptable transportation ability. However, most current market-level
EVs have limited driving range. Multiple pioneer works focusing on tuning the
placement of charging stations have been proposed. They fail to support the
continuous movement of the EVs due to lack of vehicle mobility analysis. In this
paper, we establish EVReal, which considers various factors which are critical
for the planning of charging stations based on a real-world trace. Driven by
our trace analysis, we determined the parameters that need consideration, and
formulated an optimization model composed by these parameters. Compared
with other representative methods, EVReal outperforms in distributing power
load, vehicle residual power, the number of charges needed and travel time to
the nearest charging station. In the future, we will explore more in the effect of
traffic events (e.g., jam, accident) in placing charging stations.

Acknowledgements. This research was supported in part by U.S. NSF grants
NSF-1404981, IIS-1354123, CNS-1254006, and Microsoft Research Faculty Fellowship
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Abstract. This paper presents an application of anticipatory network theory to
model the behavior of a swarm of autonomous vehicles that share a common
goal. In addition, each vehicle optimizes its individual performance criterion that
is subordinated to the group goal. The internal swarm organization resembles a
hierarchical control system where the top level is distinguished only by the
hierarchy of goals, instead of a fixed assignment of powers or permissions. The
arising variable hierarchy depends on the type of momentary performance of the
swarm units: those performing activities leading directly to reaching the
superordinated goal have the right-of-way and priority access to shared
resources. Two principal problems need to be solved in this context. The first
one is to recognize temporal hierarchies by swarm vehicles. This is accom-
plished by ensuring appropriate communication between vehicles via a local
network. The second problem is to define behavior strategies that yield the best
attainment of the common goal while individual indicators are nondominated.
Solving both problems ensures a balance between cooperative (reaching a
shared goal) and self-interested (individual goals) behavior. Finding a com-
promise strategy is equivalent to solving a certain anticipatory network. This
model can be applied to supervising mining vehicle cooperation, where efficient
communication and coordination of individual actions play central roles.

Keywords: Vehicle swarms � Anticipatory networks � Discrete-event control �
Dynamic multicriteria optimization � Internet of vehicles

1 Introduction

The rapid development of autonomous vehicles, specifically autonomous cars, results
in the need to create new decision algorithms capable of employing near-human
decision-making principles. Among the latter, anticipation is a crucial principle in
traffic management of interacting vehicles driven by autonomous decision makers,
human or artificial. According to this principle, in an anticipatory traffic coordination
problem, each of the decision makers is responsible for exactly one vehicle and knows
the parameters of decision problems (constraints, criteria) which are being solved by
other decision makers when driving their vehicles as well as their decision algorithms.
Given the external circumstances, this knowledge makes it possible to simulate the
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future behavior of other vehicles. Together with the knowledge of technical parameters,
such as mass, maximum velocity, minimum turning radius, current speed and position,
the decision makers are able to calculate the distribution of potential next moves and
undertake an appropriate action. A system’s knowledge of another vehicle’s dynamics,
which pre-determines its future states, fulfills the definition of an anticipatory system in
the sense of Rosen [9]. He termed a system anticipatory if it contains a model of itself
and of its environment suitable for generating forecasts and using them to plan future
behavior.

In vehicle swarm applications, the environment of an anticipatory system usually
contains other such systems. Consequently, any anticipatory decision process should
take into account models of these systems. Anticipatory systems capable of modelling
anticipation in other systems are termed superanticipatory [13]. Anticipatory networks
[12] constitute a relevant subclass of superanticipatory systems especially well-suited
to modelling interaction phenomena among anticipatory systems.

This paper presents an application of the anticipatory network theory in modelling
the behavior of a swarm of standardized unmanned autonomous vehicles that share
a common goal. A brief introduction to the theory of anticipatory networks is presented
in Sect. 2. In the same section, we will also define timed anticipatory networks that
model sequences of decisions made at different moments by each vehicle. The antic-
ipatory problem statement and a solution proposal are provided in Sect. 3. We assume
that beyond the common goal, each vehicle acts according to its own particular goals,
which are subordinated to the principal group goal. Although this decision problem
resembles a hierarchical optimal control system, the top level is not assigned to a
permanent supervisor with fixed powers, permissions or competences. Instead, it is
represented only by the hierarchy of temporary goals. What follows, in such systems
there arises a time-varying hierarchy of system units that depend on their momentary
functions. Specifically, vehicles performing activities leading directly to the superor-
dinated goal have the right-of-way and priority access to common resources.

The first fundamental problem in such systems is to identify the above-mentioned
momentary hierarchy by all vehicles in the swarm. This can be accomplished by
ensuring efficient digital communication between vehicles. The second problem con-
sists in defining swarm behavior strategies that result in a near-best fulfilment of the
common goal and in reaching nondominated values by each vehicle’s performance
indicator. Solving both problems should yield a balance between the cooperative
(shared goal) and self-interested (attempts to reach individual goals) behavior strategies
of the swarm units. When formulated as a multicriteria optimization problem, its
solution can be found by solving a certain timed anticipatory network. This model can
be applied to supervising vehicle cooperation, where the efficient communication and
coordination of individual activities play central roles. An illustrative example is
provided in Sect. 5.
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2 Anticipatory Networks as Models of Autonomous
Vehicle Swarms

Anticipatory system modelling has evolved over time to accommodate an increasing
number of complex real-life situations. Anticipation plays an important role in con-
trolling transport networks [6] and computing traffic equilibria as well as in coordi-
nating multiple mobile robots [2, 3, 7] and managing trust in vehicular networks [5],
and clusters [17]. The research on anticipation is also driven by accelerating efforts to
construct autonomous cars [4] for regular road traffic. A concise survey of autonomous
driving, including the anticipation-related issues, is given in [1].

A further development in anticipatory system theory led to the introduction of
anticipatory networks (AN), which generalize anticipatory models of consequences in
multicriteria optimization [12, 13]. The main assumption of this theory concerns the
way decision makers take into account anticipated outcomes of future decision prob-
lems linked by the causal relations with the current problem. This causality implies that
the decisions made previously can influence the algorithms and decision scope of
causally linked decision makers. Thus arises a network of linked decision problems,
a digraph where causal relations are defined as vertices between some of the
time-ordered nodes which represent decision problems. This digraph is supplemented
by one or more relations of anticipatory feedback, which point out future problems
whose anticipated outputs are taken into account when choosing a decision by a
decision maker that precedes the feedback source in the causal order. The causal
dependences of the future decisions on the solution to the current problem are used by
the decision makers to influence the outcomes of future problems. They select their
decisions in such a manner so that future choices should satisfy some additional
preference requirements implied by anticipatory feedbacks.

Anticipatory networks can be used as an auxiliary preference structure [12] to solve
the following general class of optimization problems with a vector criterion F:

ðF : U ! EÞ ! minðhÞ; ð1Þ

where E is a vector space with a partial order � h defined by a convex cone h, i.e. iff

x� h y , y� x 2 h for each x; y 2 E

The problem (1) models a variety of simultaneous tasks and goals to be performed
by autonomous vehicles. The solution to (1) is the set of nondominated decisions

PðU;F; hÞ :¼ u 2 U : 8v 2 U : FðvÞ� h FðuÞ ) v ¼ u½ �f g ð2Þ

Anticipatory networks which contain only decision problems based on optimizing
certain scalar or vector functions are termed optimizer networks [12]. As we assumed
that all vehicles form a team that performs a common task, throughout this paper we
will build solely vehicle swarm models with optimizers meant as cooperative opti-
mizing units. Constructive algorithms for computing solutions to multicriteria decision
making problems taking into account the above anticipatory preference information
feedback have been presented in [12]. They may be applied if we know that:
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• All agents who are modelled in an AN are rational, i.e. their decisions comply with
the order in the criteria space and other prior preference structures.

• An agent can assess the desirability or usefulness of outcomes of those future
decision problems that causally depend on the problem being solved.

• The causal dependence is described as relations binding the decisions in the current
problem with constraints and/or preference structures of future problems. Relations
affecting constraints are usually defined as multifunctions.

• Desirability assessments are transformed into decision rules for the current decision
problem. The rules affect outcomes of future problems so that they can comply with
the assessments. The set of rules so derived forms an additional preference structure
for the decision problem under consideration.

• Future decision makers can use the same anticipatory principles to make their
decisions and this must be taken into account at all decision planning stages.
Before formulating a formal definition of an anticipatory network, we will define
the anticipatory feedback relation [12] which plays a central role in the AN theory:

Definition 1. Suppose that A is a causal network consisting of optimizers and –

possibly - other units, and that an optimizer Vi in A precedes another optimizer, Vj, in
the causal order r. The anticipatory feedback between Vj and Vi is the information on
the solicited outputs from Vj, where the latter is a subset of all anticipated decisions that
can be made at Vj when it is used to influence the decision choice at Vi so that a
solicited decision can be made at Vj. This influence relation will be denoted by fj,i.■

By Definition 1, the existence of an anticipatory information feedback between two
anticipatory network units Vj and Vi means that the following three conditions are
satisfied:

• The decisions made at Vi can causally influence the decisions made at Vj.

• The decision maker at Vi is capable of anticipating the decisions to be made at Vj

and their consequences.
• The anticipation results are taken into account when selecting the decision at Vi.

Definition 2. An anticipatory network is a directed multigraph comprising at least one
causal and at least one anticipatory feedback relation, and at least one initial node. ■

The parameters of nodes and causal relations in an AN result from forecasts and
scenarios that are updated every time a decision in the network is made. The anticipated
outcomes of future decision problems serve as a source of preference information to
solving the current problem at an initial node cf. [12, 13].

In the original formulation of the Anticipatory Decision Problem [12], all linked
problems in an anticipatory network were used merely as a source of auxiliary pref-
erence information to solve a multicriteria optimization problem at the initial node.

In a vehicle swarm, each active node performing the common task may contribute
to reaching the common goal. Furthermore, in anticipatory networks the decision-
making agents do not act simultaneously and there is no direct impact except the causal
influence on future agents. Anticipatory feedback and other information flows intervene
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via assumptions and rules included in the decision-making algorithms. In addition,
anticipatory networks are usually asynchronous, i.e. only the order of future events is
relevant, not the absolute time when they will happen.

To cope with vehicle swarms efficiently and to comply with the above rationality
assumption, by the solution to the system of problems modelled in an anticipatory
network, we will mean a collection of solutions to all decision problems represented in
the network such that the common goal is performed in an optimal way, and the values
of each set of individual unit criteria are nondominated.

Moreover, we will define the discrete solution time interval T and timed antici-
patory networks A(t), TAN, where for a fixed optimization problem to be solved and
for all t 2 T the anticipatory multigraph varies in time. In a TAN, any unit’s decision is
a sequence of simple decisions made by the same evolving agent at subsequent
moments of time. The decisions made by future agents at moment t become known to
their predecessors at time t + 1 and may be used for supervisory learning of decision
rules, supplementing the anticipatory feedback information.

The following principles, derived from real-life interpretations of a timed AN will
serve to model the evolution and compute the optimal solutions of structured TANs:

• A discrete time interval T = [t0, tf] is finite and plays the role of evolution period.
• (Non-trivial progress) At least one decision, namely at an initial node, is made and

at least one causal impact is executed at each time step t.
• For every t 2 T the causal subgraph of A(t) is embedded in a given structure graph

S(A) that is characteristic for this TAN; S(A) is a finite digraph with no cycles.
• Non-isolated nodes with no predecessors are termed initial nodes.
• The functions of TAN units are characterized by their positions in the structure

graph, i.e. different physical units and decision makers may be substituted for the
same specific node in the structure graph during the network evolution.

• All units are initially homogeneous and anonymous; this may change for t > t0.
• (Network stationarity principle) If a unit Vi(t) remains in the network at time t + 1

then its native decision scope Ui and performance criteria Fi remain unchanged.
• Some units may be deleted and some new ones may be admitted to the network as

time changes from t to t + 1.
• The decision maker responsible for the decision at a unit Vi(t) can remain in the

network at time t + 1 as the decision maker at a new unit Vj(t + 1).

Referring to the solution concept presented above, the solution of a timed AN is a
combination of solutions for t 2 T. Without a loss of generality, this paper will con-
sider additive combinations only. There are two main solution principles:

(P1) a temporal combination of momentary criteria values is calculated for the initial
node for all t 2 T, irrespectively whether different Vi play the role of V0(t),

(P2) a temporal combination of momentary criteria values is calculated for the same
physical unit, for all or only for some selected units.
The next section provides further details motivated by vehicle-swarm
applications.
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3 Anticipatory Control of a Vehicle Swarm with Virtual
Supervision

We will consider a swarm of unmanned autonomous vehicles N: = {V1, …, Vn} that
share a common goal. The vehicles may be either heterogeneous or identical, or they
may be grouped into classes consisting of similar units. The vehicles should perform
a given task jointly. This task is first defined by human supervisors (not included
permanently into the executive system) then expressed in quantitative terms that are
commensurate with the output from the vehicle’s sensors or combinations of them.
These effectuate a permanent monitoring of the environment, of the vehicle itself, and
the activity of other vehicles. For example, a common task of mining vehicles can be
presented as the maximization of the cumulative probability of eliminating all sources
of threats in a possibly largest area within a given period of time, usually a standard
cyclic operational period of the swarm.

Vehicles are equipped with world models composed of a complex knowledge base
and an update procedure based on the monitoring results. Therefore, the world models
of individual vehicles may temporarily differ. These are also initially endowed with a
set of activity rules that is inherited from the experience of former vehicle generations
and conforms to the technical specifications of vehicle components. For example, if a
vehicle is equipped with a drill then the rules specify the maximum temperature of the
drill during drilling and the value of resisting force that should cause the system to stop
drilling.

The autonomous control is performed at the following three levels:

• The main task performance is executed by an internal upper-level decision-making
algorithm, which is specific for each type of vehicle. This algorithm processes the
task description, merges it with sensor information, activity rules, world model,
former task execution record and transforms it into an operational plan composed of
activities. At this level, the information about the progress of task performance by
other vehicles is exchanged between the vehicular peers.

• Middle-level control circuits are responsible for updating the knowledge base and
the activity rules; anticipatory learning principles (cf. [16]) can be used here along
with other machine learning approaches. This level translates the activities received
from the upper level into technical instructions and forwards them to the executive
(lower) control level. It is also capable of modifying the lower-level algorithms
based on the updates in the world model. Middle-level algorithms contain proce-
dures that optimize the accrued energy consumption, select shortest paths, avoid
potential dangerous sites on the way etc.

• The lower-level algorithms control the movement and the technical integrity of the
vehicle using the input provided by upper-level control procedures and measure-
ments from sensors and actuators.

A scheme of information processing in an individual vehicle is shown in Fig. 1.
As mentioned above, all vehicles share a common task. The quality and com-

pleteness of its performance is described by a criterion G that maps all feasible
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activities into the criteria space IRN. A vehicle Vi selects its activity from the set
Ui(t) taking into account an individual criterion Fi and commands received from its
coordinating units in the anticipatory network. The above control scheme is shown
in Fig. 2.

In Fig. 2 V0 is the initial element in the network that corresponds to the coordi-
nating vehicle, Vi,p, p = 1, …, k, are coordinated, V2,q, q = 1, …, n, are monitored
vehicles. ui,j,x denote causal influence relations between the elements of i-th and j-th
layers, fj,i,y are anticipatory feedbacks between the units in j-th and i-th layers.

In the static problem formulation, the vehicles depicted as nodes in Fig. 2 solve
a series of optimization problems with the following criteria and constraints:

Fig. 1. A scheme of the internal vehicle decision and data flow architecture

Fig. 2. The layered structure of a general anticipatory network modelling the mutual relations
between a vehicle swarm
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VehicleV0½ � ðG : U0 ! IRNÞ ! opt ; ðF0 : U0 ! IRMÞ ! opt ð3aÞ

V1;i
� � ðG : U1;i ! IRNÞ ! opt; ðF1;i : u 0;1;iðuoÞ \U1;i ! IRMÞ ! opt; i ¼ 1; . . .; k

ð3bÞ

V2;j
� � ðF2;j : u0;2;qðjÞðuoÞ \u1;2;r1ðjÞðuoÞ \ . . .\u1;2;rpðjÞðuoÞ \U2;j ! IRMÞ ! opt;

j ¼ 1; . . .; n
ð3cÞ

with the anticipatory feedbacks f defined as the requirements imposed on u1,i and u2,j:

f1;0;i : u1;i 2 G�1ðgÞ; for i 2 1 : k½ � such thatu0;1;i is defined, ð4aÞ

f2;0;j : u2;j 2 W2;0;j; for j 2 1 : n½ � such thatu0;2;j is defined, ð4bÞ

f2;1;j : u2;j 2 W2;1;j; for j 2 1 : n½ � such thatu1;2;j is defined, ð4cÞ

where g is an aspiration level for G – a desired or a satisfactory value of this criterion,
while W2,0,j and W2,1,j are sets of potential actions of the vehicle V2,j such as the
communication between the V0, resp. V1,i, remains established after the next action of
V2,j, as anticipated from the perspective of V0, resp. V1,i. The value of g has been
derived within the exploration planning activity of V0 as optimal for the present time.
The above problem statement makes it possible to apply Algorithms 1 and 2 from [12].

4 Discrete-Event System (DES) Control of Anticipatory
Networks

The network topology in timed networks is variable and the dynamics of role-vehicle
substitution in A(t) is driven by discrete-event dynamics of each vehicle’s status and
goals. An agent-oriented formulation of the supervisory multicriteria optimal control
problem has been proposed in [10], cf. also [2] for heterogeneous mobile robot control
applications. For the modelling purposes of the vehicle swarm control and supervision
we will use the following class of DES:

V ¼ ðQ; r; d;Q0;H;Qf Þ ð5Þ

where:

• Q is the set of all feasible states of event-driven vehicle and/or its components,
• r is the set of all admissible operations (controls r1, spontaneous or random

transitions r2, r = r1 [ r2) over the states from Q,
• d: r � Q � Qr ! Q is the transition function defining the results of operations; it

is defined as a set of rules for (v, q), v 2 r, q 2 Q, from the set Qr,
• Q0 � Q, Q0 6¼ / is the set of initial states of event-driven model components,
• H: r � Q !IRs[ {∞} is the transition (multicriteria) cost function; its values are

infinite if a transition is infeasible,
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• Qf � Q, Qf \ Q0 = /, is the set of reference (or final) states of event-driven model
components corresponding to alerts or points of reporting the modelling results.

Moreover, it is assumed that the system (5) is coupled with another discrete-event
system S without an own cost function, termed supervisor, with the following notation:

S ¼ ðH;K; q;H0;Hf Þ; ð6Þ

where

• H is the set of all feasible states of the supervisor
• K is the set of all admissible operations over the supervisor’s states h 2 H,
• q: K � H � HK ! H is the transition function that defines the results of opera-

tions from K over states; q is defined as a set of rules for (k, h) from the subset
HK � K � H,

• H0 � H, H0 6¼ / is the set of feasible initial states of the supervisor,
• Hf � H, Hf \H0 6¼ /, is the set of final states of the supervisor; when reached, the

system stops.

Events in a discrete event system (5) are defined as causally connected pairs of
states e: = (q1, q2), i.e. such that q2 = d(v, q1) for certain m 2 r.

Supervisor defines control patterns, i.e. multivalued functions c: H!2r that
specify admissible transitions of the controlled system’s status. In a DES there may be
more subordinated systems (5) for one supervisor (6). However, the communication
restrictions in control of the vehicle swarm N require that the supervisor issues one
control pattern at one time for all vehicles. This problem can be resolved by designing
an appropriate complex internal structure of subordinated units and of the supervisor
[14].

A feasible control approach under the above-mentioned communication restrictions
is to relate supervisor’s transitions governed by K to the states of Vi, with a feedback
function

n : Q ! K ð7Þ

such that for each admissible supervisor event s1; s2ð Þ and feedback-dependent control
pattern c: K(H, n(Q)) ! 2r there exists q 2 Q with the property

cðKðs1; nðqÞÞ ¼ cðs2Þ: ð8Þ

In a vehicle swarm N = {V1, …, Vn} discrete-event control is a separate control
level that governs the status of each i-th vehicle rather than its movement and other
physical activities from the set Ui. The structure of the discrete-event control system
overlaps partly with the anticipatory network, where the coordinating unit V0 will play
the supervisor role. Each unit Vm in an anticipatory network A is characterized by its
status in the network. The status may admit values from a discrete set Q. A transition
from qi to qj may be either random, allowed by the supervisor V0, or forced by V0.
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The above presented class of controlled discrete systems is sufficient to analyse
vehicle swarms and teams. General rules binding an anticipatory network A and a
discrete-event system governing the status of units of A are given below:

• Each unit Vi in the network is fully characterized by its position in the network
A and by its status q 2 Qi.

• Supervisor defines control patterns and forces the status change of all or only of
some of units in the network A; the latter evolves accordingly.

• Some events may occur randomly at any time and result in a status change.
• Upon a status change of a unit, the supervisor applies the appropriate rule to change

this unit’s position in the anticipatory network A.
• Only one unit at a time can change its status to supervisor,
• If in N there are two or more, say s > 1, supervisors at one time, they must

cooperate when coordinating the same unit(s), i.e. for any 1 � i < j � s, the
values of the joint goal function (Gi, Gj) resulting from their activity must be
nondominated. Gi is the goal function of the i-th supervisor, for i = 1, …, s.

To analyse the case of vehicle swarms, we will admit several additional
assumptions:

• The network A(t) is layered: unit characteristics are fully determined by pointing out
the layer in A(t), where it is situated; all units in a layer are anonymous.

• Some units need not be assigned to any layer; if so, they are isolated units.
• Units in the 0-th layer in A(t) play the role of supervisors in the DES (5)–(6); any

unit moved to this layer automatically becomes a supervisor, and vice versa.
• If an initial network A(t0) contains no active supervisor then for formal reasons it

will be assumed that there is a trivial supervisor with one state h and c(h) = r.
• In a network with only a trivial supervisor, any unit may become one spontaneously

if one of the pre-defined rules is satisfied, depending on uncontrolled event
occurrence.

The network evolution rules derived from the above assumptions can be formulated
as follows:

qiðtþ 1Þ 2 dðqiðtÞ; cðsiðtÞÞÞ; i ¼ 1; . . .; n; t ¼ t0; . . .; tf ð9Þ
siðtÞ ¼ kðsiðt � 1Þ; nðqðt � 1ÞÞÞ ð10Þ
Viðtþ 1Þ;jðtþ 1Þðtþ 1Þ ¼ ViðtÞ;jðtÞðtÞ ð11Þ

iðtþ 1Þ ¼ aðiðtÞ; jðtÞ; qiðtþ 1ÞÞ and jðtþ 1Þ ¼ bðiðtÞ; jðtÞ; qiðtþ 1ÞÞ ð12Þ

where tf is the final time of the control period, q(t) : = (q1(t), …, qn–1(t)), the functions
a(t) and b(t) define the layer and the subsequent number of a given vehicle in this layer,
respectively. Moreover, it is assumed that the causal influence functions uij depend
only on the function of vehicles in the swarm and not on their identity. This means that
the layers i1 and i2 and subsequent numbers of the starting and target units in A(t) in
their layers determine ui1,i2,j uniquely. This reduces the network evolution rules to the
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specification of a new layer for each vehicle while the anticipatory feedbacks are
adjusted to the needs of current task. They are calculated at the lower control level,
where the current exploration needs are analyzed to optimize G. To sum up, the
operation of a vehicle swarm proceeds as follows:

• A General (human) Supervisor defines the goal G, the operation area, rules and
constraints, and assigns the vehicles to the swarm N.

• Discrete event system D-S governs the roles of each vehicle in the swarm.
• Anticipatory network A organizes N in a goal-oriented productive structure.
• The change of the role in D-S is synchronized with changing the position in A.
• The conjunction of the supervisor’s role in the discrete event system D-S and the

top-level node in A ensures the feasibility of the goal attainment by the swarm.
• The swarm operation may be terminated after the goal G is reached, after a max-

imum admissible operation time, or when all vehicles have a disabled status.

An example of an anticipatory network processed by vehicle’s upper-level decision
algorithm is shown in Fig. 3. The symbols D, H and P in small circles aside the
network units denote the current status of these units governed by the DES (5)–(6) with
Q = {A, D, E, H, P}. The general subdivision of the timed network structure into
layers does not change, but the roles of Vi,j are played by different vehicles at different
moments of time. The status of the units without these symbols is defined by default by

Fig. 3. An example of the timed anticipatory network evolution from t (top) to t + 1 (bottom)
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their position in the network: the layer 1 units, i.e. V1,i, i = 1, …, k, have the status A,
the layer 2 units, i.e. V2,j, j = 1, …, n, have the status E. The units of layer 0 are
supervisors with internal status dynamics. A real-life application of the above antici-
patory network is presented in the next section.

5 An Illustrative Example: A Swarm of Mining Vehicles

Let us consider a small swarm of 9 identical robust vehicles exploring a salt mine and
looking for threats such as water leaks, which would jeopardize the entire mine. Upon
locating a leakage, several vehicles must cooperate to stop it. The optimal number of
cooperating vehicles and the time necessary to achieve the goal depend on the physical
properties of the leakage. This may vary from case to case, with the minimum number
2 and maximum 4. The swarm patrols a system of interconnected mine corridors. The
main performance index G is the percentage of threats discovered and neutralized out
of a history-based estimated number of all leaks and other threats that may appear in the
explored part of the mine during the operation time. G is to be maximized for each

operation period separately. With the network evolution laws defined at Level 2 in
Box 1, the simulated appearance of threats in a simple 2-corridor mine within a 24-hour
period, and an initial linear configuration of vehicles starting their operation with a 10–
20 m distance from each other, the simulated time of performing the mitigation
activities was satisfactory to reach the desired mitigation probability level. This situ-
ation is shown in Fig. 4 above.

The roles in the swarm and positions of other vehicles in the anticipatory network
are rearranged according to the discrete event system dynamics. The set of states Q of
the vehicle swarm is presented in Table 1.

Each vehicle Vi can change its status according to the discrete event system’s graph
depicted in Fig. 5 below. We have admitted there the following notation:

Fig. 4. An example of an anticipatory control scheme of multiple autonomous mining vehicles

76 A.M.J. Skulimowski



– c1, …, c8 are controllable operations over the states of Vi,
– d1, d2, d3 are controllable operations that depend on states of other vehicles,
– r1, …, r12 are random or spontaneous transitions between states.

Schemes similar to Fig. 5 govern status transitions of all vehicles in the swarm
except the current supervisor. The function d in (5) is directly defined by the topology
of the state transition network shown in Fig. 5. The internal transition structure of the
supervisor depends on the number of vehicles in the swarm and should be minimal.

The control laws shown in Fig. 5 allow any vehicle that discovers a source of threat
or another object to become the supervisor and assign tasks to other team members.
After fulfilling this task, the supervisor becomes a regular team member and resumes
exploration. This control principle will be termed virtual supervision. Thus the

Table 1. States of the vehicles Vi and their interpretation

Notation State name Description of the vehicle’s status

E Exploring Explores the environment according to its own
plan

M assisting team Members Assists the Coordinator in performing its goal G
P discovery Probable Sends information about a potential discovery
H discovery Highly

probable
High probability of discovery acknowledged by S

D Discovery confirmed Exploration resulted in a Discovery
W Waiting after discovery A graded state indicating the position in the wait

list
C Coordination Coordinating the exploration, optimization of G
F subtask Fulfilled End of operation due to finishing the main task
R Recovery or Repair

needed
Loss of communication or damage, needs recovery

Fig. 5. The discrete event transition scheme for the system states from Table 1. Each unit may
remain in the current state and self-loops are not shown for the sake of clarity
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optimization of G is performed at two levels: one attributed to the supervisor as the
initial node in the anticipatory network and one as a temporary supervisor.

The supervisor’s states s(t) 2 H determine the control to be used, i.e. the control
pattern c defined by (8) is forcing the controlled transitions of each vehicle’s states
Q. The transitions have the following structure: for each Vi there is a sequence of
elementary states si(t0), …, si(tf). Compound states (s1(t), …, sn(t)(t)) correspond to the
entire timed anticipatory network A(t) containing n(t) vehicles. The Vi’s status change
implies its simultaneous position change in the anticipatory network A(t) according to
Eqs. (11)–(12). Therefore a change of topology of A(t) when passing from t to t + 1
corresponds to the transition k among states of S determined by a feedback function n
(7) so that the change of the status of Vi conforms to its new role in the network
A(t + 1). The optimization of G is performed at three levels shown in Box 1, cf. also
multilevel control scheme depicted in Fig. 1.

Box 1. Three optimization levels of a supervised timed anticipatory network A(t)

Level 1. The supervisor optimizes the structure of the network by simulating
different team compositions; it takes into account the physical situation of Vi and
the time needed to come to the task execution site, the number of vehicles with
the waiting status W and the option of a new team forming with one or more
waiting vehicles becoming other supervisors. The optimization yields the indices
of vehicles to become current team members, k1(t),…,km(t)(t), the expected
optimal value of G(t), the logical function L(t) defined for all vehicles with status
W; L(t)(Vi) = 1 iff Vi is selected to form its team parallel to the current supervisor;
otherwise L(t)(Vi)=0.
Level 2. In any vehicle network A(t) the status M implies that i(t+1) = 1, the
status D, E, P, W or H implies i(t + 1) = 2; for any supervisor i(t + 1) = 0. The
value of j(t + 1) is assigned on the first-come-first-assigned basis for the team
members. It is re-assigned monotonically from 1 to n(t) − m(t) − ns(t) for all
other vehicles within the communication range. If the status of Vi is R then this
vehicle is regarded as not contained in A(t + 1), so no index assignment is
necessary. The causal influence functions ui depend on the physical situation
after assignment: they are defined jointly with the controls c2 and c4. The
physical situation of a vehicle Vi determines its capacity to use actuators and
sensors and affects the overall performance of this unit. Vi is not controlled
remotely by the supervisor but optimizes G together with Fi within its scope of
autonomy.
Level 3. S defines a minimum acceptable value gi of G to be reached by each
vehicle; a requirement to reach gi defines anticipatory feedback condition to be
fulfilled. S occasionally sends signals that help Vi to reach or surpass gi; these
result from the anticipatory optimal problem solving and decisions made by S in
A(t).
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At the second level of optimization shown in Box 1 an optimal topology of A(t) is
determined simultaneously with solving the simulated next-step network A(t + 1) with
the anticipatory decision algorithms from [12] applied to the supervisor’s criterion G(t).
In this example, the topology of A(t + 1) is determined by the explicitly defined values
of the functions a and b (12) that indicate a new layer and the position in it for each Vi.
In turn, the optimal topology of A(t + 1) determines the corresponding status transi-
tions of vehicles to be performed by the supervisor.

The above control principles have first been tested with simulation experiments.
Vehicles that can perform the above operations are based on a hybrid caterpillar-wheel
platform with stabilizers and manipulators. A team of robust vehicles capable of
installing autonomous decision software will be deployed first for research purposes.
Different vehicle configuration strategies will be tested in mine circumstances to
confirm the efficiency of the above approach.

6 Discussion and Conclusions

Anticipation can be regarded a substitute for efficient cellular communication in an
environment where the latter is barely reachable or cannot be ensured at all. If a vehicle
swarm is coordinated within a WLAN or a cellular network, these can be severely
overloaded [15] that may cause a communication fallout. Interference of different
access networks in a mine, e.g. leaky-cable-based and WLAN, may cause additional
problems [3]. Anticipatory algorithms can serve as an emergency solution for the case
of temporal communication failure. Simulation experiments of swarm operation in a
mine with random communication fallouts have shown an advantage of virtual antic-
ipatory supervision compared to permanent communication. In general, the organiza-
tion of a vehicle swarm into an anticipatory network may bring considerable
advantages compared to a general anticipation meant as a relation between two sys-
tems. First, the current supervisor can assign an optimal number of other units to
perform the principal goal of the overall system. Second, after the assignment the
vehicles can act in a flexible way, fulfil their own goals and may be re-assigned as soon
as the previous task has been fulfilled. The advantage in terms of the principal criterion
G shows when compared to anticipation based on self-organization of cooperating
vehicle teams. In the latter situation – upon a discovery – the exploration is pursued by
the discoverer and by some of the surrounding units that spontaneously join the dis-
coverer based on an anticipatory assumption that they are expected to do so.

Along with finding optimal coordination strategies for vehicle swarms, the approach
presented in this paper can be used in a similar way to establish efficient collaboration of
heterogeneous teams consisting of vehicles or mobile robots and humans. Timed
anticipatory networks can also be applied to improve general passenger transport
management by optimizing the timetables according to anticipated demand [7].

We conclude that previous autonomous vehicle decision models did not fully satisfy
the requirements defined for mobile standardized units acting in swarms. In some sit-
uations these systems have to make autonomous decisions that outperform the capa-
bilities of their hypothetical human supervisor, who could be constrained by harsh mine
conditions. Ideally, such vehicles should demonstrate creative decision-making abilities
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in sense of Skulimowski [11]. They should be able to identify the features of the scene,
then convert some of them into optimization criteria or monitored variables and update
their values continuously. This will ensure a flexibility of individual units and an ability
to perform efficiently in unplanned situations. According to the freewill principle of the
3rd kind [11], the vehicles will be endowed with some kind of freedom allowing them to
formulate problems and make decisions, restricted by well-specified security measures
and constraints. The network of interconnected external decision-making vehicles can
serve as a model of an external environment extending to the predictable future.
Environmental factors and agents can either be collaborating units (humans or other
vehicles) with decision-making principles assumed to be known, or they can model
disturbances, caused by natural processes, or by non-cooperative units, e.g. a vehicle
with damaged decision software. The external processes can also be identified by sta-
tistical filtering, prediction and other uncertainty-handling methods.

New methodologies of modelling the consequences of decisions made by auton-
omous vehicles, based on anticipatory networks and other cognitive models will play
a significant role in implementing human decision-making features in driving an
individual vehicle as well as in coordinating group or swarm behavior. It is expected
that the threat mitigation algorithms confirmed by experiments in mine environments
can also be applied to the design of surveillance strategies in other industries and in
cities. The anticipatory decision-making models can also be used to simulate long-term
autonomous vehicles and VANET development strategies taking into account their
contribution to future software trends. The latter may be helpful in deriving recom-
mendations for vehicle design teams concerning the features of swarm-optimized
vehicles.
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Abstract. This paper concerns about constructing intelligent transportation
systems (ITS) of a smart city, particularly its warning and cooperative traffic
management subsystem. This paper firstly addresses current available short-range
communication and long-range technologies (4G) for the services. Secondly,
under prevailing roadside traffic management and control systems, an innovative
iCaution device is proposed along roadsides, which functioned to deliver local
traffic messages, directly broadcasting to nearby/coming mobile phones. Thirdly,
by means of the iCaution device and its stores to compose a game story with
respect to local traffic or travel, which is for the fun of travelers, and traffic
management and control are presented.

Keywords: Smart city · Internet of things · ITS · Near field information · MANET ·
Real-time information · V2I · Traffic message · Traffic game

1 Introduction

Building a smart city has triggered many essential infrastructure projects around the
world. The projects include smart home, smart market, smart health care, smart security
system, smart sightseeing & leisure zones, smart water & power provision, and intelli‐
gent transportation systems (ITS). All these projects rely heavily on a seamless commu‐
nication system which plays an important role in a smart city.

This paper firstly will address current available short-range communication
and cooperative to long-range technologies (4G) for the services. Secondly, under
prevailing roadside traffic management and control devices, an iCaution device
equipped along roadsides will be proposed. The device functions to deliver local
traffic messages, particularly those related to emergency events, broadcasted
directly to nearby/coming mobile phones. Thirdly, by means of iCaution device
and local stores to compose a game story with respect to local traffic or travel
situation, which is for the fun of travelers and for traffic management and control
will be presented.

In summary, the architecture of iCaution and traffic game system as service for
travelers/road users will be depicted. Some feasible cases will be demonstrated.
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2 Communication Technology

To successfully implement a smart city, selecting a proper communication technology
that is inexpensive and commonly shared/owned is essential. Although 3G and 4G
mobile systems are in service, they are insufficient for the demands required in a smart
city, particularly for the applications related to internet of things (IOT) and intelligent
Transportation Systems (ITS) like V2I/V2V. We especially concern that 3G/4G still
cannot directly link between/among handsets, car onboard devices, roadside units as
well as indoor facilities. This leads to the need for an ad hoc network to fulfill the gap,
particularly for social networking. A Near Field Informatics (N-Fi) system is presented
to compensate for the communication gap. To accomplish the N-Fi system, a VIP net
is introduced herein. The letters V, I, and P denote Vehicles, Infrastructure, and Person/
People, respectively. “Infrastructure” could be roadside units (such as traffic signal
controllers (TSC), changeable message signs (CMS), toll gates, bus stops, convenience
shops, schools, and public building facilities, (see Fig. 1) [1–3].

Fig. 1. The concept of VIP net

Considering direct linkage with the ad hoc networking from application standpoint,
the most difficult situation is providing services for moving objects (cars and/or people).
Obviously, it should be implemented through wireless techniques with quick access/
connect characteristics, should be easy to carry or install, and have common protocols
and be inexpensive. Considering the system to concurrently support static objects and
moving objects, MONET conversion to VANET is studied, where VANET is built for
communication among vehicles and roadside units and drives informatics that satisfy
travelers’ demands (information on demand, IOD).

In this domain, Japan’s VICS (Vehicle Information and Communication System) [4]
successfully applies beacon technology (2.4 GHz microwave signals for expressways and
infrared for local streets) and NHK FM subcarrier signals for traffic information transmis‐
sion. The USA’s VII (Vehicle Infrastructure Integration) [5, 6] proposes a frequency of
5.9 GHz applying the IEEE 802.11p protocol for communication among vehicles (V2V) and
infrastructure (V2I). Europe’s SAFESPOT [7, 8] also includes development for V2V and
V2I. However, these propositions represent a barrier to international marketing due to the
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lack of portability, not sharing common frameworks, and not being easily affordable (e.g.
without any additional charges to users).

Some short-range technologies where IEEE 802.11.x, IEEE 802.15.x, and RFID are
used the most currently, and are applied in Near Field Informatics (N-Fi) services and
may have potential if they are applied to ad hoc networking.

IEEE 802.11x is widely used for electronic devices such as WiFi devices (IEEE
802.11a,b,g,n). Almost all personal handsets are equipped with WiFi. Many cities in the
world offer free service in public sites such as airports, public transportation stations,
and social activity squares. Then, one can easily access the Internet or other network to
obtain information or perform their business online. However, it is difficult to obtain
WiFi service when one is moving above 20~30 km per hour (kph). The IEEE 802.15.x
protocol generally built-in personal handsets is Bluetooth (IEEE 802.15.1), and now
most auxiliary positioning devices are accomplished by Bluetooth, like i-beacon.
Another IEEE 802.15.x is Zigbee (IEEE 802.15.4). Bluetooth has a 1~2 Mbps transfer
rate, but Zigbee has only 250 Kbps. Nevertheless, Zigbee enables to push messages
available for high speed moving carriers due to that authentication process is unneces‐
sary. Sub1Giga (Sub1G) is also developed for low rate transmission, like LoRa (433,
866, 915 MHz), for IOT. Passive RFID is also currently popular for very short-range
conditions, approximately 10 cm or less, such as for contactless tickets or door-keys.
Extending passive RFID’s reader power allows detection of the tags mounted on high
speed vehicles, which the detection range can reach 10~15 m. Active two-way RFID is
utilized for ranges of 10–100 m that are accomplished using Zigbee (see Table 1).

Table 1. Short range comm. tech and attributes

Bluetooth ZigBee/
Sub1G
(LoRa)

Wi-Fi RFID

Moving constraint <5 kph 50~100 kph <30 kph 30~80 kph
Service range 10~100 m 10~1000 m 10~100 m <10 m
Connection speed 5~10 s <1 s 1~10 s <1 s
Bandwith ~1 Mbps 250 Kbps >1 Mbps –
Transmission Two ways Two ways Two ways One way
Handset Build-in Extra Build-in Extra (eTag-like)

Synthetically, due to handset build-in, WiFi and Bluetooth is the most potential
technologies for ad hoc social networking and large message packets delivery. There‐
fore, a tightly (and perhaps even loosely) coupled network using Zigbee, WiFi, and/or
Bluetooth has its potential selected in N-Fi.

3 Near-Field Informatics

N-Fi is the acronym for the Near Field Informatics domain that utilizes the combined
chips of Zigbee/WiFi/Bluetooth as the ad hoc basis for VIP link, particularly for social
networking. They all operate at 2.4 GHz. Figure 2 illustrates the N-Fi topology for the
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proposed implementation. It connects four layers including Vehicles (Occupants)
and/or Driver/Travelers, Roadside Units (RSU), Cloud Operational Center, and Web
Users. The structure supports and is consistent with the VANET framework.

Fig. 2. N-Fi simplified topology

Basically equipped with a N-Fi module (using Zigbee, WiFi and/or Bluetooth) in
vehicles’ onboard units or mounted to handsets (mobile phones), the Zigbee mode drives
short messages and the WiFi/Bluetooth modes drive transferring messages, file or
picture, depending on what field of applications would be. In the example application
case of ITS, the equipped RSU receives all nearby OBUs and/or Handsets’ identification
(ID) and then sends its own SSID and information related to a vehicle’s passing time
and local speed to the operational center. The operational center stores and processes
all the messages (data). The center may issue predicted traffic information through XML
to web pages and OBUs via RSU. In N-Fi, the applied protocol is guided by and follows
the NTCIP (National Transportation Communication for ITS Protocol) [9]. Due to the
different networks and their different maximum transmission units (MTU), all packets
will be regrouped before transmitting. To avoid errors occurring when regrouping, a
formatting protocol for transmitting packets is applied.

The scenarios described above activate between/among mobile phones or similar
devices that are equipped with N-Fi APP.

4 iCaution System Architecture

The iCaution’s system architecture is depicted in Fig. 3, where,

1. N-Fi’s roadside unit (RSU) and mobile APP: By WiFi/Bluetooth AP transmission,
road users get traffic information (including traffic sign, signal, marking, guidance,
etc.), emergency messages and location-based services through mobile APP from
RSU (Fig. 4(a)); by 4G, road users get overall status, prediction trends and statistics
from Cloud (Fig. 4(b)). Shown in Fig. 4(a), WiFi/Bluetooth AP act as message-code
broadcasters, but in Fig. 4(b), they act as beacons, all with MAC/SSID identifier.
The latter messages are pushed by 4G to mobiles. However, this can work alone
without connecting without Cloud linking.
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Fig. 4. Message transmission

2. Cloud computing server: On account of the collected traffic raw data (Mac code)
from the WiFi/Bluetooth equipped in RSU, the cloud server executes numerical
analysis and trend prediction, and provides the results to the web server.

3. Cloud web server: Present overall status, prediction trends, statistics, etc. This also
works for registered members. They can access and get other services.

In fact, the iCaution system not only transmits traffic message but also delivers
general living messages, like food, store, coupons etc.

5 Traffic Game

The following aims at developing a game related to traffic on the base of transportation/
traffic devices, events, as well as surroundings. The system is linking to ITS applications
successive in ‘Smart Phone System’, ‘Internet of Things’, and Telematics. The imple‐
mentation is a pioneer work in the world, which not only improves traffic management
but also creates new business opportunities.

Wireless communication technology has been upgraded and/or improved for three
and/or four generations. Due to the popularity of smart phones, information

Fig. 3. System architecture
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exchangeability and flows are speedy up at any time and any site. However, commer‐
cialized contents are too monotonic for moving objects (vehicles and persons) to support
traveler demands, particularly hard to attract the youth. In addition, that online games
in web attracts young people to stay in house all the time and causes many healthy
problems. Therefore, this stimulates an innovative thinking to link games with traffic.

Fig. 5. Operational units

In the past, traffic management and transportation service provides a monotonic
scope. The service does not follow current trend of ICT which attracts young people in
styles. Herein, through a game activity may attract them to change their behavior of
modal choice, route selection, etc. In addition, developing traffic games can break out
business barrier of traffic and online games. Meanwhile, with VIP-net, the traffic game
is an innovative domain of activity. The objective is to improve industries extensive,
business spirited, and make ITS more active/alive.

1. Operational Units (Fig. 5)
(1) Cloud operation center (OPC): OPC handles all activities with respect to hand‐

sets and RSUs or stores/pos connection, game mission assignment, game flow
control, competition strategy, relative traffic control logic, business operation,
player’s account management.

(2) Onboard unit (OBU): OBUs on buses/transits or taxicabs act as positioning or
offering certificates for players, message transferring or broadcasting, merchant
DM delivering, etc.

(3) Roadside Unit (RSU): RSUs such as bus stops, CCTV, CMS, traffic signal
controllers and sign plates with N-Fi module can act as positioning or offering
certificates for players, message transferring or broadcasting, merchant DM
delivering, etc.

(4) Store: All stores in the alliance (franchise) can be equipped with a laptop with
operating package software linking to OPC, and providing services for players.
They also act as positioning or offering certificates for players, message trans‐
ferring or broad-casting, merchant delivering and exchanging etc.

(5) Player: Players should download traffic game APP, register an account, e-
money, coupons…
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2. Stories
A traffic game can be edited like a monopoly game, a story conjunct to history, novel
or fiction in reality of sites, to fit different grades of age, gender, or local custom…
etc. A story has its purpose and function, some for traffic management (route guid‐
ance), some for local economics (e-commence), some for human health (outdoor
sports) and so forth.

3. Rules example
A game has its designed deal rule or bargain, for examples: Reward points or eco-
money to travelers (1) by green levels of service (like road pricing), or the number
of encountering traffic signal or equipped message pole/beacon in a route, each pole
can be set by different points, different time slot; (2) if taking a certain route certain
bus, or being in a play, a scenario; (3) Traffic signal timing can be on a voucher
(rewarded by his/her local contribution) or eco-money to actuate, even extend a
fighting scheme, particularly in a sightseeing/tourism county/zone.

4. Cases
(1) BRT signal priority: A traffic game can be built in the logic of BRT signal

priority (TSP) system. Passengers can use specific BRT APP to vote traffic
signal timings and earn a voucher if avoid a certain red light in his/her trip. This
way can attract people to use public transportation modes.

(2) Route guidance in a game: Advanced Driver Information Systems are devel‐
oped since the emergence of smart phones. People need a better path planning
results and a shorter computing time. In the past, most of path planning systems
and their related theories’ development based on shortest path and shortest
travel time and take these factors as a target. But in some cases like scenic areas,
people may not regard these as the most important factors. We put a scenario

Fig. 6. Travel paths comparison between traffic parameter and scenic parameter
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game story with e-commerce parameters practicing by A*algorithm to generate
out different outputs of itinerary. (Fig. 6).

(3) Traffic Control with a game: Assumed that to replace loop detectors/radar
detectors by mobile phone detectors for vehicle detection, traffic signal timing
and split will be computed on human-based logic. In addition, if approaching
mobile phones can send their eco-money or points or gentle/age for requesting
green phase and timing, the system will become very active, almost over‐
whelming traditional logic. Therefore, the factors in traffic management will be
considered not only of stop, delay, pollution, but also such as consumers’ inter‐
esting items or game intents. This could be considered as “The 5th generation
of transportation technology”. Transportation circumstance/field turns become
mixed use, multi-function roles.

6 Conclusion

This paper describes how to build iCaution and traffic game in transportation fields. The
important condition is about communication technology compatibility with popularly
owned devices, particularly compatible with communication protocols already built-in
to mobile phones. Obviously, WiFi and Bluetooth are definitely feasible for this purpose.

The iCaution is used for performing emergent transmission of traffic messages
directly from RSU to nearby approaching mobile phones. In fact, this technical platform
can work with other business in together. This study finally proposes traffic game
considered in this platform to alter traditional logic be active. Some cases about traffic
games such as BRT, route guidance and traffic control are depicted.

Acknowledgement. This paper is digested from the report of Traffic Game Research Project
sponsored by the Ministry of Science and Technology (MOST), Taiwan (MOST 103-2221-
E-002-145-MY3.)
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Abstract. As UAVs (Unmanned Aerial Vehicle) being widely used in remote
sensing of agriculture resources and many other areas, the security of UAVs flying
at a low altitude is getting more and more serious. This paper studies on the
problem of obstacle avoidance while the UAV cruises at low altitude for agri‐
culture sensing. Two kinds of obstacles are taken into account. A rapid obstacle-
avoidance algorithm with adding a compensation waypoint is proposed for the
avoidance of static obstacles; and a real-time method with dynamic information
of navigation status and flying control sequence is proposed for tackling dynamic
obstacles. Based on the sharing obstacle avoidance information, UAVs optimize
their flight paths dynamically. Simulation results show that UAVs can avoid both
static and dynamic kinds of obstacles quickly and their heading angles have a
good convergence effect after flying over obstacles which can save much more
energy for UAVs.

Keywords: UAV · Obstacle avoidance problem · Compensation waypoint

1 Introduction

UAV (Unmanned Aerial Vehicle) has attracted more and more attention from
researchers in wide areas. The flight of UAVs can be controlled either autonomously by
onboard computers or by the remote controller of a pilot on the ground or in a moving
vehicle [1]. In the past, UAV technology is mainly used for military, but the technology
is increasingly used in civil applications now, such as remote sensing of agriculture
resources, agriculture producing work and many other fields [2]. For example, Joao
Valente has analyzed the weed coverage rate of maize field using UAV carried with near
infrared multispectral camera [3].

When UAVs are cruising in the same airspace, the overlap of time and space will happen
in flight path of an UAV with the complexity of the task and the increasing number of
UAVs. It brings interference or even collisions in the airspace, especially in the field of
massive flight operation for precision agriculture [4]. Cruising in the limited area may
encounter two types of obstacles: One is fixed facilities or static obstacles such as buildings
in the airspace; the other one is the dynamic obstacles of moving UVAs. Actually, several
methods have been proposed to avoid obstacles for UAVs. A method of avoiding obstacles
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was based on Dubins path [5]. When UAVs are flying at different altitudes, the selection of
Dubins paths is very complicated, and the requested condition is also very strict. Combined
with height information of the terrain, a genetic algorithm was proposed to avoid the threat
of terrain factors (such as mountains) in [6], and an algorithm based on the shortest path was
proposed to avoid the known obstacles in [7]. However, these mentioned methods do not
take into account the special circumstances of other UAVs in the same area. It is very
important to control the UAVs formation to make flight stable [8]. Although the UAVs
cooperative flight has been well studied, the application of the flight obstacle avoidance
problem is still lack of investigation [9]. An UAV obstacle avoidance method is proposed
with potential filed under dynamic environment [10], but the method needed much more
calculation on the Khatib’s potential function. Path planning for obstacle avoidance boils is
converted down to gamma (flight path angle) tracking and vehicle velocity tracking prob‐
lems in [11], which needed the high real-time performance of tracking algorithm. It is not
practical to apply these algorithms on UAV with limited computing resource. According to
the specific application background, avoiding obstacles has become an urgent problem to
be studied when UVAs cruise in the limited space across which there are crops planting area
and signal towers. Compared to other kind of UAVs, UAVs with multiple rotors have wider
applications and can adapt to various flight tasks in precision agriculture [12]. Therefore, in
this paper, we focus on investigating the obstacle avoidance problem based on the multi-
rotorcraft UAV.

The remainder of the paper is organized as follow: a model is designed to avoid static
obstacles firstly. Then a real-time method with dynamic information of navigation status
and flying control sequence is proposed for tackling dynamic obstacles. Simulation test
for both static obstacles and dynamic obstacles is analyzed subsequently.

2 Obstacles Avoidance Algorithms

During the cruising, UAVs need to do online path planning continually to adapt to the
current environment because of obstacles in the indefinite field. For the prevention of
crash among UAVs, the non-cooperative visual sensor can be used, because UAVs use
their own measurement values without any means of communication [13]. The visual
sensor is suitable to monitor the obstacle that occurs abruptly and avoid accidents owing
to the slight weight, the small volume and the non-cooperative mode.

2.1 Flight Path Planning for Static Obstacles Avoidance

UAV is considered as a dot with some weight in this paper. When UAVs detect a certain
size of static obstacles ahead by visual sensor, they will change attitude to avoid the
collisions according to the safe circle or the obstacle circle in Fig. 1. As shown in
Fig. 1(a), the center of a circle is the current location of a UAV, and Rs is the radius of
the circle. UAVs can fly without limit in this area. The obstacle circle in Fig. 1(b) shows
that the obstacle is considered as the circle solid with the radius of Ro and the circular
area with the width of ΔR (ΔR = Rs − Ro), which is considered as a buffer of the obstacle
circle. If the UAV does not adjust to enter the buffer zone timely, the alarm index of
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avoiding collisions should be improved, and adjustments of the attitude and the flight
path should be carried out rapidly. If obstacles exist in the trajectory of the UAV, the
path planner will modify the flight route in [14].

Fig. 1. Safe circle and obstacle circle of UAV

According to constraints of the available flying, the reference path can be generated
to avoid obstacles.

In the specific design of obstacle avoidance, a flyable path can be acquired based on
the attitude point of UAV or the point for the flight path. The path planner will program
the flight route quickly by adding compensational points.

As shown in Fig. 2, UAV flies from A to B. The shade of the circle is obstacle, S1
is the original path. Obstacle will be detected in the process. Then an algorithm is
designed as follows with the fly-time and driving security being taken into account.

Fig. 2. Compensational points for obstacles avoidance

Step 1: Calculate the locations of points X and Y in Fig. 2. These two intersections
are generated while the original path was stretched across the obstacle circle;

Step 2: X and Y are in straight line and the perpendicular bisector of the straight line
is made at the same time. The perpendicular bisector, which is shown as the imaginary
line in Fig. 3, passes the center and intersects the obstacle circle at P1 and P2, which are
named safe compensation points;
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Step 3: The lengths of A-P1-B and A-P2-B are calculated respectively and defined
as S(A-P1-B) and S(A-P2-B);

Step 4: If the value of S(A-P1-B) is less than S(A-P2-B), then choose P1 as the
compensation point. Otherwise, choose P2.

Providing that the converged point between AB and P1P2 are chosen as the origin of
coordinates, the direction of A to B are regarded as X-axis, and the direction of P1 to
P2 as Y-axis. Then related coordinate points are A(−x1,0), O(0,0), B(x2,0), P1(0,
y0 − Rs), P2(0,y0 + Rs). The equations are set up as follows

⎧⎪⎨⎪⎩
t1 = (

√
x2

1 + (y0 + Rs)
2 +

√
x2

2 + (y0 + Rs)
2)∕V0

t2 = (

√
x2

1 + (y0 − Rs)
2 +

√
x2

2 + (y0 − Rs)
2)∕V0

(1)

The front arithmetic forecasts that S2 and S3 are the safe and optimal routes passing
P2 and P1 respectively. Then t1 and t2 are compared to choose which compensation
waypoint is the best one.

After UAV flies over the obstacle, the location of the obstacle is recorded. As a result,
the obstacle locations in the flying fields for troop of UAVs are acquired. Then other
UAVs can avoid the obstacle automatically.

2.2 Flight Path Planning for Dynamic Obstacles Avoidance

In contrast to the static obstacle, this part mainly describes how to avoid the dynamic
obstacles, namely, the other flying UAVs in mission of the precision agriculture. The
entire conditions of multiple UAVs and the collision of every two UAVs in local condi‐
tions must be taken into account. Figure 3 shows the geometric shape of collision

Fig. 3. Model for collision avoidance in the dynamic environment
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avoidance. UAV1 is in the distance of L to UAV2 with the different direction. These
UAVs are flying at different rates with V1 and V2. The radius of the safe circle is R1 and
another is R2. If the closest distance between the two UAVs is less than the sum of R1

and R2, then the path will be dangerous and measures must be taken swiftly to avoid the
obstacle. On the contrary, the flight path is safe.

As for UAVi, the feature of platform can be described with the kinematic model
consists of continuous time-dots [15], which can be expressed as:

⎧⎪⎨⎪⎩
Xi = Vi cos𝜙
Yi = Vi sin𝜙
𝜙 = 𝜔i ⋅ 𝜂max

(2)

where the coordinate (Xi, Yi) is UAV’s location in the search plane, 𝜙 is the yaw angle,
Vi is the rate, 𝜂max is the maximum turn rate, and 𝜔i is the change rate of the angular
velocity. Furthermore, the status of UAVi can be described as:

Ti(k) =
[
Xi(k), Yi(k),𝜙i(k)

]T
(k = 0, 1, 2,…) (3)

Si(k) =
[
Vi(k),𝜔i(k)

]T
(k = 0, 1, 2,…) (4)

Equation 3 describes the condition of the UAV at time k. The condition includes the
location state and the yaw angle state. Equation 4 describes the track-control input of
the UAV, including the adjustment of direction and rate. In order to ensure UAV safety,
information and distributed cooperation must be shared with each other in real time.

Before the coordination optimization with control and state sequences, UAVs need
to take a rough estimate in order to generate a reference path. According to the location
of UAV at time k, the distance to the target point of UAVi is D(k), which is expressed
as follows:

D(k) =

√
(xg(k) − xs(k))

2 + (yg(k) − ys(k))
2 (5)

(xg(k), yg(k)) is the coordinates of the target point, (xs(k), ys(k)) is the coordinates of
the current point. We use SD(k) to denote the sum distance for which multiple UAVs fly
to the target point, which can expressed as:

SD(k) =

n∑
i=1

Di(k) (6)

According to the distance from a starting point to a target point, an expense of time
can be evaluated.

Ti(k) = T0 + Di(k)∕Vi(k) (7)
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ST(k) = max{Ti(k)} (i = 1, 2,… , n ). (8)

Equation 7 describes the total flight time from the starting point to a target point of
UAVi. T0 is the flight time from the starting point to the current point. Then under the
current decision, the flight time of multiple UAVs, which is named as ST(k) can be
estimated using Eq. 8.

C(k) = 𝛼 ∗ SD(k) + 𝛽 ∗ ST (k) (9)

In conclusion, C(k) in Eq. 9 is the comprehensive evaluation index which directs
UAVs to generate optimized trajectories. Here, 𝛼 and 𝛽 are the corresponding weighted
coefficients.

The algorithm for collision avoidance between the two dynamic UAVs is illustrated
as follows:

Step 1: The current status is acquired. The UAV gets and calculates the status
parameters with the information of sensors;

Step 2: The future status are predicted. Based on the current condition Ti(k) and the
control parameters, UAV can predict the location in the period of Δt time, and get the
predicted information within the scale time of [k, k + t−1];

Step 3: The information is shared. The front UAV will broadcast information to
others that are predicted using their own platforms. At the same time, the control center
receives the condition and predicts information rapidly, then gives an analysis;

Step 4: Path planner optimizes the results continuously according to the following
processes. The obstacle-avoidance problem needs to be decided and optimized contin‐
uously [16]. Based on the fundamental mind of optimizing and getting results continu‐
ously, the state sequences and path control sequences which belong to the UAVi are as
follows:

Pi ≅ [Ti(k)
T , Ti(k + 1)T ,⋯ , Ti(k + t − 1)T]T (10)

Qi ≅ [Si(k)
T , Si(k + 1)T ,⋯ , Si(k + t − 1)T ]T (11)

At the same time, the common particle swarm algorithm [17] is used to generateflight
paths of multiple UAVs. The method of finding flight path can expand the navigation
covering area of UAV and improve efficiency of working. UAVs keep uniform speed
and turning under the condition of a small curvature. As any UAVs should save energy
in the limited time, it is an efficient way to make less off-course from the original route
as far as possible. For a minimum cost of a track adjustment, the yaw angle rate Δ𝜙 was
introduced. 𝜙k is the yaw angle at time point k shown as

⎧⎪⎨⎪⎩
𝜙k =

yi(k + 1) − yi(k)

xi(k + 1) − xi(k)

𝜙k+1 =
yi(k + 2) − yi(k + 1)
xi(k + 2) − xi(k + 1)

(12)
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Then the yaw angle at time point k + 1 can be deduced as 𝜙k+1. There would be the
change of the yaw angle rate which is defined as Δ𝜙i(k + 1), as it is
Δ𝜙i(k + 1) = 𝜙k+1 − 𝜙k;

Step 1: After getting status information, UAVs take the aforementioned method to
solve the problem of local optimization control independently. It is searching for input
sequence Qi of control optimization;

Step 2: Information sharing is the key step. One UAV sends its input sequence Qi to
the other subsystems and receives control inputs from other UAVs at the same time;

Step 3: The forecast information is updated constantly;
Step 4: If the relative distance between two UAVs satisfies Ri + Rj ≤ di−j. So,

Ri + Rj ≤

√
(yi(k + n) − yj(k + n))2 + (x

i
(k + n) − xj(k + n))2, where n is any real

number, and Δ𝜙i(k + 1) become small as time is increasing, then calculation is termi‐
nated, turn to Step 5: Otherwise, it turns to Step 1 that can solve the local optimization
problem;

Step 5: The optimal tracking control input sequence is adopted to calculate the
current target path and update the sequence Pi according to the current value of Pi;

Step 6: For k = k+1, return to the Step 2.
Shared information of UAVs depends on the stable and rapid network communica‐

tion [18]. If a crisis happened in the situation such as communication interrupt, the pause
time is inserted because it is the simplest coordination strategy. Namely one drone
continues flying along the path planning, the other is hovering in situ. The two UAVs
can be restored to move on until no path conflict exists.

3 Simulation and Analysis

In order to verify the effectiveness of the control model and algorithm with control strategy,
extensive simulation experiments are carried out in the section. The process of cruise oper‐
ation is based on the avoidance of static obstacles and dynamic obstacles. Simulation exper‐
imental platform is MATLAB 2012b under the Windows 7 operating system.

3.1 Static Obstacle Simulation Test

Assuming the experimental scenario is specified in the 5 km * 5 km area, which is shown
in Fig. 4. The flight speed of UAV is controlled in the range of 0 to 20 m/s, and the initial
flight speed is set to 20 m/s. The dotted line represents the flight track.

In this experiment, the UAV flys to the experiment point (0, 0) in the two-dimensional
coordinates, there is an obstacle with coordinate (300, 400) with danger radius of 40 m
on the planned route. UAVs need to bypass static obstacle objects by adding track
compensation point fast. As a compensation point (x0, y0) is on the perpendicular
bisector, the location coordinate meets (x0 − 300)2 + (y0 − 400)2 = 402.

In order to avoid static obstacles, the flight path is determined by calculating the
distance of the UAV from point (0, 0) to the compensation point. The UAV can avoid
the obstacle by adding the compensation point and using the ant colony algorithm which
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has been considered as complex algorithm in [19]. The response curve of the yaw angle
can be analyzed, as shown in Fig. 5. The unmarked curve is a barrier to the sudden
detection of obstacles in the absence of human navigation, and the UAV platform makes
a yaw response quickly by adding the compensation waypoint. The curve of the marked
line is a complex calculation method. However, its response to the detection of obstacles
is slow, and the degree of yaw response with adding compensation is greater than the
complex algorithm. It is known that long response time and the greater degree of adverse
yaw will make more harmful to the UAV platform.

Fig. 5. The response curve of yaw after detecting obstacles

If there are many UAVs in this area for which an example is shown in Fig. 6,
UAV1 can communicate with other UAVs through the network. Then UAV2, UAV3
and other related UAVs get the static obstacle location coordinates. It can help other
UAVs to reduce the calculation process of obstacles. Figure 6 shows the location of the
three drones along fixed paths.

Figure 7 shows experiments structure which multiple UAVs avoid the static obstacles
along a fixed path. There is the initial relative position at a particular time and the corre‐
sponding distance between each other, such as UAV1 and UAV2, UAV2 and UAV3, UAV1

Fig. 4. Three-dimensional space operation of UAV
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 and UAV3 is 600 m. The relative distance of UAV1 and UVA2 is defined as d1−2, UAV2 and
UAV3 defined as d2−3. In the time series (t1, t2,⋯ , tn), d1−2 with the time of collection is
((t1, d1), (t2, d2),⋯ , (tn, dn)), d2−3 with corresponding time is ((t1, d∗

1), (t2, d∗

2),⋯ , (tn, d∗

n
)),

d1−3 is ((t1, d1 + d∗

1), (t2, d2 + d∗

2),⋯ , (tn, dn + d∗

n
)) accordingly.

Fig. 7. The curve of the relative distance between multiple UAVs

Time of experiment is set up as 10 s. As shown in Fig. 7, UAV1 finds there is a static
obstacle ahead through distance sensor. The relative distance between three drones
begins to decrease, and reaches the minimum time about 21 s. UAVs begin to speed up
after flying over the obstacles, the separation between each other expands gradually.
The relative position between the three drones tends to be stable as time goes by, these
status conform to the fleet of the overall flow characteristics in [20].

3.2 Dynamic Obstacle Simulation Test

This test is set to avoid dynamic obstacles, which need to control mutual restrictions of
the dynamic obstacles. In a short period of time, there is a demand for a collision between
UAV and others to facilitate the rapid verification of results. The initial position of the

Fig. 6. Position of the three aircraft in fixed route
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multi UAV is shown in Fig. 8, the relative distance between these three UAVs are 500 m,
400 m and 300 m.

Fig. 8. Sketch maps of three UAVs along the dynamic path

The safe radius of multiple UAVs which was defined for avoidance dynamic obsta‐
cles is 30 m, the interval time of the discrete sample is 0.2 s, the interval time of the
multiple UAVs are 1 s, the period time is T = 20 s, so the prediction step is n = T∕Δt.
In the process of local optimization, the general Particle Swarm Optimizer algorithm is
used to improve speed of solving [21]. The location of UAVs at time k and optimal path
which have been traversed can be record, the distance between each other which named
the adaptive value. According to the distance and location of UAVs, the new state solu‐
tion can appear under the action of each other. It is assumed that the UAV1 flown in
accordance with the prior generation path, the flight paths of UAV2 and UAV1in
conflicts. If UAV1 and UAV2 do not adjust to the trajectory, there will come to a collision.

In this setting, UAV1 does not need to change the heading angle, and UAV2 is adjusted
to the yaw angle relative to UAV1. The three UAVs could communicate with each other.
Above all, the simulation assumes that there is no delay in the communication link, and
every UAV can receive the information of the other UAV in real time. It is necessary to
refer that the selection of geographic coordinate system is flexible and the scale range of the
course angle is associated with various missions in precision agriculture [22].

The simulation results are shown in Figs. 9 and 10. The heading angle of multiple UAVs
and the relative distance of them are described as follows. The corresponding distances
between each other are 600 m, 550 m and 500 m. The initial heading angles are 50°, 0°, and
100° because of many tasks need large angle change in precision agriculture. The whole
process of simulation is set to 30 s. It is tested to avoid obstacles in short time. The dotted
line in Fig. 10 represents the heading angle of UAV3, and the solid line represents the
heading angle of UAV2. The line parallels with time axis shows the drone security radius are
d1−2, d2−3 and d1−3 respectively. The distance between each other is larger than the safe
radius of UAVs. The relative distances between multiple UAVs are gradually smaller when
the heading angle tends to the same. The relative distances between UAVs are gradually
enlarged when the course angle deviates. It ensures that no collision between these UAVs
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during the 10 s and 15 s. At the same time, the cross angles with UAV2 and UAV3 are
stable. Meanwhile, the consumption of energy is the minimum during the whole process of
path planning.

Fig. 10. Relative positions of multiple UAVs along the dynamic path

4 Conclusion

This paper has investigated the obstacle avoidance problem while multiple UAVs are flying
for agriculture sensing in a limited space. For the static obstacles, a rapid obstacle-avoid‐
ance algorithm with adding a compensation waypoint is proposed. The proposed method
has a fast response in detecting obstacle because of light computational load about control
center. For the dynamic obstacles, a real-time method with dynamic information of navi‐
gation status and flying control sequence is proposed. Based on the sharing obstacle-avoid‐
ance information, UAVs optimize their flight paths dynamically. Extensive simulation
results show that the proposed methods have a good effect on the avoidance of these two

Fig. 9. The variation curve of the heading angle
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types of obstacles. The proposed method can help to solve obstacle-avoidance problems in
UAVs’ flying work at a low altitude in precision agriculture.
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Abstract. Clustering is one of the challenging technologies in vehicular net-
works to decrease data congestion and enhance network scalability. It is
believed that the clustering approach most adaptive to the mobility features of
the vehicles will achieve best stability performance. In this paper, VTCP
(Traffic-based Clustering Protocol for VANETs), a clustering protocol based on
traffic flow states, is proposed. It defines different cluster formation and main-
tenance operations, as well as dynamic transmission range for different traffic
flow states. Simulation results show its performance advantages in cluster
stability.

Keywords: VTCP � Clustering � Traffic flow state � Vehicular networks

1 Introduction

Vehicular networks, as the important supporting technology for ITS (Intelligent
Transportation System), attract more and more research interests in recent years. V2X
communications can be provided based on vehicular networks to improve driving
security, information services and traffic efficiency [1–3].

Vehicular networks face great challenges due to the special features in mobility,
such as high mobility, road layout constrained, frequent topology changes and uneven
distribution of vehicles. Clustering is one of the key technologies in vehicular networks
to decrease data congestion and enhance network scalability [4–6]. The nodes geo-
graphically in proximity are organized into a cluster, in which a cluster head is selected
the representative. The cluster head receives data packets from its cluster members and
then relays the packets outside (and vice versa) [7].

Cluster stability is the critical performance evaluation metric which depending on
the design of the criteria for cluster head selection, cluster formation and cluster
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maintenance operations. Existing research proposed different clustering solutions for
vehicular networks.

In existing research works, many clustering algorithms have been proposed.
According to the hops between cluster members and their cluster head nodes, the
clustering protocols can be classified into 1-hop formation/1-hop maintenance clus-
tering, 1-hop formation/multi-hop maintenance clustering, as well as multi-hop
formation/multi-hop maintenance clustering. Depending on the criteria for head
determination, the clustering protocols can be classified into CDS (Connected Domi-
nating Set) clustering based on static graph model, node feature based clustering,
micro-mobility based clustering, mobility prediction based clustering and application
based clustering.

As we know, the traffic flow states affect the networking parameters directly [8].
Latest progress about three-phase traffic theory [9, 10] in modern traffic engineering
divided the traffic states into three phases: free flow, synchronized flow and wide
moving jam flow. In our previous work, [11], quantitative analysis of mobility metrics
based on three-phase traffic theory were conducted. The mobility metrics about
mobility patterns and connectivity performance based on different granularities (e.g.,
individual nodes, groups and networks) show considerable different regulations under
different traffic flow states. Therefore, in this paper, VTCP (Traffic-based Clustering
Protocol for VANETs) is proposed, fully taking into account the different traffic flow
states. The cluster formation and maintenance strategies in VTCP are designed based
on the traffic flow states and state transitions, thus is expected to facilitate adaptive
capability under different traffic states.

The rest of this paper is organized as follows. Analysis on features of different
traffic flow states and the inspirations we get about clustering operations are presented
in Sect. 2. Section 3 introduces the proposed VTCP protocol. Section 4 introduces the
simulation environments and quantitative results with necessary discussions. Finally,
Sect. 5 concludes this paper.

2 Analysis on Traffic Flow States for Clustering in Vehicular
Networks

In order to enable VTCP with the capability to be adaptive to different traffic status, it is
primarily important to identify the different traffic flow states and the state transitions,
and then different cluster formation and maintenance operations can be designed
accordingly. Therefore, in this paper, five states of a vehicle are defined: F (Free Flow),
S (Synchronization Flow), J (Jam Flow), FtoSJ (Free Flow transferring to Synchro-
nization Flow or Jam Flow) and SJtoF (Synchronization Flow or Jam Flow transferring
to Free Flow). In this section, the mobility features of different states and the inspi-
rations we get about clustering operations in different states are discussed.
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2.1 F State

In F state, the stability in mobility relies greatly on the vehicles’ velocity, especially
desired velocity. The features in mobility include: no obvious group mobility, short
link durations, low node density and serious network partitions.

Accordingly, relative desired velocity between vehicles should be considered in
cluster head determination. Mf defines the main cluster head determination criteria for
F state:

Mf ¼ log
Ni
!���
���

P

j2Ni
!Dvi;j;t

ð1Þ

where Dvi;j;t ¼ vdesiredi;t � vdesiredj;t is the relative desired velocity between i and j, Ni
!���
��� is

the number of nodes in the neighboring node set with same direction of vehicle i. If there
exist the nodes with sameMf value, the node with lower node ID is selected as the cluster
head. That is, the tuple defining cluster head determination for F state is (Mf, ID).

Cluster maintenance in F state should pay more attention to avoid large cluster
radius to cope with serious network partitions.

2.2 S State

The Mobility of nodes in S state depends greatly on the gap distance between vehicles.
S state presents more obvious group mobility and higher node density than F state.
Therefore, in cluster head selection, the group relationship between a node and its
neighboring nodes should be considered. Ms defines the main cluster head determi-
nation criteria for S state:

Ms ¼ w1 � Ni
!���
���þw2 �Mf ð2Þ

Where w1 and w2 are the weight factor, w1 þw2 ¼ 1 and w1 [w2. If there exist the
nodes with same Ms value, the node with larger Ddf value, which is the distance of a
node to the downstream front of the synchronization flow, will be selected as the cluster
head. The tuple defining cluster head determination for S state is (Ms, Ddf, ID).

For cluster maintenance, the cluster heads approaching to the downstream front of
the synchronization flow, i.e., those with small Ddf value, should transfer the cluster
head task to other head nodes in advance.

2.3 J State

J state presents most obvious group mobility, highest node density, largest link duration
but serious contention in wireless channels. The stability in mobility relies mainly on the
distance between current location and the downstream front of the jam flow.
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In J state, the nodes with large degree and long distance from the downstream front
of the jam flow could be selected as cluster heads. Mj defines the main cluster head
selection criteria for J state:

Mj ¼ Ni
!���
��� ð3Þ

Similar to that in S state, for nodes with same Mj value, the node with larger Ddf

value will be selected as the cluster head. The tuple defining cluster head determination
for J state is (Mj, Ddf, ID).

Because of the very large node density, cluster maintenance for J state should pay
more attention to the cluster radius in cluster merging operation, and the node trans-
mission range could be decreased to reduce interference.

2.4 FtoSJ State

Vehicles in FtoSJ state are experiencing state transferring from a metastable state (free
flow) to a stable state (synchronization flow or jam flow). As shown in Fig. 1, the
vehicle in FtoSJ state is moving out of a parse topology area and into a dense topology
area. And the vehicle decelerates because of the upstream front of the synchronization
or jam flow.

Because the traffic state changes greatly for the vehicles in FtoSJ state, cluster
formation operation should be delayed to when the vehicles go into S state, to avoid
unnecessary overheads for clustering and maintenance.

Because the vehicles are heading to a dense topology area, it is easy to occur cluster
head collision and contention. Therefore, the cluster maintenance operation should be
delayed a period of time. After the vehicles go into S state,Ms could be calculated again
according to Eq. (2) and select an appropriate cluster head to join in.

2.5 SJtoF State

As shown in Fig. 2, the vehicles in SJtoF state are in bursting accelerating state.
Therefore, these nodes may lose considerable amount of neighbors and wireless links.

For the nodes losing connection to cluster head, it is evident that they are at or
leaving the downstream front of the synchronization flow or jam flow. They can select a
downstream cluster to join in if possible, or temporarily set themselves as cluster head.

Fig. 1. Traffic flow state FtoSJ
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For the cluster head losing most of its cluster members, it could transfer the head
task to its upstream node and set itself as non-clustered node. When it moves into
F state, the joining a new cluster or cluster formation operation could be conducted.

3 The Proposed VTCP Protocol

Because the motivation of VTCP comes from the features of different traffic states and
corresponding illuminations about clustering and cluster maintenance operations, this
section introduces the traffic detection method firstly. In order to reduce clustering
overhead while improve cluster stability, VTCP defines dynamic transmission range for
different traffic flow states, as discussed in Sect. 3.2. The VTCP clustering strategy is
introduced in detail in Sect. 3.3.

3.1 Traffic State Detection

The traffic state of a vehicle can be decided based on its velocity, desired velocity,
neighboring node number and surrounding vehicle density. Defining nsyn min as the
minimum threshold of node number in free flow, it can be calculated as:

nsyn min ¼ R � qsyn min ð4Þ

where qsyn min is the minimum vehicle density in free flow.
The network density, ki, can be calculated as:

ki ¼

P

m;n2Ni
!Xm;n

1
2 � Ni

!���
��� � ð Ni

!���
���� 1Þ

ð5Þ

where Xm;n ¼ 1; if Dm;n �R
0; if Dm;n [R

�
, Dm;n is the distance between vehicle m and n.

The detection of the traffic state of vehicle i can be completed following two steps.
Step 1: Detecting basic traffic flow state (i.e., F, J and S). Vehicle i decides its

traffic flow state periodically according to the following Eq. (6):

Fig. 2. Traffic flow state SJtoF
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Tri ¼
F; if vc;i [Vsyn max or Ni

!���
���\nsyn min

S; if Vjam max\vc;i\Vsyn max and Ni
!���
���[ nsyn min

J; if vc;i\Vjam max and Ni
!���
���[ nsyn min and ki [Kjam min

8
>>><

>>>:

ð6Þ

where vc;i is the current velocity of vehicle i, Vsyn max is the maximum velocity of
synchronization flow, Vjam max is the maximum velocity of jam flow, Kjam min is the
minimum network density of jam flow.

Step 2: Detecting possible traffic flow transition state. Vehicle i detects the list of
neighbors with the same direction. It resets its state according to the following rules
based on the state of its preceding vehicles.

(1) The state will be set as FtoSJ if Traffic_State of i is F and Traffic_State of i’s
preceding vehicles are S/J;

(2) The state will be set as SJtoF if Traffic_State of i is S/J and Traffic_State of i’s
preceding vehicles are F.

3.2 Dynamic Transmission Range

As discussed in [11], the various traffic flows present different impacts on network
connectivity. In order to reduce clustering overhead while improve cluster stability,
VTCP defines dynamic transmission range for different traffic flow states.

Vehicles at free flow traffic state may located in a sparse network with serious
network partition, in which exist very small cluster, even isolated cluster heads. VTCP
enlarge the node’s transmission range for such a scenario. However, too large trans-
mission range may extend into the synchronization flow or jam flow. Therefore, VTCP
defines dynamic transmission range for free flow as ðRfree min;Rfree maxÞ. For a vehicle
i, if Ni

!���
���\nsyn min=2, the transmission range is enlarged according to Eq. (7):

Rn ¼ Rc;i � ð2� SiÞ; if Rc;i � ð2� SiÞ\Rfree max

Rfree max; else

�
ð7Þ

where Si is the saturation rate of vehicles in the same direction of vehicle i, which can
be defined as:

Si ¼ Ni
!���
���=C; in which C ¼ Rfree max

Lþ S
� NL ð8Þ

where L is the average vehicle length, S is the jam distance and NL is the number of
lanes.
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If Ni
!���
���[ nsyn min, the transmission range is shrunk according to Eq. (9):

Rn ¼ Rc;i � ð1� SiÞ; if Rc;i � ð1� SiÞ[Rfree min

Rfree min; else

�
ð9Þ

For vehicles in synchronization flow, the transmission range is set as Rfree min.
For vehicles in jam flow at high node density, the transmission range should be

shrunk to reduce collision. VTCP defines the transmission range as
(Rjam min;Rfree min). It is initially set as Rfree min. The vehicles check the number of its

neighboring nodes with same direction. If Ni
!���
��� is larger than a threshold Nj, the

vehicle should adjust its transmission range according to Eq. (10) until its neighboring
nodes with same direction become less than Nj or the minimum transmission range is
achieved.

Rn ¼ Rc;i � ð1� kiÞ; if Rc;i � ð1� kiÞ[Rjam min

Rjam min; else

�
ð10Þ

3.3 VTCP Clustering Strategy

VTCP follows 1-hop clustering and 2-hop maintenance principle, that is, the cluster
head is chosen from the 1-hop neighbors while the maintenance operations are con-
ducted within 2-hop distance. VTCP defines five cluster states for the nodes: Clus-
ter_Head, Cluster_Gateway, Cluster_Member, Head_Contention and Head_Alone.

3.3.1 Cluster Formation
Firstly, all the nodes are initialized as Head_Alone state. Initially, all the nodes peri-
odically broadcast CF_HELLO message, carrying node ID, location, moving direction,
traffic state, cluster state, expecting velocity and mobility metric for clustering. When a
vehicle receives the CF_HELLO messages from the neighbors in same direction, it can
calculate its mobility metrics for clustering according to its traffic state. Then, this
metric for clustering is filled in the CF_HELLO message for second round broad-
casting. After the second round broadcasting, each vehicle compares its metric value
with its neighbors to determine whether it behaves as a cluster head. The procedure for
cluster head determination could be described as the following Algorithm 1:
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In the above procedure of cluster head determination, if the vehicle has best metric
for clustering, it will set its cluster state (i.cluster_state) as Cluster_Head and broadcast
cluster head invitation message to its neighbors. Otherwise, the vehicle will wait for
cluster head invitation from other nodes. When the vehicle receives cluster head
invitation, it will join that cluster and set its cluster state as Cluster_Member. If a
vehicle receives multiple cluster head invitations, it will select one cluster to join in and
set its cluster state as Cluster_Gateway.
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3.3.2 Cluster Maintenance
In order for efficient cluster maintenance, VTCP defines priority for the different flow
states: they are SJtoF, F, FtoSJ, S/J from lowest to highest priority, according to the
stability of the traffic flow. VTCP implements cluster maintenance within 2-hop dis-
tance. In order for high cluster stability, if a node choose to join in a cluster head at
2-hop distance, the traffic state priority of the selected cluster head must be higher than
that of this node.

In cluster maintenance, the vehicles continuously check their cluster state and
conduct the following maintenance operations accordingly:

(1) Cluster state update for non-clustered nodes: as shown in Fig. 3.

(2) Upstream node selection: when a node determines to join in a cluster head at
2-hop distance, it should select upstream node to forward cluster request message.
The upstream nodes are selected according to their traffic state priority, and
according to the distance for the same priority.

(3) Cluster member maintenance: if a 1-hop cluster member does not receive hello
message from cluster head for a predefined duration, it will set as HEAD_ALONE
state. If a 2-hop cluster member can receive hello message directly, it will change
to 1-hop member and delete the upstream node.

(4) Cluster head selection: the cluster head with full size of members (i.e., the cluster
member reaches Cmax) and with lower traffic state priority are ignored. The nodes
in F or SJtoF state select the cluster head moving at the most proximate velocity.
The nodes in S, J or FtoSJ state select the nearest cluster head.

(5) Cluster head task transferring: a cluster head at S or J state will transfer the head
task to its member with best cluster metric (as discussed in Sect. 2) when the

Fig. 3. Cluster state update for non-clustered nodes
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portion of succeeding members is more than a threshold, l. If a cluster head is at
SJtoF state, it implies this node has moved across the downstream front of the
traffic flow. Therefore, it should transfer cluster head task to its members in S or
J state.

(6) Cluster head contention: when two cluster heads moving at the same direction
encounter, the cluster head contention operation should be performed. The one
with higher traffic state priority wins the contention and remains as the cluster
head.

4 Simulation and Results

The simulation is conducted in VanetMobiSim and NS2 integrated simulation envi-
ronment. VanetMobiSim is used to generate traffic scenario and NS2 is the network
simulation software used to implement the clustering algorithms. The simulation
parameters are listed in Table 1.

The following metrics are used to evaluate the stability performance of the clus-
tering algorithms [12, 13]:

• Mean cluster head lifetime: Also known as cluster lifetime, this refers to the average
time duration of all the nodes acting as cluster heads during the entire simulation.
This is an important metric for cluster stability.

• Mean re-affiliation times: The mean times of a node (cluster head or member)
leaving one cluster and joining another. A lower value reduces bandwidth con-
sumption during message exchanges for member updates.

• Mean cluster residence time: It is defined as the average affiliation time of an
ordinary node to a particular cluster.

• Number of clusters: The total number of clusters formed in the network during
simulation time. This is a metric for the scalability of the clustering approaches.

The proposed VTCP clustering method and other classical approaches (HCC [14],
MOBIC [15] and MobDHop [16]) are implemented in simulation. In order to improve
the comparability, these benchmark algorithms are modified: the strategy dealing with

Table 1. Simulation parameters

Parameter Value Parameter Value

Network size 5 km * 3 km Vjam max 20 km/h
Simulation time 2500 s Kjam min 0.8
Traffic light 5 Cmax 200
Mobility model IDM_LC Rfree min 300 m

vdesired 120 km/h Rfree max 1000 m

qsyn min 25 veh/(km∙lane) Rjam min 200 m

Vsyn max 50 km/h l 0.8
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opposite direction vehicles are added into them to avoid joining a cluster moving in the
opposite direction; cluster contention operation are added for HCC. In the following
sections, the revised approaches are called HCC-V, MOBIC-V and MobDHop-V.

Figure 4 illustrates the performance results of the proposed VTCP, HCC-V,
MOBIC-V and MobDHop-V with varying number of nodes in simulation.

Figure 4(a) shows the cluster residence time of different clustering approaches.
Generally, with the increasing number of nodes, cluster residence time decreases. This
is because the vehicles experience more frequent traffic state transitions when the
number of nodes increases, and thus it becomes more difficult for the vehicles to
maintain connectivity to cluster head, especially at the downstream front of the syn-
chronization flow and jam flow. It can be seen from Fig. 4(a) that the clustering
strategies based on mobility features (i.e., MOBIC-V, MobDHop-V and VTCP) show
performance advantages in cluster residence time. VTCP shows more obvious per-
formance advantages at high node density than other mobility based clustering
approaches. This benefits from the cluster head selection considering the features of
different traffic states and timely cluster head transferring.

In terms of cluster life time, as shown in Fig. 4(b), it decreases with the increasing
number of nodes. For a low node density, there exist many isolated nodes acting as

Fig. 4. Simulation results on clustering performance
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cluster heads, thus long cluster head life time could be achieved due to those isolated
cluster heads. When the number of nodes increases, cluster life time decreases because
of more cluster head contentions. Especially at the downstream front of synchroniza-
tion flow and jam flow, the vehicles accelerate sharply into low density area, and thus
suffer decreasing cluster head life time. VTCP outperforms the other approaches
because of its dynamic transmission range, 2-hop cluster maintenance and in advance
cluster transferring at the downstream front.

In Fig. 4(c), VTCP shows obvious advantage in re-affiliation times than the other
cluster approaches. The first reason is because the dynamic transmission range, which
ensure long time connectivity to cluster head even though at a low node density. VTCP
also benefits from its cluster head selection in cluster maintenance considering the
traffic state priorities of both the cluster head node and the joining node, thus avoiding
the vehicles at S and J state joining a cluster head at SJtoF state and decreasing
re-affiliation times accordingly. From the perspective of cluster radius, multi-hop
cluster maintenance increases the re-affiliation times due to the increasing probability of
a node losing connectivity to its cluster head at multi-hop distance. Therefore, VTCP
defines cluster maintenance with maximum radius of 2-hop, in which 1-hop cluster
head is preferred than 2-hop cluster head, and only 2-hop cluster head with higher
traffic state priority will be selected.

As shown in Fig. 4(d), the number of clusters increases with the increasing number
of nodes. Obviously, the number of clusters of 2-hop clustering (VTCP and
MobDHop-V) is much less than that of 1-hop clustering (MOBIC-V and HCC-V).
VTCP employs dynamic transmission range which can decrease cluster number at a
low density scenario and improve cluster stability at a high density scenario.

5 Conclusions

In this paper, VTCP, a clustering protocol based on traffic states is proposed for
vehicular networks. It is motivated by our observations about the impacts of different
traffic flows on networking parameters. The analysis on mobility features, clustering
metrics and clustering strategies of these traffic flow states are given firstly. The traffic
flow state detection method is designed. And the dynamic transmission range strategy
is introduced to reduce clustering overhead while improve cluster stability. The cluster
formation and maintenance operations of VTCP are presented in detail. The simulation
results in VanetMobiSim and NS-2 integrated environment show that VTCP outper-
formed other classical clustering approaches in terms of cluster stability.
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Abstract. Cluster–on–Demand VANET clustering algorithm (CDVC) along
with load balancing for urban is proposed. Urban vehicles are characterized by
unpredictable moving direction. These challenges are solved by CDVC, which is
composed of three main procedures; that is, initial clustering, cluster merging,
and cluster head selection. In initial clustering, vehicles are clustered determines
the boundary of each cluster. In cluster merging, Self–Organizing Maps (SOMs)
is used for re–clustering by the similarity of nodes, which guarantees the stability
of clusters. It leads to achieve load balancing. In cluster head selection, the infor‐
mation of location and mobility are combined to select a more stable cluster head.
The performance of CDVC is evaluated and compared with the Lowest ID (LID)
and Mobility based on clustering (MOBIC). Finally, the simulation results reveal
that CDVC is superior to LID and MOBIC in terms of cluster head duration,
clusters number, and load balancing.

Keywords: Vehicular ad hoc networks · Clustering · Cluster–on–demand · IEEE
802.11p · Load balancing · Urban environment

1 Introduction

Clustering is defined as a process to group all of the mobile nodes into clusters [1]. The
main purpose for a VANET clustering algorithm is to maintain cluster stability, avoid
frequent re–clustering operations.

The aim of this paper is focus on the urban environment of VANET. The character‐
istics of urban environment are described as follows: 1. there are more different type of
roads and vehicles, 2. a large number of data is needed to transfer, 3. network topology
varies frequently, 4. an outburst of accident phenomenon is difficult to predict. These
characteristics determine the some problems, such as data collision, data loss, high end–
to–end delay, unstable network.

Recently, Seyhan Ucar et al. [1] proposed VANET safety message dissemination by
multi–hop cluster architecture, which achieved high data packet delivery ratio and low
delay. It does not consider the load balancing. Jerry John Kponyo et al. [2] proposed
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cluster–on–demand Minimum Spanning Tree (MST) prim algorithm in that it gave the
finite method to determine the number of clusters and cluster member. However, the
analysis of stability was not provided. For this reason, in 2013, Jung-Hyok Kwon et al.
[3] proposed neighbor stability–based VANET clustering for urban vehicular environ‐
ments, which guarantees the reliable delivery of data by keeping network stable.
However, it neglected the load balancing, affected the data delivery in time. The Lowest
ID–based (LID) clustering scheme is proposed in [4] neglected the mobility of nodes,
which is simple but has to frequently re–select CHs. More recently, mobility based for
clustering (MOBIC) is proposed in [5]. Unfortunately, the performance of MOBIC is
impacted by the fixed clustering period. The clustering algorithms mentioned above
haven’t been analyzed the completeness and contradictory of packet delivery rate, end–
to–end delay, and stability. Besides, the recent clustering algorithms have neglected the
spatial boundary in ad hoc network, see [6].

In this paper, CDVC is proposed to solve the above mentioned problems. To degrade
the end–to–end delay of nodes, we presented a cluster–on–demand algorithm, which
clusters the communication message according to the demand. It decreased the time cost
by different kind of messages. It does not need to wait for accessing to the channel, the
shortened the message queuing time competition, and the reduced the transmission delay
of message data. Furthermore, to improve the network stability in the same communi‐
cation demand categories, we proposed the SOM clustering algorithm, which clusters
the nodes due to the communication radius and the relative location of nodes. Each sub–
clusters limit the sorted number Ns and the cluster structure Nu. In order to achieve load
balancing, message should be delivered equally to CHs in sub–clusters. As a result, it
benefits for network more stable. In addition, we present the initial clustering algorithm
to determine spatial boundary mentioned above, see [6].

The rest of the paper is organized as follows: Sect. 2 describes clustering system
model. Section 3 delineates the proposed clustering algorithms. The comparison of the
proposed clustering algorithm to the LID and MOBIC is given in Sect. 4. Finally, this
paper concludes with a brief summary in Sect. 5.

2 Clustering System Model for Vanet

2.1 Urban Scenario for Cluster–Based VANET

Assume that vehicles move with different moving velocities and directions in urban
traffic environment. Various kinds of roads cause the frequent topological variability so
that clustering plays an important role as a controlling scheme. Figure 1 shows the
cluster–based vehicular system architecture, where CMs communicate with their
designed CH. Also, it assumes that clusters have been formed from adjacent vehicles in
specific regions. Note that CHs are network coordinators. Both CHs and CMs prefer to
communicate with base stations once required resource exists in neither inter–cluster
nor adjacent clusters.
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2.2 Assumptions

Clustering hypotheses are made as follows:

– In physical layer and MAC layer, we use GPSR protocols [1] and IEEE 802.11p [7]
respectively in that IEEE 802.11p provides data rate ranging from 3 to 27 Mbps.

– The vehicles can use GPS to retrieve vehicle information includes nodes ID, velocity,
destination, and vehicles communication demand. Vehicles are equipped with high–
speed computing hardware.

– Initially, all nodes equipped with multiple onboard equipments to support various
forms of communication [2].

2.3 Status of Vehicles in Clustering

In VANET clustering, there are four possible statuses for each vehicle. That is,

– Cluster Head (CH) is which the vehicles are responsible for the coordination tasks
of intra–cluster and inter–cluster such as transmitting the data.

– Isolated Cluster Head (Iso–CH) cannot connect to any existing cluster.
– Cluster Member (CM) is which the vehicles belong to a constructed cluster.
– INITIAL (IN) is the starting status of each vehicle.

3 Clustering Algorithms Operations

To improve the network stability, we should keep the cluster stability, which needs to
degrade the occurrence of CH bottleneck. This leads to cause the number of CMs as
little as possible. On the contrary, in order to reduce the end–to–end delay between the
nodes data delivery and decrease the route cost, the number of clusters need to be
reduced. For fixed network, the reduction of the number of CMs definitely implies the
increase of the number of clusters. Therefore, CDVC is designed to provide load

CH
Cluster 5

CM

Cluster 4

AP
IEEE

802.11p

IEEE
802.11p

Cluster 2 Cluster 3

Cluster 1

Fig. 1. System architecture for cluster–based vehicle scenario
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balancing of VANET in urban traffic environment, which clustered the trade–off
between stability and end–to–end delay, and limited the cluster number under certain
conditions. The number of differences between CMs should be as closed as possible.

In the sub–clusters, CDVC consists of three procedures, such as initial clustering,
cluster merging by using SOM, and cluster head selection.

3.1 Initial Clustering

The initial clustering aims to determine spatial boundary with one–hop limitation and
to guarantee high packet delivery ratio. All vehicles are regarded as Iso–CHs initially.
They access the channel by Distributed Coordination Function (DCF). If nodes don’t
receive clustering message, they become Pseudo Iso–CHs (PICHs). Surrounding nodes,
which are in the communication radius, try to join PICHs cluster. After PICH sends a
clustering message, each receivers, which is willing to join in the cluster, will feedback
a join application messages within the limit of T1 = 10 ms. PICH will decide to accept
or neglect the nodes according to Nu. If it accepts the nodes, the CMs number accumu‐
lates. If the response message from any nodes does not receives, PICH needs to resend
clustering message following t1 = 0.1 ms cycle until the end of T1. Once the time exceed
T1, PICH neglects any join application message and a cluster is generated if some nodes
have joined. When the nodes receive clustering message from the existing PICH, they
send join message to PICH if they want. The nodes wait for the respond message from
PICH within T2 = 10 ms to become CMs. Otherwise, they resend join application
message following t2 = 0.1 ms cycle until the end of T2. Once exceed T2, the nodes which
haven’t been accepted, retain Iso–CHs. After a cluster creates, cluster head selection
will be invoked. It is of interest to note that the cluster merging dont execute until the
actual CH is selected.

3.2 Cluster Merging by SOM

In clustering networks, re–clustering operation may cause change of CHs and topolog‐
ical variability. To form stable and load balancing cluster, the maximum number of
clusters is limited during the cluster merging. Here, the traditional SOM is applied to
classify nodes because its performance is already good enough [8]. The process controls
Ns to keep the network stability and load balancing. During cluster merging, if the sum
of CMs is less than the upper limit of cluster size, these clusters integrate to a larger
cluster. Otherwise, let Nc denotes the number of clusters before cluster merging in a
region, Ns denotes the sorted number, and Nu denotes the upper limit of cluster size. Ns

can be calculated by N
s
=

N
c

N
u

. Then, Ns clusters will be generated after cluster merging

is executed.
It follows from [1] that the maximum hop is set to be 2 in order to guarantee clustering

stability. The cluster merging procedure using SOM. CHs share their cluster information
when they are within the communication range of each other. If CHs receive the cluster
merging message, each of CHs invokes the SOM algorithm, and broadcasts the sorted
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results and the ID of re–selected CHs to their own CMs. Besides, CHs will send cluster
merging message if they haven’t receive any clustering message from other CHs during
clustering merging.

3.3 Cluster Head Selection

The authors in [1–3] proposed an algorithm for creating stable clusters. In this algorithm,
clustering metric combining location with mobility of vehicles is utilized for cluster
head selection.

4 Performance Evaluation

4.1 Simulation Scenarios

The simulations are performed by using SUMO and MATLAB. The total simulation
time appears to be 800 s. The clustering process starts at the 151st sec when all the
vehicles have entered the road. All the performance metrics are evaluated for the next
250 s. In VANET, vehicles are considered to be the nodes. For simplicity, communi‐
cation demand consists of voice traffic, streaming (Video), and data traffic (BE and BK)
according to QoS category classes [7, 9, 10]. Different communication demand resulted
in different waiting time [11], the same communication demand considers to be clustered
in a cluster, thereby degrading the waiting access time. Since the different communica‐
tion demand message can used for parallel processing, which improves the transmission
time effectively. Each type of message with maximum number of CMs is different due
to the average delay, see [7, 10]. Thus, it can be seen that communication demand
consideration relation between the number of clusters and the number of the members
in the clusters is the same as load balancing.

During our simulation, we select the voice traffic as a example. Nu in each cluster is
set to be 30 according to the relation between the end–to–end delay and the nodes
numbers [7]. Other simulation parameters are listed in Table 1.

Table 1. Simulation parameters for VANET

Simulation time 800 s
Maximum
velocity

30/40/50/60 m/s

Max-hop 2
Scenario scale 2 km * 3 km
HELLO-
PACKET size

129 bytes

DATA-PACKET
size

1024 bytes

Max number of
cluster members

30
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4.2 Simulation Results and Performance Analysis

Assuming N and R represent the number of vehicles within distance in a region and the
communication radius respectively. When the value of N is less than Nu, the communi‐
cation radius R can be shorten properly in order to keep cluster more stable. Once N > Nu,
Ns will change due to the different size of cluster. Hence, the impact should be considered
of R and the number of the vehicles N.

Figure 2 shows the average cluster head duration of the CDVC under different
communication radiuses change from 50 to 700 m when node number fixes to be 600
per kilometer. The average cluster head duration decreases as the communication radius
increases. The reason is that larger communication radius possesses more one-hop
neighbors. Mobility similarity and correlation of CMs decline when they are far apart.
In this case, clusters become unstable. However, cluster head duration of CDVC is longer
and decreases more slowly due to more stable clusters. So, it can be speculated that there
requires fewer reclustering operations and less routing cost in CDVC than other two
mechanisms in cluster merging and cluster head selection process.
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Fig. 2. Average cluster head duration versus vehicle number

Figure 3 shows the average number of clusters using CDVC while the vehicle
number increases from 300 to 800 per kilometer. R mentioned earlier is given to 250 m.
As vehicles increase, the number of clusters also increases because Nu is fixed to be 30
during simulation. One observes that the average number of clusters in CDVC slightly
increases when compared to LID and MOBIC. The reason is that the number of clusters
in CDVC is controlled by the optimal modification of Ns and the limitation of Nu. Obvi‐
ously, more clusters will cause larger end–to–end delay. Hence, the performance of end–
to–end delay by using CDVC will be better than other two mechanisms.

Figure 4 shows the distribution of cluster members at different simulation time using
box diagram. Except a few points, CM number in each cluster using the CDVC fluctuates
in a smaller range compared to LID and MOBIC. With the action of Ns and the limitation
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of Nu in SOM, clusters become more stable. Meanwhile, CM number in each cluster
become more balanced and more concentrated than others.
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Fig. 4. Amount of cluster member’s distribution during the simulation

5 Conclusion

A cluster–on-demand clustering algorithm in urban scenarios is presented. Clustering
based on communication demand degrades the end–to–end delay of nodes. Under the
sub–clusters, the proposed algorithm consists of three critical procedures, such as initial
clustering, cluster merging, and cluster head selection. In this case, the initial clustering
achieved by limiting the clustering communication range within one–hop. Cluster
merging by using SOM and cluster head selection control cluster structure and cluster
number through the limited maximum two– hop range and Ns. So, data packet delivery
ratio increases and the end–to–end delay decreases. These procedures trade off load
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balancing and stability. Finally, the simulation results show that the proposed algorithm
is superior to LID and MOBIC.
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Abstract. Real time communication with use of sign languages is addressed.
Sign language used in this study is performed in uniform lighting conditions. The
system looks at image processing of the hand gestures followed by some feature
extraction techniques to verify the gesture. Different classification techniques and
logics are applied to classify the images and results are compared experimentally.
Conditional classification is also used in the research to test for accuracy and is
compared with previous results.

Keywords: Communication · Sign language · Image processing · Feature
extraction · Classification

1 Introduction

Computer vision is enabling a computer or a machine to perceive objects based on its
processing speed. Human vision differs from computer vision since computer vision works
with frames. At 60 frames per second (fps) the perception is much smoother [1]. Computer
vision can be used to detect and recognize objects of interests. Hand gestures which are a
mode of communication for hearing impaired can be recognized using computer vision by
applying image processing and pattern recognition techniques.

In this paper we look at the image processing techniques and feature extraction of
gestures. The ASL is fourth frequently used language in The United States of America.
Human eyes can only see objects in presence of adequate lighting. Presence of uniform light
will keep the objects needing recognition unique. Palmistry [2] shows that there are six types
of palms regardless of the skin color. ASL characters in finger spelling differ from one
another, and to contrast between these characters, a number of features need to be identified
that makes each gesture unique. Image processing with uniform light distribution and scat‐
tered lighting on the scene has different output.

Different approaches are available for classification. Euclidean distance is the simplest
approach and Paansare et al. [4], achieved a minimum of 85% recognition accuracy for 26
different classes. A database of image needs to be established first before classification
process.

Gestures with altering background require background segmentation prior to feature
extraction process. This is done so that only the features of the gestures are extracted.
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Kulkarni and Lokhande [5] proposed the method for static gestures where the background
was kept constant. The region of interest is the gesture, and since the background remains
constant there is not much need to track hands and do foreground subtraction. Skin color
detection is very sensitive to lighting conditions [6] thus it is better to work with a color
space which is intensity normalized [7].

The paper is structured as follows. Section 2 discusses the basics of image processing
and image acquisition for the implemented system. In Sect. 3, the feature extraction of the
gestures is introduced. Classification method is shown in Sect. 4. Results from real-time
experimentation are discussed in Sect. 5. The conclusion and future recommendation and the
proposed work is given in Sect. 6.

2 Image Acquisition and Processing

In computer vision approach it is necessary to interface a visual device for the machine and
acquire videos or frames of videos from the 3D surroundings. A web cam is used in
acquiring image. Cameras sensitivity to light is determined by its ISO speed and a camera
has ability to function at different ISO speeds. High ISO can give a noisy image by ampli‐
fying the image together with the noise present thus involving more image processing and
filtering. For a real time system it is preferable to work in an environment with adequate
lighting so that the web cam can acquire images fast enough for processing. Extremely high
luminance can cause occlusion problems and presence of multiple shadows and noises. Hand
gesture is dynamic movement of static hand postures [3] and in order to acquire image from
the video input to the machine, it is a good practice to track the hand before taking snap‐
shots or acquiring the frames from the real time video. The tracking and detection of hand
is excluded from the algorithm since the system is designed where the gestures are
performed in a confined space with a static background. Video resolution of 640 × 480 was
set for the webcam interfaced with the machine before grabbing images from the video.
Since 640 × 480 resolution image have 4 times more data for processing compared to
320 × 240, the images acquired were scaled down to 320 × 240. The features of the gesture
were envisioned to be extracted from the edge representation of the image. The scale used
to convert any image with 4:3 aspect ratio to 320 × 240 resolutions is given in Eq. 1. The
scale was multiplied element wise to the matrix representation of size of the image.

√
320 × 240

sum of pixels per column × sum of pixels per row
(1)

The step to feature extraction is image processing. The images are processed to give a binary
image. The color space for input image will be different depending on the video input
settings. Some color spaces used in acquiring images are YCbCr, RGB, YPbPr which is
scaled version of YUV color space [8, 9]. HSV color space is used mostly for skin detec‐
tion purposes. Figure 1 shows a gesture, representing the character 4 in the ASL gesture for
finger spelling, is converted from RGB to HSV. The gesture was performed on a reflective
white background. It can be clearly noticed that the skin color part is contrasted as green and
blue from the background. However the edges of thumb is not noticeable thus losing its
feature to some extent.
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Fig. 1. Converted from RGB to HSV (Color figure online)

The acquired images are converted to binary images for extracting features. Figure 2
shows the major processes involved in image conversion. The result of the conversion is
shown in Fig. 3 where the gesture representing the number 1 in ASL finger spelling is used.

Fig. 2. Image conversion process

Fig. 3. Image processing of a gesture

There are some image processing techniques used to achieve the desired binary image.
Light and illumination are factors that affect the results. One of the approach is to adjust the
brightness and contrast or and correct the illumination.

An image can be represented as a two dimensional function [10], (x,y) → f(x,y). The
intensity of an image is proportional to the light energy input to the device capturing
image and its resolution. The image can be regarded as function of light with two
parameters which are the luminance of the light on the scene and the reflective index of
the objects in the scene.
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f (x, y) = i(x, y)r(x, Y) (2)

Where i is the illumination from the light source and ranging from 0 to infinity and r is the
reflective index of the object limited from 0 to 1. A value of zero indicates total absorption
whereas values of 1 indicates total reflection. The brightness and contrast of snapshots is
adjusted in the processing stage so the output after edge detection has less noise and more
relevant data. The contrast was manually adjusted in photo viewer and then the values were
tested for image in Matlab. The brightness of an object determines the presence of light in
the image whereas contrast is the difference between objects and regions [11]. In constant
lighting environment, brightness does not need to be altered much. To minimize noises and
to smoothen the objects in the scene, illumination correction methods are applied. Figure 4
shows the results of illumination correction on the static background which is used. The
image becomes smoother with uniform illumination.

Fig. 4. Uniform illumination of background

Figure 5 illustrates the gesture performed on a white reflective background with its
surface plot before and after distribution of light on the scene. Illumination correction helps
in removing the noise caused by highly reflective regions.

To distinguish between the background and the object in background, background
segmentation technique is utilized in which the background is removed from the entire
image. Since the background is the same at all times, tracking and foreground segmentation
is not given much priority in the system. The system is designed with a fixed video input
which is projected on a static white background where the gestures are performed and
tested. The light acting on the background plane has uniform intensity and varies very little.
Any scattering of light on scene is normalized and distributed in the image processing step.
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3 Feature Extraction

Feature extraction relies mostly on the success of the image processing. In feature extrac‐
tion, unique features which distinguish one gesture from the other is mined. These features
are represented as feature vectors. Two common geometric features used are the area and
perimeter of the segmented image. Integral image is used by [12] in which sum of rectan‐
gular area in the image is used to get the area. For feature extraction, three processed images
were used for simplicity. First image is the boundary or edge representation of the gesture,
second image is the filled area of the edge representation of first image. Two edge detection
techniques, the ‘canny’ edge detection and ‘Laplacian of Gauss’ edge techniques were
multiplied together to get the third image which had much finer boundary but was more
discontinuous. Sum of pixels in filled edge image gives the area whereas the total pixel of
the edge image gives the perimeter. The relationship between the perimeter of a circle and
area of a circle was used to find the value of r, which was termed as apothem of the gesture.

radius

2
=

Areacircle

Perimetrecircle

(3)

Apothem is 2 times the area divided by the perimeter of the object and represents the radius
of the inscribing circle.

Most of the features were extracted using the regionprop command in Matlab. The
length of major axis and minor axis was used as features, the eccentricity and the orienta‐
tion was also used as features. Finger counting was used by [13] as features of the gesture.
It was observed that the spacing’s between consecutive fingers is approximately same as the
width of the fingers at a point slightly above the base of the fingers. Thus a range of pixel
value is used to find the number of fingers and thumbs present. The image ratio of 4:3, was
divided into 40 equivalent intervals and the width and length between the extreme edges
were found. The ratio of the length to width was calculated and termed as the gradient. This
40 gradients represented the nature of the gesture and represented in form of a graph. The

Fig. 5. Illumination correction of gesture in background

132 A. Kumar et al.



area of the gradient plots were calculated and represented as a feature of the gesture.
Figure 6 describes how the length and width of images were extracted at different intervals.
The plot of gradients for gesture representing ‘A’ is shown in Fig. 7.

Fig. 6. Length and width of image at intervals

Fig. 7. Plot of ratio of length to width

To prevent the ratio from being infinity, the absolute value of the length and widths were
taken and a very small value of 0.001 was added before calculating the ratio.

4 Classification Approach for Gestures

Classification was done based on ten features and upon observing the results, the clas‐
sification was changed and modified slightly. First approach was finding the distance of
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the performed vector from the feature vectors obtained. The feature vectors were saved
as mean of each features of a class. There are 10 features and 36 classes.

⎡⎢⎢⎣
𝜇1,1 ⋯ 𝜇36,1
⋮ ⋱ ⋮

𝜇1,10 ⋯ 𝜇36,10

⎤⎥⎥⎦ (4)

The test features were represented as column vector and subtracted element wise from each
of the columns in the mean feature vector obtained. For every feature, the closest matching
classes were found. This was done by finding the minimum value in the rows and noting its
class. The Euclidean distance for the classes with closest match was calculated and compared.

⎡⎢⎢⎣
f1 − 𝜇1,1 ⋯ f1 − 𝜇36,1

⋮ ⋱ ⋮

f10 − 𝜇1,10 ⋯ f10 − 𝜇36,10

⎤⎥⎥⎦ (5)

The next classification approach was using KNN (Kth Nearest Neighbor), where the value
of K was tested for 3, 5 and 7. A value of 7 was used to implement the system. In this
classification the mean was not calculated but all the feature vector for each classes was
used. The classes of 7 closest nearest neighbors are stored in an array and the unique class
is found. If there existed two or more unique classes then the nearest neighbor is used where
K is set to 1 (Fig. 8).

Fig. 8. Flowchart of KNN approach used

The third and fourth classification are same as the first and second approach but with
reduced features. The feature representing the connectivity of the gesture or Euler’s number
[14] was eliminated. This was done since the variance of Euler’s number between classes is
very high. Thus if in a gesture, 9 features are extremely close enough while the feature
showing connectivity is very far, then the Euclidean distance calculated is very high showing
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that the gesture is not closely matched. The final design was based on conditions of features.
In this approach one of the features was given priority and used as condition to minimize the
classes into subclasses. Feature which had a relatively high variance was chosen to act as a
decision tree, thus determining the accuracy of the system based on decision of a less impor‐
tant feature. The finger count plus the spacing’s between the fingers was the feature given
priority. The values of this feature ranges from 0 to 5, thus the classes were divided into 6
sections. Table 1 shows the division.

Table 1. Spacing index for gestures

Spacing index Gestures
0 B,H,Q
1 0,A,D,E,I,L,M,N,O,P,R,S,T,U,Y,Z
2 1,F,G,X
3 2,3,5,7,9,C,J,K,V
4 4,6,8
5 W

The spacing index represented new class and the gestures were sub classes. Classifica‐
tion was again done based on Euclidean distance for this approach.

5 Results and Accuracy

The classification results were checked for ten tests for each class. The characters were
performed in orderly sequence ‘a’ to ‘z’ and ‘0’ to ‘9’. Accuracy for single characters was
tested first. ASL characters were then used to form words containing two, three or four
characters. The results of the tests are given in Table 2.

Table 2. Results of classification (%)

Method Number of characters in word
1 2 3 4

Mean Euclidean distance 23.6 22.5 21.9 21.1
KNN 31.9 31.1 30.8 30
Euclidean distance (reduced features) 35.2 32.5 31.1 28.1
KNN (reduced features) 83.8 83.6 82.2 82.25
KNN based on feature condition 71.1 68.3 67.5 67.5

Gestures were performed in orderly sequence and also randomly. The recognition rate
was calculated by finding the ratio of correct classification and total tests. The total tests was
360, 10 tests for each 36 class of gestures.

recognition =
total correct

total tested
× 100% (6)
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Since the system is in real time, the algorithm was designed to show all the classifica‐
tion results in Matlab workspace thus the patterns noticed. Five classification methods which
were expansion of Euclidean distance, was used to test for results.

The results obtained by the system compares relatively same with results obtained
by (Kulkarni and Lokhande, 2010) [5] in which neural network was used as classification
technique. Nearest neighbor classification is a simple classification technique compared
to other state of art techniques.

6 Conclusions

Illumination correction of hand gesture resulted in a better and smoother binary image which
was used to extract features to compare and classify gestures. Lighting conditions affect the
results. Very dark environment with less illumination resulted in binary image with more
noise thus required lots of image processing. High amount of features yielded good results
but inclusion of a redundant feature affected the results largely. Eliminating the redundant
features improved accuracy of classification. On the other hand, giving priority to a single
feature of less importance also reduced the accuracy of the classification. Euclidean distance
approach, nearest neighbor and Kth nearest neighbor are simple to implement and can be
expanded with conditional algorithm to get good results. Implementing the system is very
cheap and can be easily expanded to recognition of other objects or sign languages.

Classification using two camera inputs is possible future study. A hybrid classification
and feature weighting is also area of exploration to obtain further improved result. The
current research benefits by enabling communication with hearing impaired people easier
by use of simple state of art. The algorithm can also be used in human machine interface for
controlling devices and in any other non-verbal communication.
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Abstract. As an important member of IOV, vehicular Ad Hoc Networks
(VANETs) play a key role for many vehicular applications, which significantly
rely on the vehicular routing. However, the frequently changed topology leads to
great challenge to the routing protocol. In this work, inspired by the mechanism
of cellular adaptive responses in a changing environment, called cellular attractor
selection, we propose a novel bio-inspired unicast routing protocol, which can
adapt vehicular message forwarding to the changing topology to guarantee the
routing efficiency and reliability. The experimental results exhibit the robustness
and effectiveness of the proposed method and the significantly improved perform‐
ance over the conventional routing protocol.

Keywords: Vehicular ad-hoc networks · Unicast routing protocol · Self-adaptive
mechanism · Biologically inspired networking · Attractor selection model

1 Introduction

There are many potential applications with IOV, such as traffic management, collision
avoidance, cooperative driving [1–3]. As an important component of IOV, Vehicular
Ad-Hoc Networks (VANETs) are different from traditional networks. The networking
nodes of VANETs are vehicles with high mobility, which could cause rapid change in
the network topology. Thus, the conventional routing protocols using routing table to
forwarding packets may be infeasible in vehicular networks. Although VANETs have
some common characteristics of Mobile Ad-Hoc Networks (MANETs), VANETs are
characterized with some special features that should not be ignored of, such as the highly
dynamic nature of network topology and more complexity of the vehicular scenarios.
So conventional MANET routing protocols may fail in meeting the reliability demand
imposed by the vehicular message forwarding.

The most commonly used routing protocols for mobile ad hoc networks are Dynamic
Source Routing (DSR) [4], Ad-Hoc On-Demand Distance Vector (AODV) [5], Greedy
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Perimeter Stateless Routing (GPSR) [6]. Different protocols have different routing
processes. The nodes with the DSR protocol need to maintain and update their own routing
buffer in real time. When the information stored in the routing buffer is available to
construct a routing path, the message is forwarded by the hop-by-hop transmission. When
there does not exist a feasible route, the nodes will discover a new route using flooding-like
broadcasting mechanism and update the entries of their routing buffer. In the AODV
protocol, a node uses a dynamic routing table to record the new path’s information. In GPSR
[6, 7], each forwarding node sends the packets to the next-hop node that is the closest to the
destination node. GPSR depends on the information on the relative position between each
neighbor node and the destination node to select the next-hop node from this forwarder’s
neighborhood. In some situations where no nodes are closer to the destination node than the
current forwarding node, GPSR cannot use the greedy forwarding strategy to send the data
packets to the next-hop node. To get around this problem, the current node uses the boun‐
dary forwarding strategy to send the data packets. However, this may result in high routing
delay and low reliability [8].

As a new bio-inspired model [9], the attractor selection model has been successfully
applied in many fields. For example, the adaptive vehicular epidemic routing method
[10], the network selection method for multimode communications in heterogeneous
vehicular telematics [11], the adaptive signal control for traffic networks [12], the
epidemic broadcasting for vehicular ad-hoc networks [13]. Furthermore, the attractor
selection mechanism offers a new choice of future mobile network management mech‐
anism [14]. The attractor selection model has been shown effective for designing a self-
adaptive decision making strategy. Compared to the traditional methods, the attractor
selection model can achieve superior performance in terms of self-adaption and robust‐
ness. Because of the frequent change in VANET topology, static routing protocols
cannot adapt to the changing network in real time. Different from the traditional method,
the attractor selection model determines the next-hop node based on the route activity
information. As shown in some existing works [11–15], the attractor selection model
provides a self-adaptive and robust approach to boost the system performance in fluc‐
tuating environments. Inspired by the self-adaptive behavior of E. coli cells in dynamic
environments, we propose a bio-inspired unicast routing protocol based on attractor
selection (URAS), which can adjust the selection of the next-hop node according to the
dynamic topology of a VANET in order to guarantee the message delivery reliability.

The rest of this paper is organized as follows. Section 2 discusses the attractor selec‐
tion model incorporated in the URAS protocol. Section 3 presents the simulation situa‐
tion we set up to evaluate our proposed URAS protocol and discusses the simulation
results. Section 4 concludes this paper.

2 Unicast Routing Protocol Based on Attractor Selection Model

2.1 Cellular Attraction Selection Model

The attractor selection model is originally used to describe the adaptive regulation of
E.coli’s gene expression [9], in which the bi-stable switching mechanism of the operons
affecting the gene expression in a dynamic environment is modeled by two stochastic
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nonlinear ordinal differential equations. This model can be expended to a high dimen‐
sional form by the following dynamic equations:

⎧⎪⎨⎪⎩

dm1

dt
=

S(A)

1 + m2
2

− D(A) ×m1 + 𝜂1

dm2

dt
=

S(A)

1 + m2
1

− D(A) × m2 + 𝜂2

(1)

{
S(A) =

6A

2 + A
D(A) = A

(2)

where m1, m2 are the concentrations of two different RNAs or RNAs’ protein products,
which are produced by two mutual inhibitory operons, respectively. A is the cellular
activity, which is a parameter indicating the comprehensive goodness of the cellular
adaptation. S(A) is the rate coefficient of producing the cellular activity, and D(A) is the
rate coefficient of degradation. The two functions are both effected by the cellular activity
A. 𝜂1 and 𝜂2 are the independent white gene noises [9].

It can be found that as the cellular activity A increases, the effect of the white gene
noises is reduced, so that the cellular gene expression becomes more deterministic. This
implies that the cell adapts better to the current environment. As A decreases, the effect
of the white gene noises becomes stronger, and the cellular gene expression is more
random until the cell finds a new gene expression that can adapt to the environment well.

2.2 Unicast Routing Protocol

Let the set of all the nodes in a VANET be A, and current node’s neighbor set be Nk, which
contains the nodes within the communication coverage of the current node k, i.e.,

Nk =
{

n ∈ A|dis(n, k) < rk

}
(3)

where n is a neighbor node of the node k, and dis(n, k) is the geographic distance between k
and n, rk is the node k’s signal transmission range. In order to help the current node forward
the data packet to the destination node while reducing the hop number, we consider that the
data packet should be forwarded to the node that is much closer to the destination node d,
and we let the candidate neighbor nodes that are suitable to serve as a next-hop node be the
set Bk. The current node selects the next-hop node from the set Bk, i.e.,

Bk =
{

n ∈ Nk|dis(n, d) < dist(k, d)
}

(4)

Furthermore, we assume that if Bk is an empty set, Bk = Nk.
We use the differential equations in (1) to formulate the possibility of selecting a

node n from the set Bk as the next-hop node [11]:
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d

dt
mn =

s(𝛼)

1 + (mmax − mn)
2 − d(𝛼)mn + 𝜂n (5)

where mn is the possibility of the node n to be selected as the next-hop node, and the
mmax is the maximum possibility among all of the nodes in Bk. 𝛼 is the activity of the
forwarding route, 𝜂n is the white Gaussian noise, and s(𝛼) is defined as follows

s(𝛼) = a𝛼c + b𝛼 (6)

where a, b, c are real-number constants. d(𝛼) is defined as follows:

d(𝛼) = 𝛼 (7)

To show the adaptive mechanism underlying the attractor selection, we set the
modeling parameters as a = 8, b = 10, c = 4 in Eq. (6), and then simulate the activity
signal as shown in Fig. 1(a). We assume that there are 3 selection probabilities in the
state vector m and update the state over time using the model (5). The evolution of each
selection probability over time is illustrated in Fig. 1(b).

(a) Simulated activity 𝛼 (b) Evolution of selection probabilities
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Fig. 1. Simulation of the attractor selection model.

From Fig. 1, we can see that a relatively small activity 𝛼 can lead to more obvious
stochastic behaviors in the state evolution, in the situation of which the selection prob‐
abilities are fluctuating with an identical magnitude. By contrast, when the activity 𝛼
increases, one of the entities in the state vector rises to a single highest value while the
other two decrease to a lower level. This implies that the state switches from a shallow
basin with low stability to a deep basin with high stability, called a stable attractor in
the phase space. The stable attractor is associated with a high-level activity. The numer‐
ical experiment confirms that the attractor selection is driven by the activity parameter
and the system state is always seeking for a stable state, randomly switching between
different basins, until it is attracted into a stable state with high activity. This implies
that once the goodness/fitness of a decision-making problem-specified solution can be
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mapped to the activity parameter, we can use the attractor selection mechanism to drive
the decision maker in a dynamic environment to seek for an appropriate and stable
solution with a high level of goodness/fitness in the solution space.

We design a self-adaptive unicast vehicular routing protocol based on the attractor
selection model. To be specific, we treat the comprehensive performance of a routing path
as the cellular activity parameter 𝛼 and induce the forwarder (as a decision maker) to adapt
its selection of a next-hop node to the changing vehicular network condition. In this way, a
sequence of the next-hop nodes selected can construct a robust and effective vehicular
routing path. In the attractor selection-inspired routing, if the activity parameter 𝛼 is low, the
current node is expected to select the next-hop node randomly. This means that the current
routing path is not suitable for the current network condition, so that the node will seek for
a new and more suitable routing path by random selection until the activity 𝛼 becomes large
enough. When a more stable routing path is constructed, it has a higher activity which can
reduce the influence of the random term 𝜂n. Thus, the network prefers using such a stable
path to route the vehicular message in order to guarantee a high routing performance. An
example is shown in Fig. 2. The current path 1 is not good, since it contains many hops that
lead to a larger time delay. Thus, its corresponding activity 𝛼 is low. With the effect of the
random terms 𝜂n, the forwarders in the situation are seeking for a better routing path, i.e., the
path 2, which is more stable and contains less hops to forward the message to the destina‐
tion node. It is worth pointing out here that the influence of the random terms will not disap‐
pear, which enables the node to find a better routing path. The selection of the next-hop node
driven by the attractor selection mechanism is to some extent like the stochastic optimization.

Destination node

Path 2

Path 1

Source node

Fig. 2. An example for two different routing paths.

2.3 Cellular Activity Mapping

As aforementioned, we need to formulate a metric to quantify the comprehensive routing
performance and then treat it as the cellular activity parameter 𝛼 in the attractor selection
model, such that we can adapt the bio-inspired model to the next-hop node selection
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decision making. Specifically, when the data packet is successfully delivered to the
destination node, the destination node uses the attractor selection model to calculate the
activity parameter 𝛼 according to the condition of this current routing path. The formula
is given as follows:

𝛼 = (C𝜇D𝜈E𝜎)∕(
∑

l∈J
C

𝜇

l
D𝜈

l
E𝜎

l
) (8)

where J is the set of all of routing paths, 𝜇, 𝜈, 𝜎 are the weights of C, D, E, respectively,
and C is defined as follows:

C = hopmin

/
hop (9)

where hopmin is the minimum hop number among the pervious routing paths, and hop is
the hop count of the current routing path; C is the impact of the current hop count on the
node activity 𝛼. As the current hop count increases, the activity 𝛼 becomes low, and the
node is encouraged to seek for a new routing path with less hops.

D is defined as follows:

D = timemin

/
time (10)

where timemin is the minimum time delay among the pervious routing paths, and time is
the delay of the current routing path; D is the impact of the current time delay on the
node activity 𝛼. As the current time delay increases, the activity 𝛼 becomes low, and the
node is expected to find a shorter-delay routing path.

E is defined as follows:

E =
∑Y

i=1
ai (11)

where Y  is the total number of hops in a routing path. This term is used to trade off the
energy consumption over the stability of the routing path, and ai is defined as follows

ai = (FG)2
/∑

l∈B
(FlGl)

2 (12)

where B is the set of all the nodes that can be selected as the next-hop node of the current
node, F is defined as follows:

F = 1∕dis(n, k) (13)

where the dis(n, k) is the relative distance of the current node k and the next-hop node
n. Because the energy consumption of a node is related to the distance of packet trans‐
mission, this term balances the energy consumption of the routing path.

G is defined as follows:

G = 1∕v(n, k) (14)
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where the v(n, k) is the relative velocity between the node n and k. The lower relative
velocity is, the more stable the connection between these two nodes becomes. This term
can be used to reflect the stability of a routing path. Once obtaining the activity 𝛼, the
destination node sends a backward data packet to update the activity of all the nodes
along the routing path.

In order to avoid the problem that the outdated activity 𝛼 may mislead the selection
of a next-hop node, we set the activity decay with time as follows

α = 𝛼0
/
(2t∕x) (15)

where 𝛼0 is calculated by the destination node, t is the time, and x is a real-number
constant. After each node updates its own activity 𝛼, the activity will still decay with
time. The selection of a next-hop node for forwarding vehicular messages as well as the
update procedure of the activity information is detailed in the following Algorithms 1
and 2. We summarize the unicast routing protocol based on attractor selection model as
follows:

Step 1: the current node k selects the next-hop node from Bk according to the possibility
of the node being selected as the next-hop node;

Step 2: when a packet is successfully forwarded to the destination node, the system
obtains a new activity 𝛼;

Step 3: the destination node sends a backward data packet containing the new 𝛼 to
update the activity of all the nodes along the routing path. The activity should
decay with time during the process. Go to the first step to continue the sequen‐
tial steps given above (Tables 1 and 2).

Table 1. Algorithm for selection of the next-hop node.
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Table 2. Algorithm for updating the activity.

3 Experiments

3.1 Simulation Settings

In the simulation, we adopt the random walk model to simulate the mobility of vehicles
in a region with 2250 × 450 m2. The parameters of Eq. (6) a = 8, b = 10, c = 4. To
balance the node energy consumption, the stability of routing path and routing delay,
we set the parameters of Eq. (8) as μ = ν = σ = 2, and c = 15 in Eq. (15). To demonstrate
the performance, we also carry out the simulation of GPSR with the same experimental
settings. In the simulation, we compare URAS and GPSR in terms of the successful
delivery rate under different node speeds, signal coverages, and the node numbers (node
densities). The successful delivery rate is the ratio of the number of the packets that can
be received by the destination node over that of all the packets sent by the source node.

3.2 Numerical Results and Analysis

We first analyze the impact of the dynamic nature of the environmental condition on the
unicast vehicular routing protocol based on the attractor selection model. We randomly
generate 200 vehicular nodes that are uniformly distributed within the specified region
aforementioned. At the initialization of the simulation. Then, we vary the magnitude of
the noise term 𝜂, i.e., the stochastic noise intensity. That is, the intensity of the white
Gaussian noise term 𝜂, 𝜎(𝜂), is set to 0.1, 0.01, and 0.001, respectively, and a simulation
is carried out with each of these settings. The routing activity result obtained under
different noise intensities is demonstrated in Fig. 3. Recall that the activity parameter is
treated as a metric reflecting the comprehensive routing performance in terms of the hop
number, the geographic routing distance and the routing delay. Figure 3 shows that on
one hand, the stochastic fluctuations in the system really impair the routing performance
represented by the activity parameter. On the other hand, even though the networking
environment with stochastic noises is fluctuating all the time, the routing protocol based
on the attractor selection can induce the activity to rise to a high level many times. This
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indicates that the bio-inspired routing mechanism enables seeking for a relatively robust
routing path in a perturbing environment, which is of great significance in actual vehic‐
ular communication application scenarios.
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Fig. 3. Evolution of the activity 𝛼 under different noise intensities.

Next, we compare our proposed solution with the conventional method, i.e., GPSR
protocol in different simulation situations. Figure 4 shows the results obtained by the
URAS and the GPSR with varying node number and varying signal coverage. It can be
found that as the node number or the signal coverage increases, the successful delivery
rate of both URAS and GPSR increases. However, when the network is sparse and the
transmission distance small, URAS performs better than GPSR. The main reason is that
as the node density is low, GPSR using the greedy forwarding strategy fails in getting
the node closer to the destination. In this situation, it causes a high routing delay and
failure rate. By comparison, our URAS outperforms the GPSR due to its adaptability to
dynamic node density.
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Fig. 4. Results of URAS and GPSR under different node numbers
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Figure 5 gives the results of these two protocols under different node speeds and the
transmission distances. The number of the nodes is fixed at 120. It can be found that
with the increasing speed, the variation of the successful delivery rate is small, while
the proposed URAS performs better than the GPSR, implying that our proposed algo‐
rithm can achieve better reliability in supporting a wider range of vehicular mobility.
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Fig. 5. Results of URAS and GPSR under different speeds

4 Conclusion

As the node density of VANETs as well as the node speed is changing all the time in
reality, the traditional routing protocol may be infeasible to adapt to diverse vehicular
application situations. In this paper, we propose a novel bio-inspired unicast routing
protocol based on attractor selection (URAS), and this method demonstrates its superior
advantage over the conventional protocol in VANETs. Specifically, the attractor
selecting model-based vehicular unicast routing can adapt to the dynamic environments.
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Abstract. The devices are becoming ubiquitous and interconnected due to rapid
advancements in computing and communication technology. The Internet of
Vehicles (IoV) is one such example which consists of vehicles that converse with
each other as well as with the public networks through V2V (vehicle-to-vehicle),
V2P (vehicle-to-pedestrian) and V2I (vehicle-to-infrastructure) communications.
The social relationships amongst vehicles create a social network where the
participants are intelligent objects rather than the human beings and this leads to
emergence of Social Internet of Vehicles (SIoV). The big data generated from
these networks of devices are needed to be processed intelligently for making
these systems smart. The security and privacy issues such as authentication and
recognition attacks, accessibility attacks, privacy attacks, routing attacks, data
genuineness attacks etc. are to be addressed to make these cyber physical network
systems very reliable. This paper presents a comprehensive survey on SIoV and
proposes a novel social recommendation model that could establish links between
social networking and SIoV for reliable exchange of information and intelligently
analyze the information to draw authentic conclusions for making right assess‐
ment. The future Intelligent IoV system which should be capable to learn and
explore the cyber physical system could be designed.

Keywords: Big data · IoV · SIoV · Social recommendation system · Cyber
physical systems

1 Introduction

Technology has drastically transformed our lives by bringing in huge benefits that
reflects the beginning of our associated future, such as vehicles associated with
computers, onboard sensors, sensors in wearable devices that notify the movements of
objects and its current state of affairs. So, the internet of Vehicles (IoV) is an inevitable
juxtaposition of the mobility and the Internet of things, in other words it is the Internet
of things in the area of transport. The IoV aims at achieving an integrated smart transport
system by improving traffic flow, preventing accidents, ensuring the road safety, and
creating a comfortable driving experience. Mobility in transportation systems generates
a huge amount of real data and it is a great challenge to deal with this data surge. So a
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multi-dimensional approach is required to handle and study the vast amount of generated
data in structured as well as unstructured formats both from the independent and
connected sensors of the Internet of Vehicle (IoV) to obtain optimal results with safety
measures [2]. The big data [1] technology provides a solution to this challenging problem
to evolve such intelligent and smart vehicular system.

1.1 The IoV Technology

Hardware Infrastructure: Convergence of technologies in the design of vehicles is
quickly making them as key devices in the Internet of Things (IoT) [3–5] with the capa‐
bilities to accept data as well as send data to the cloud, to the traffic infrastructure and
to other vehicles. As a result, the Internet of Vehicle (IoV) becomes an emerging tech‐
nology in data communication with definite protocols that facilitates data transfer
between cars, roadside equipment, wearable devices and traffic data management
centers. So the IoV is the next technological revolution, which integrated with sensor
networks, camera [5], mobile communication [7], real-time localization [8], ubiquitous
computing and other technologies [9] to realize the essential requirements for Intelligent
Transportation Systems (ITS) applications [6].

Processing Needs: Now, it is an era of smart objects with sensor inputs that are able
to communicate via the Internet based on the protocols and/or prototype standards of
ICT. Therefore, advanced techniques are necessary for effectively handling huge data
generated from IoV and to perform efficient online analytical query processing [2].
Thereby, the big data analysis outcomes are pertinent to the transportation benefits in
terms of cost efficiency, time utilization in ensuring road safety, for effective traffic
management, in automated tolling and providing other ITS services. The following facts
supports big data paradigm as a promising technology for intelligent IoV systems: (i)
Massive data streams produced by IoV audio, video and sensors must be handled and
integrated [10], (ii) Spatial data of IoV objects in the context of the environments is
described as location based and in time series and (iii) Integration of federated IoV smart
objects’ data are tended to have its own implicit semantics that need to be recognized
for the inferring justifications.

The scalability and capability of big data analytics and predictions for IoV data
management, exploration and exploitations lies in dynamic and scalable technological
facts, which includes:

It is vitally significant to identify and address IoV smart objects in order to interact or
query with various objects to realize each other’s identity and address effectively.
Effective methods of data abstraction and compression should be developed for
filtering out the redundant data.
Data indexing, archiving, access control and scalability for IoV data.
Data warehouse and its query language for multi-dimensional analysis, semantic
intelligibility and interoperability for diverse data of IoV,
Time-series and event level data aggregation,
It is essential for privacy and protection of data management of IoV.
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Communication Network’s Needs: Wireless networks can be organized into three
major categories. An infrastructure wireless network is the first one that mainly relies
on a central station that coordinates all communications [11]. Second are ad hoc
networks or non-structured networks that give equal roles to all stations in the network
[12, 13]. Third, hybrid networks which combines the first two categories [14]. A case
of hybrid networks is hybrid vehicular ad hoc networks (hybrid-VANETs) [15], which
employ ad hoc networks for communication among vehicles and infrastructure
networks, for example cellular systems for communication and wireless local area
networks (WLANs) with a core network [16, 17]. Smart vehicles, through their finer
communication potentiality, will be capable to work jointly not only with navigation
and broadcast satellites, but also through passenger smart vehicles, smart phones and
roadside units, making them an important component of IoT and the development of
smart cities [18]. VANETs combine these with new applications and procedures to
facilitate the intelligent communication among the connection to the Internet and the
vehicles. VANETs rely on on-board units (OBU) and roadside units (RSU) and to facil‐
itate the connectivity. The RSUs are communication infrastructure units that are posi‐
tioned next to roads to communicate with vehicles and to a larger infrastructure or to a
core network, depending upon metropolitan traffic topography. The OBU is a network
device integrated with different sensors attached in vehicles that supports communica‐
tion with different wireless networks, for example dedicated short-range communication
(DSRC) and WLAN. A VANET has a varied range of applications, from road safety,
through traffic management by the detection and avoidance of traffic accidents [19],
traffic flow, reduction of traffic congestion [20], and infotainment to provide of driving
comfort [21].

SIoV: The Fig. 1 shows different components of SIoV and the communication between
them. The Social Internet of Things (SIoT) introduces social relationships between
things, creating a social network where the participant entities are not humans, but
intelligent things. In such networks, information about the traffic and road conditions is
obtained from both humans as well as machines. As humans can be biased or may be
forced to propagate false information for personal gains, the network should integrate
mechanisms to assert the trust and reputation of the information sources.

The Social Internet of Things (SIoT) [22] is a network of intelligent things that have
social interactions. The Social Internet of Vehicles (SIoV) [23, 24] is an example of a
SIoT where the things are smart vehicles. Alam et al. [24] designed logical models of
the subsystems occupied in the SIoV communication process and propose models that
could be useful in order to set up safety, efficiency or comfort applications based Social
Internet of Vehicles (SIoV).

Even though the basic rules are the same for both social networks of vehicles and
social networks of humans, there are important differences in terms of the active char‐
acter of the entities, the topology of the network, privacy concerns, their social interac‐
tions and security issues that arise.

Social Internet of Vehicles (SIoV) describes both the social interactions among
vehicles [25] and among drivers [26]. As described in [26], a vehicular social network
is produced when a driver goes to an area where additional public with familiar interests
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or related content exist. Contrary to this, Nitti et al. [25] describe a vehicular social
network as social interactions among cars, which converse alone to glance for update
services and exchange messages relevant to traffic. As vehicles are autonomous and
becoming more autonomous [27] and applications are already developed to support
social interactions among drivers and passengers [28, 29].

1.2 The Next Generation Vehicles and SIoV

Recent advancements in technology that are context-aware and wireless vehicular
communication techniques, such as Long-Term Evolution (LTE), Dedicated Short-
Range Communications (DSRC), Worldwide Interoperability for Microwave Access
(WiMax) and IEEE 802.11p [30] has boosted the design, development and deployment
of vehicular networks. An increasing number of social network applications are being
proposed for vehicular networks, which leads to a shift from traditional vehicular
networks toward SIoV. The key aspects that enable SIoV in current vehicular networks
are briefly discussed as follows.

Similar to [31], we focus on three main components, namely: next-generation vehi‐
cles; vehicle context-awareness; and SIoV context-aware applications.

Vehicular ad hoc networks (VANETs) are a class of mobile ad hoc network that has
been anticipated to improve traffic protection and applications to provide comfort to
drivers. The unique features of VANETs comprise of quick vehicles that follow predes‐
tined paths (i.e., roads) and message exchange having different priority levels. For
example, messages for traffic safety applications require timely delivery of reliable

Fig. 1. Social Internet of Vehicles
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message making it of high priority while messages for comfort and infotainment appli‐
cations have low priority [32]. Vehicles can communicate among themselves (vehicle-
to-vehicle, V2V) as well as with roadside units (vehicle-to-infrastructure, V2I) by using
the on-board unit. The other forms of communication, such as vehicle-to-cloud broad‐
band (V2B), where the vehicle communicate with a monitoring data centre, vehicle-to-
human (V2H) to communicate with susceptible road users, and vehicle-to-sensor (V2S),
where the vehicles converse with sensors embedded in the location [32] are enabled.

1.3 Interaction of SIoV with Social Network

Social network analysis (SNA) refers to the use of network theory to analyses social
networks to discover important players in a network. Individual actors (either be vehicles
or drivers or even passengers) within the network are represented as nodes, and the
interactions or relationships among them are represented by the corresponding edges
[33]. Based on the nature of interaction (either static or dynamic, metrics, like centrality,
cohesion, degree and clustering coefficient among entities of the network) can reveal
specific relations among nodes, as well as groups of entities that share common habits.

Cunha et al. [34] showed that vehicles tend to demonstrate a similar behavior and
routines in terms of mobility. The vehicles mobility could be mapped in terms of social
network, following the same basic laws of degree distribution and distance among nodes.
Applying Social network analysis on vehicular networks can consequently improve the
performance of communication protocols and services. Graph theory concepts, like
centrality and clustering, can be applied in vehicular networks, as long as they integrate
their specific features, such as mobility of nodes, channel conditions and drivers’
behavior.

For information spreading in a network, the centrality of nodes has most important role
to play [35, 36]. In a similar way, central nodes can serve as good spreaders of infections
[37] or as good points for building defense mechanisms [38]. Furthermore, central nodes can
be elected as the cluster head of groups that are created on the fly. A cluster head may act
as a relay node for inter clusters traffic or as a relay node for intra-cluster communication [39].

1.4 Types of Attack in IoV

In information security, STRIDE Threat Model classifies attacks and threats into six
main categories [40], specifically: tampering with data, spoofing identity, repudiation,
disclosure of information, denial of service and elevation of privilege. Especially,
Internet of Vehicles system is prone to different attacks like jamming, interference,
eavesdropping and so on, These attacks and threats decease the stability, robustness,
real-time, security and privacy of IoV, and make it lose the ability to provide effective
services, even cause serious accidents [41–45], due to following constraints such as
dynamic topology characteristics, bandwidth limitations, transmission power limita‐
tions, abundant sources, mobile limitation, non-uniform distribution of nodes, percep‐
tion of vehicle dependent data on the trajectory, large scale network etc.

Following are various types of attacks in IoV.
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Attacks on Authentication: This attack is categorized in to following sub-classes:

Sybil attack: In wireless networks, a single node with multiple identifications can
damage the system by controlling most nodes in the system.
GPS deception: GPS deception can provide a node with fake information about its
location, speed and some other GPS information.
Masquerading attack: In a network environment, this attack uses fake identity to gain
the network access.
Wormhole attack: This kind of attack always have fatal influences on IoV system due
to its characteristics of change and high dependence on efficient routing algorithm.

Availability Attacks: Denial of service and channel interference are common types of
attacks on availability.

Secrecy Attacks: This steals data by eavesdropping or interception.

Routing Attacks: There are four different attack types in routing process [46, 47],
which includes Eavesdropping [48], Denial of service [49], Masquerading [50], Route
modification [51].

Data Authenticity Attacks: It is necessary to ensure that the source data has not been
modified when data packets are transmitted through the network. Data authenticity
attacks can be categorized into four subtypes namely: Replay attack, Camouflage attack,
Fabricating and tampering with messages and Illusion attack [51–53].

1.5 Threats in SIoV

The security in vehicular network is a vital aspect of SIoV, because any negotiation in
security could lead to life-threatening situations along with damage of other components
that use the SIoV. Social vehicular network security contemplates social characteristics and
human behavior in a similar manner [32]. This section reviews issues of security, trust along
with reputation in vehicular networks with a specific focus on the social aspects.

SIoV Threats. Raya has reviewed the threats available in vehicular networks and cate‐
gorized them into insider/outsider, malicious/rationale and active/passive categories
[54]. Zeadally [55] has differently classified them into threats to availability, authenticity
and to confidentiality.

Denial of Service (DoS) Attack aims to prevent legal users from accessing data or
services in computer networks. In vehicular networks, large volumes of irrelevant
messages will be flooded that result in jamming of the traffic that negatively impacts the
communication between the network’s nodes, on-board units and roadside units.

False Message Injection. An attacker from inside can mark a false message and broad‐
cast it to the network. In this manner the attacker can falsify the traffic flow and could
affect the decisions of other drivers, causing damage either through traffic jams or acci‐
dents.
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Malware, such as viruses or worms, is typically introduced through outside unit soft‐
ware and firmware updates. Malware can contaminate vehicles and even permit remote
adversaries to acquire control of individual vehicles.

Masquerading and Sybil. In a masquerading attack, a vehicle fakes its identity and
pretends to be legal in the networks of the vehicle. Outsiders can carry out attacks, e.g.
injecting false messages. In a Sybil attack, the attacker creates multiple identities and
pretends to be multiple legitimate vehicles concurrently.

Impersonation Attack. In this, the attacker loots the identity of a legitimate vehicle to
broadcast security messages on that vehicle’s behalf. This could affect other drivers’
decision making and create chaos in traffic.

1.6 Trust Issues in SIoV

There has been a detailed study of establishment of Trust in social networks. Original
the concept of social trust was based on sociology. According to Golbeck, trust is defined
as “a commitment to an action based on a belief that the future actions of that individual
will lead to a good outcome” [56]. The social network as platforms to build mutual trust
among entities was foreseen by Golbeck [57]. Wang et al. [58] has proposed a trust‐
worthy Web service selection approach based on collaboration reputation by
constructing a Web service collaboration network based on social networks. Zhang et al.
[59] has proposed a newly-fashioned scheme BiFu, enabling the social media sites to
alleviate the influence of the cold-start problem. Huang et al. [60] has proposed an
approach that is capable of measuring the reputation of a single node effectively when
the node suffers from malicious feedback ratings. Following are the trust issues in SIoV.

SIoV Trust Characteristics: There are five characteristics of Trust in the SIoV that
makes them different from trust in customary social settings.

Uncertainty: Being dynamic trust is uncertain in SIoV.
Subjectivity: Trust in the SIoV depends on our actions consequences that is affected
by the context [61] and that is what make it subjective.
Intransitivity: Trust in the SIoV is not always transitive
Context Dependence: Trust in the SIoV is context-dependent
Non-cooperativeness: Trust in the SIoV is need not be always cooperative

Reputation: Reputation management is component of trust management. Trust is
dynamic and indicates whether an individual is to be believed on the basis of the trust
value. Reputation is submissive and represents estimation about an individual. A repu‐
tation system could be classified into positive and negative reputation.

Overall trust is a multifaceted concept. SIoV faces two big challenges in form of
trust-based management and decision making. For establishment of trust one needs to
address the trust characteristics of the SIoV.

Security and privacy of IoV are serious issues because it will affect the lives of people
on the roads. If network intrusion happens in IoV, the vehicles may be controlled by
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hackers, and this will lead to traffic havoc. So the security of IoV is a very serious issue.
At the same time, driving tracks are the privacy of people. People may not want to let
others know where and when they have been. However, the IoV could capture and
driving track of vehicles, which will reveal the privacy. Some information in IoV could
be public, while some information must be protected as privacy. Ensuring security could
assure the safety of vehicle driving and also protect the privacy of people.

Thus we could see following queries for which we will try to find out answers in the
context of SIoV:-

How trust recognition can be made in SIoV?
How to store, transform and analyze such a data surge?
Which are the technologies that should be capable of and scalable to in the era of ever
increasing vehicular data?

This paper proposes an architecture wherein inter-vehicle recommendation system could
be established with the assistance based on social networks by enabling reliable
exchange of information.

The current paper is structured into four sections. The first section briefly introduces
the concept of Internet of Vehicles, Social Internet of Vehicles, Security and Threats
concerns in IoV as well as in SIoV and describes how the big data paradigm will be
useful in analyzing the data generated in IoV. This Section also presents a comprehensive
survey of previous research works in the area of IoV, SIoV as well as Big Data in IoV.
Second section elucidates the proposed recommendation model and followed by discus‐
sion. Third section concluded with the essential features of the proposed model and
future direction and followed by list of relevant references.

2 Proposed Architecture and Discussion

The current work proposes a recommender system model for IoV assisted by social
networking recommendation system that uses reputation received in daily relationships,
such as acquaintances meeting or helping other users. An acquaintance is a reliable
person, previously known, who can provide the recommendation of others. A reputation
acquaintance is a user having an indirect relationship with another user sent to the social
network via reputations, so it is considered reliable by reputation.

Let’s suppose that two previously known users Ride 1 and Ride 2 do not have any
acquaintances in the social network. Their interaction through the social network makes them
reliable users with HIGH trust level. They also trade their list of acquaintances. Upon having
acquaintance with each other, the Ride 1 can exchange reliable messages with every
acquaintance of Ride 2. Similarly, Ride 2 can exchange messages with acquaintances of
Ride 1 as he has a path on the certification graph to the acquaintances of Ride 1. Figure 2
illustrates this situation. It can be depicted from the figure that Ride 2 has the users Ride 3
and Ride 4 as acquaintances, these users will be notified of the new relationship of Ride 1
and Ride 2.

The user receives messages and validates those messages using his likes and the
followers-list stored in the user’s equipment. The message will be considered as reliable
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if the users on the receiver’s social network has garnered a positive reputation for the
sender or if its sender belongs to the social network of the receiver. Otherwise, the
message is considered not reliable and ignored.

The operation of social networking recommendation as shown in Fig. 3 is based on
PGP (Pretty Good Privacy) [62], and works as follows:

Step 1: The user generates a self-liked page.
Step 2: The page can be liked and followed by acquaintances in direct contact.
Step 3: The device of each user stores the likes and follower list of the added acquaint‐
ance and its acquaintances of acquaintances.
Step 4: The page of the new acquaintance is shared with the user’s acquaintances to
update their lists of acquaintances of acquaintances. Acquaintances of acquaintances
recognize the page and thus receive reliable messages, giving out the conviction of
the acquaintance that is a reliable user.
Step 5: After meeting a user, communication starts by searching a valid page address.
Identification of a common acquaintance permits the users to verify their identities.

A Ride who does not trust a sender because he is not in his acquaintance, or even
acquaintance of acquaintances, examines the page to determine if the sender is reliable.
When receiving a message from a node that is neither an acquaintance nor a friend of
his acquaintance then the receiving node considers the sender is reliable only when the
number of its positive reputations is more than to the negative ones. The receiver takes
into account the valuations of reliable users only when the users who are acquaintances
or acquaintances of acquaintances of the receiver.

Linking reputation to the social network of the user restricts collusion attacks. Collu‐
sion can be produced when malicious users make a positive bonus for each other.

Fig. 2. Relationship of Ride 1 before and after adding Ride 2 as its friend
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Thus, reputation is an additional prospect of trust acknowledgment, which permits
users who are acquaintances or acquaintances of acquaintances to be measured trust‐
worthy. Reputation can also have special feature to rate acquaintances or acquaintances
of acquaintances.

Besides SIoV, the social networking also generates huge amount of data that needs
to be analyzed to provide more reliable recommendation system. Thus we can see that
sensor data along with data generated from social networking data is required to be
processed for making vehicular system intelligent. This guides us to tap the potential of
Big Data Analysis. It is clear that the IoT, IoV and SIoV applications can generate
unprecedented amount of data for which big data provides promising tool [63, 64] to
store and process these data.

The data sets generated from IoV have similar characteristics as that of big data i.e.
volume, velocity, variability, variety, veracity, values, even visualization (i.e. Vi –where
i = 1, 2, …, n) as shown in Fig. 4.

The algorithms for IoV big data set analysis can be grouped in many forms, which
include heterogeneous, nonlinear, high-dimensional and distributed data
processing [65].

As shown in Fig. 5, we could use this big data framework to analyze massive IoV
and SIoV data for predicting congestion and free movements of traffic in making well-
organized runtime traffic management. It is quite clear from proposed model that First
Step is the pre-processing of raw data to ETL (Extract, Transform, Load), the second
step is to analyze the pre-processed data using various Big Data Analytics tools to meet
the defined objectives/goals and in the last and third step the outcomes of the analysis
are to be used to generate desired results in form of reports, queries or future predictions.
In future this model could be used with SIoV data for sentiment analysis for establishing
the trust recognition.

Fig. 3. Flow graph of the proposed model.
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Fig. 5. The model of IoV massive data analytics framework

3 Conclusion

This current work has proposed a novel approach for processing an unprecedented
amount of data from completely unrelated networks to create a reliable and trust worthy
recommendation system. This social networking recommendation system incorporates

Fig. 4. Big data generation in IoV and its characteristics
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mechanisms for assessment of the trust and reputation of the information sources and
thereby permitting the cyber-physical system to trade messages in a reliable way. One
can view through direct contacts between two acquaintances that call for their identity,
so they rely on the recommendations and thus, establish trust in the cyber-physical
systems like that in IoV. Apart from this we have augmented a paradigm of big data
Analytics technique for making IoV in to intelligent IoV by processing both the unstruc‐
tured as well as the structured data sets generated from Social IoV and Social networks.
In future we would like to develop an application to analyze social data by big data
analytics techniques for sentiment analysis in order to have a better insight of trust
recognition.
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Abstract. Wi-Fi offloading is a technique for reducing 3G/3.5G/4G cellular
network’s traffic load and users’ expense spent in 3G/3.5G/4G cellular network.
Nevertheless, it needs to judge whether the offloading from the cellular network
to the Wi-Fi network is valuable or not by considering the target Wi-Fi network’s
situation. This paper proposed a Software Defined Network (SDN) –based
method to pre-decide whether it is valuable to have offloading from the cellular
network to the corresponding vehicle’s ahead 802.11p Wi-Fi RSU network or
not. By utilizing the centralization architecture and the information of the current
contexts, including speed, position and direction, of vehicles, SDN Controller can
calculate whether the networking situation of the corresponding vehicle’s ahead
802.11p Wi-Fi RSU is good enough to offload or not before the vehicle enters
into the signal coverage. The performance analysis shows that it can let vehicles
have better networking situation and quality using our proposed scheme.

1 Introduction

Since more and more wireless mobile network’s applications and service are devised/devel‐
oped/invented, more and more traffic is directed into the 3G/3.5G/4G cellular network. To
alleviate the 3G/3.5G/4G cellular network’s load and users’ expense spent in 3G/3.5G/4G
cellular network, Wi-Fi offloading was proposed accordingly since several years ago [1, 2].
Offloading means that mobile users can connect with Wi-Fi network instead of the 3G/3.5G/
4G cellular network when they are located within a heavily loaded cellular network and the
Wi-Fi network is available. In this way, Wi-Fi network can distribute the loading to improve
the 3G/3.5G/4G cellular network performance [3, 4].

© Springer International Publishing AG 2016
C.-H. Hsu et al. (Eds.): IOV 2016, LNCS 10036, pp. 167–178, 2016.
DOI: 10.1007/978-3-319-51969-2_14



Recently, there have been an increased demand for Vehicular Ad Hoc Network
(VANET) to leverage the next generation’s Intelligent Transportation Systems (ITS), which
targets to support vehicle safety, entertainment service, and Internet of Vehicle (IOV) [5].
In the VANET for ITS, vehicles can access data from Internet using 3G/3.5G/4G cellular
network using the On Board Unit (OBU) equipped inside a vehicle. Since some 802.11p
Wi-Fi RSUs are located in roads, vehicles can also access data from Internet through these
RSUs using the OBU equipped inside a vehicle. The aforementioned communication para‐
digm is called Vehicle to Infrastructure (V2I) communication in VANET. Therefore,
offloading can also be laid out in VANET. That is, a vehicle X’s V2I communication can
handoff from the 3G/3.5G/4G cellular network, in which X’s V2I communication is
between X’s OBU and a cellular network’s BS, to the 802.11p Wi-Fi network, in which X’s
V2I communication is between X’s OBU and the 802.11p Wi-Fi network’s RSU. The chal‐
lenge of offloading over VANET includes (1) how and when to have handover decision in
advance? (2) how to make a suitable handover decision?

In this work, an Offloading with Handover Decision based on Software-Defined
Network (OHD-SDN) control scheme is proposed to resolve the aforementioned issues for
VANET’s offloading. In our proposed OHD-SDN control scheme, each vehicle node
should transmit its current context containing its speed, location, direction, sensed Wi-Fi/
802.11p, etc., to SDN Controller [6] using its cellular network interface and transmits its
data using either its cellular network interface or 802.11p Wi-Fi network interface,
depending on its networking situation. Two main technical issues that SDN Controller in the
proposed OHD-SDN control scheme are in charge of are as follows: (1) When to decide
whether vehicle X needs to handoff from the cellular network to the ahead 802.11p Wi-Fi
RSU for offloading X’s data transmission or not? Let SDN Controller know the location of
all 802.11p RSUs. SDN Controller can measure what the due time is for deciding whether
X should have the offloading or not before X drives into the signal coverage of the corre‐
sponding 802.11p Wi-Fi RSU based on the received context of X and the location of the
802.11p Wi-Fi RSU. (2) How to decide whether vehicle X needs to handoff from the
cellular network to the ahead 802.11p Wi-Fi RSU for offloading X’s data transmission or
not? SDN Controller can keep track networks quality inside the signal coverage of the
802.11p Wi-Fi RSU to decide whether it is suitable to have X to have offloading or not.
When the decision making is positive, i.e., it should handoff to the 802.11p Wi-Fi network,
X can have the handoff processing immediately after X has sensed the signal of the corre‐
sponding 802.11p Wi-Fi AP and thus can have longer communication time period using the
802.11p Wi-Fi RSU. When the decision making is negative, i.e., X should not handoff to the
802.11p Wi-Fi network, X can keep staying in the 4G cellular network without wasting the
handoff decision time spent inside the 802.11p Wi-Fi network and then re-connect to the 4G
cellular network using the traditional handoff method. To tackle the aforementioned two
issues, SDN Controller in the proposed OHD-SDN control scheme can have related calcu‐
lation after gathering vehicles’ and RSU’s context. When vehicle X is approaching an
802.11p Wi-Fi RSU, SDN Controller starts to make a decision for vehicle X using the
proposed scheme. After the handover decision is made, the SDN Controller notifies vehicle
X whether the ahead 802.11p Wi-Fi RSU is suitable for offloading or not. That is, for our
proposed OHD-SDN, the SDN Controller can help vehicle X decide whether it is suitable
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to have the offloading from the 3G/3.5G/4G cellular network to the ahead 802.11p Wi-Fi
network or not before X enters into the corresponding 802.11p Wi-Fi network.

The rest of this paper is organized as follows: Sect. 2 has related work of VANET
offloading. Section 3 presents the architecture and functional flow of the proposed work.
Section 4 describes the proposed control scheme in detail. Section 5 shows the performance
analysis of the proposed control scheme. Finally, Sect. 6 has the conclusion remarks.

2 Related Works

There are several studies for vehicular offloading. The work of [7] proposed the Wiffler
system, which is based on two key issues: (1) leveraging delay tolerance by a fix delay
threshold and (2) the fast switching mechanism to 3G. Wiffler combined the estimation
of the Wi-Fi throughput on vehicles’ route and focused on the delay requirements of
various kinds of applications for the Wi-Fi networks instead of cellular connectivity.
However, due to the vehicle mobility affecting the Wi-Fi connectivity, the experimental
results of this work shown that it has the low performance and suffers the experienced
higher frequent disconnects. In [8], the authors proposed the prediction of vehicle’s
moving route and the geo-location of potential Wi-Fi hotspots for offloading. This
prediction collects the information about (i) the number of available APs, with which
vehicles can access, in the road and (ii) the time interval, which vehicles stay in APs’
coverage range. The proposed mechanism tried to transfer the maximum amount data
in a limit delay-tolerance time from the cellular network to the Wi-Fi network for
offloading. Thus, this scheme based on the delay threshold for transferring data and is
not effective for delay sensitive applications. In [9], the proposed scheme of APs’
geographical distribution predicts the possible offloading using the semi-Markov, which
models the problem as a time-homogeneous process to maximize a utility function based
on both of the offloaded data and user satisfaction, i.e., connecting cellular network
without changing to Wi-Fi for saving handover time. However, similar to the work
depicted in [8], the prediction methods of this scheme faces the trade-offs issues between
user satisfaction and the offloading to Wi-Fi connectivity of waiting a delay tolerance
time. The aforementioned problems can be tackled by collecting information to the
centralized unit and make a global prediction for offloading. It can be achieved with the
SDN-based approach.

There are some works that tried to adopt the SDN offloading architecture in the
regular wireless mobile network. In [10], authors proposed the SDN-based Mobile
Offloading aRchitecturE (SMORE) that implemented the offloading in a real LTE/EPC
mobile network. An SDN-based offloading is deployed with aggregation points and
cloud infrastructures to make a selection for offloading. The SMORE Controller plays
the role of a database that stores the registered offloading servers’ IP addresses and IMSIs
of UEs that subscribed to have the offloading services. However, the SMORE scheme
only uses the cellular network quality to decide offloading no matter what the corre‐
sponding Wi-Fi network’s situation is. In [11], it proposed a SDN working abstraction
to integrate LTE/Wi-Fi architecture with a mobile backhaul of 5G mobile networks by
enabling programmable offloading policies. Authors use the network entities, which are
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Access Network Discovery and Selection Function (ANDSF). ANDSF helps MNs to
discover Wi-Fi access networks for offloading. SDN Controller combines the informa‐
tion of network load, operator policy and signal threshold to derive offloading policy
functions. However, this scheme is lack of the performance analytic, i.e., it just can be
applied to MNs and not suitable to dynamic and fast changing topology like VANET.
In summary, the previous SDN-based offloading schemes were not targeted for the
VANET environment.

In this paper, we try to adopt the SDN-based offloading scheme, which is called
OHD-SDN, in the VANET environment. The proposed OHD-SDN control scheme can
improve the performance of offloading by gathering vehicles’ and RSU’s context into
the SDN Controller to make a handover decision between the 802.11p Wi-Fi network
and the 3G/3.5G/4G cellular network.

3 The Abstract Architecture and Control Flow

The main tasks of the proposed OHD-SDN control scheme are (1) when to decide
whether vehicle X needs to handoff from the cellular network to the ahead 802.11p Wi-
Fi RSU for offloading X’s data transmission or not? and (2) how to decide whether
vehicle X needs to handoff from the cellular network to the ahead 802.11p Wi-Fi RSU
for offloading X’s data transmission or not? Figure 1 depicts the abstract execution
architecture of the proposed OHD-SDN control scheme. Each vehicle (i) transmits its
current context to SDN Controller using its cellular network interface for offloading
decision and (ii) transmits its data using its cellular network interface when it is not in
an 802.11p Wi-Fi network’s signal coverage, e.g., vehicle X1 in Fig. 1 or using its
802.11p Wi-Fi network interface when it is inside an 802.11p Wi-Fi network’s signal
coverage and the offloading is allowed. Four phases of the execution scenario in the
proposed OHD-SDN control scheme are (1) approaching phase, (2) cellular to Wi-Fi’s
handoff phase, (3) data transmission’s offloading phase and (4) Wi-Fi to cellular’s
handoff phase.

Fig. 1. The abstract execution architecture of the proposed OHD-SDN control scheme

In the approaching phase, vehicle X is cruising on the road and X is connected to the
cellular network. When X keeps going along the street, X transmits its context information
to SDN Controller. SDN Controller gathers the information transmitted from vehicle X and
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calculates the time point tdk, which is the due time to make decision of offloading for vehicle
X. At the time point tdk, SDN Controller has the handoff decision making based on the
corresponding RSUs 802.11p Wi-Fi networks quality. If the decision is negative, then it
keeps in phase 1, i.e., the approaching phase, for vehicle X; if the decision is positive, then
it goes to phase 2 for vehicle X. In the Cellular to Wi-Fi’s Handoff Phase, vehicle X
executes the handoff processing from 3G/3.5G/4G cellular network to 802.11p Wi-Fi
network using the MIH’s messaging mechanism. In the data transmission’s offloading
phase, vehicle X (i) transmits its data using its 802.11p Wi-Fi network interface and (ii)
transmits its current context to SDN Controller using its cellular network interface. With the
time goes by, vehicle X is moving toward the edge of the 802.11p Wi-Fi network’s signal
coverage. When vehicle X is going to be out of the signal coverage of the 802.11p Wi-Fi
network, it enters into the Wi-Fi to cellular’s Handoff phase. In this phase, vehicle X
executes the handoff processing from 802.11p Wi-Fi network to 3G/3.5G/4G cellular
network using MIH’s messaging mechanism. Figure 2 depicts the control flow of these 4
phases in the proposed OHD-SDN control scheme.

Fig. 2. The execution flow of the four phases in the proposed OHD-SDN control scheme

4 The Proposed OHD-SDN Control Scheme

This Section presents the methods for resolving related issues exist in the proposed
OHD-SDN control scheme.

4.1 How to Derive the Due Time for Making the Offloading Decision?

To derive the due time for making the handoff decision, SDN Controller calculates the
time point tdk, which is the due time for making offloading decision, based on the peri‐
odically received context information transmitted by the vehicle. According to the peri‐
odically received context information of latitude & longitude and speed transmitted from
the vehicle, SDN Controller calculates how far it is from vehicle’s current location to
the boundary of the ahead 802.11p Wi-Fi RSU and derives the corresponding driving
time length time based on the vehicle’s speed; then it measures what the final timing is
for making the offloading decision. The final time for making the offloading decision,
i.e., tdk, is calculated as follows. For convenient explanation, Fig. 6 depicts the two cases
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that can exist and Table 1 contains the denotation and explanations of those parameters
that are used for deriving time point tdk. Let (1) Pc be the position of vehicle X’s current
GPS sampling, (2) Pn be the position of vehicle X’s next GPS sampling, which can be
estimated based on the position of vehicle X’s current GPS sampling and X’s speed, and
(3) Pe be the entrance position of the ahead 802.11p Wi-Fi RSU’s signal coverage, which
is the intersection of the road and the ahead 802.11p Wi-Fi RSU’s signal coverage. Dc
denotes the distance from the current position to the entrance position of the ahead
802.11p Wi-Fi RSU’s signal coverage, i.e., the distance between Pc and Pe; Dn denotes
the distance from the next GPS sampling position, i.e., the next context report/trans‐
mitting position of the vehicle, to the entrance position of the ahead 802.11p Wi-Fi
RSU’s signal coverage, i.e., the distance between Pn and Pe; TRTT denotes the round trip
time delay between the vehicle and SDN Controller, for which one way delay is for
transmitting vehicle’s context to SDN Controller and one way delay is for transmitting
SDN Controller’s offloading decision message to the vehicle; TCO is related computation
time overhead for calculating offloading decision in SDN Controller; v is the speed of
the vehicle; Ts is GPS sampling period.

Table 1. The notation of the expression

Variable Meaning
Pc current position of GPS’s sampling
Pn next position of GPS’s sampling
Pe entrance position of the 802.11p Wi-Fi RSU’s signal coverage
dc distance between Pc and Pe

dn distance between Pn and Pe

TS GPS sampling period
Tco the computing overhead in SDN Controller

In Fig. 3-(a), when Dn/v is greater than or equal to TRTT + TCO, which means that the
offloading decision can be made in the next GPS sampling and context report/transmis‐
sion time point and thus it still doesn’t need to be made based on the currently reported/
transmitted vechicle’s context. In Fig. 3-(b), when Dn/v is smaller than TRTT + TCO, and
Dc/v, which is equal to v ∗ Ts + Dn = Ts + Dn, is greater than TRTT + TCO, which means
that the offloading decision should be made in the current GPS sampling and context
report/transmission time point.

4.2 How to Decide Whether the Ahead 802.11p Wi-Fi Network’s Situation
Is Good Enough to Have Offloading or not?

At time point tdk, SDN Controller decides whether the ahead 802.11p Wi-Fi network’s
situation is good enough to have the corresponding vehicle to do data offloading from
the 3G/3.5G/4G cellular network to the 802.11p Wi-Fi network or not. In order to
measure the quality of 802.11p Wi-Fi network, the collision times in the carrier is used
as an index to estimate the network quality, i.e., when the collision times is higher/
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smaller, it denotes that the network quality is better/worse. Thus, the network quality of
an 802.11p Wi-Fi RSU is referred by the backoff counter’s value for media access’s
contention window used in the 802.11p’s CSMA/CA control scheme. In the CSMA/CA
control scheme, initially, the backoff counter’s value is set to 4 and thus the contention
window can be 0–15 (24 − 1), i.e., the mobile node can wait for i time slots, for which
i is randomly selected from 0–15, and then try to access the wireless medium. When the
mobile node has transmission collision, the backoff counter’s value is increased for 1
and thus the contention window size can be doubled for the re-transmission. The upper
bound of re-transmission times is 6. That is, the upper bound of the backoff counter’s
value is 10 (4 + 6), for which the contention window can be 0–1023 (210 − 1). That is,
let the backoff counter’s value be x when a mobile node MN gets the media access’s
privilege. Then, it implies that the retransmission times of MN is equal to x − 4. Each
RSU that is involved in the data offloading can report/transmits the value of its backoff
counter to SDN Controller when the value is changed. In this way, SDN Controller can
have the up-to-date network situation of each 802.11p Wi Fi RSU. Then, SDN Controller
can set a threshold for the value of its backoff counter to make the offloading decision.

4.3 How to Quantify the 802.11p Wi-Fi Network’s Situation?

The 802.11p Wi-Fi network’s situation is measured as follows. Since the bigger retrans‐
mission times result in the bigger backoff counter/contention window, it means that a
mobile node has a higher chance to pick a bigger backoff counter when the retransmis‐
sion times are becoming bigger. Thus, we deduce the following formula to represent the
network quality. Let n be the number of vehicles connected to the RSU and CWi be the
contention window size of vehicle i, CWi = {x | 24 − 1 ≦ x ≦ 210–1}, and let

NE= =

∑n

i

(
log

(CWi+1)

2 − 4
)

n

(1)

denote the 802.11p Wi-Fi network’s situation of RSU. At time point of T, if the value
of NE is greater than a threshold of NE, then the corresponding vehicles cannot handoff
to 802.11p Wi-Fi RSU and keep connecting LTE to maintain vehicles’ networking

Fig. 3. The configuration of finding the time point for decision
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quality; if the value of Ne value is smaller than a threshold, then the corresponding
vehicles can have the handoff and connect to 802.11p Wi-Fi RSU.

5 Performance Analysis

This Section presents the performance analysis of the proposed scheme. Our proposed
OHD-SDN control scheme is compared with the naïve scheme, which has a vehicle X
to directly connect to the RSU when X enters into the signal coverage of the corre‐
sponding 802.11p Wi-Fi RSU without considering the networking situation of the corre‐
sponding 802.11p Wi-Fi RSU. The simulation is based on the NS-3 (Network Simulation
3–24) [12] which uses the C++ programming language. In the remaining part of this
Section, we will explain how our simulation environment was built, how the mechanism
works and show the results of the comparison.

5.1 Environment

The controller and SDN-based switch is the key component in a SDN-based network.
Especially for controller, most of the SDN-based algorithm logic part is running on it.
So, for our OHD-SDN control scheme, it needs a controller to simulate the control
scheme as well. We just built a global network supervisor agent to take over the duty of
SDN controller. All of the network selection mechanism and offloading judgment are
inside that agent.

We deploy 16 vehicles, a RSU and a cellular base station to provide the network serv‐
ices to those vehicles. The vehicles go back and forth around the RSU such that they can
sometimes receive the RSU signal and are sometimes out of the signal coverage of the
RSU. Our proposed OHD-SDN is aim at reducing the chance of switching to a heavily-
loaded RSU, which makes the corresponding vehicle’s networking situation and quality
worse. Table 2 lists the parameters and their values in our simulation environment.

Table 2. Configuration of the simulation environment

Parameter Values
RSU coverage range 300 m
Number of vehicles 16
Speed 14 m/s
Simulation time 300 s
Packet payload 1490
RTS/CTS Off
Data sending rate 1 Mbps
Packet payload 1490 Bytes
Traffic type CBR
Cellular network type LTE
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5.2 Results of the Performance Analysis

For here, “Wi-Fi” means receiving data from Wi-Fi interface, and “LTE” means data
from LTE interface. We accumulate the size of the packets receiving by each vehicle in
every 0.1 s. In this way, we can get the throughput of every vehicle. Then, we sum up
all vehicles’ throughput to get the average throughput of the 802.11p Wi-Fi network.
For the following figures, the X-axis denotes time, for which the unit is 0.1 s and Y-axis
denotes the throughput, for which the unit is Kbps. The throughput represents the
average throughput of all vehicles in the Wi-Fi network or LTE network.

Figure 4 shows the throughput of using the naïve scheme. Referring to Fig. 4, at the
1/4*50th seconds, some vehicles start to enter into the signal coverage of RSU and
handoff to the Wi-Fi network. As time goes by, there are more and more vehicles that
try to connect the RSU, which makes the Wi-Fi network become congested. Since the
naïve scheme doesn’t constrain the vehicles to handoff and enter into the Wi-Fi network,
the throughput goes down gradually when more and more vehicles share the bandwidth
of the RSU.

Fig. 4. The average throughput in 802.11p Wi Fi network and LTE network using the naïve
control scheme.

The performance of setting different thresholds for NE is depicted in Figs. 5, 6
and 7, for which the threshold is set as 0.5, 0.25 and 0.125 respectively. Figure 5
shows the throughput of using our proposed OHD-SDN scheme. Since our proposed
OHD-SDN scheme can evaluate the loading of the RSU before vehicles enter into
the signal coverage of the ahead 802.11p Wi-Fi RSU, vehicles would not connect
to the Wi-Fi network and just stay in LTE when the controller detects that the RSU
cannot support more vehicles. The main concern is to do a reasonable offloading,
but not request the vehicles as a victim to go into a cheap network and congest in
it. Figure 6 shows the comparison of the average throughput in Wi Fi network
between the proposed OHD-SDN scheme average and the naïve scheme. At very
beginning of the Fig. 6, the average throughput of both naïve and OHD-SDN
control schemes are the same because both schemes don’t reach the limit. From the
1/4*50th second, the vehicles that plan to go into the 802.11p Wi-Fi RSU become
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more. Our proposed OHD-SDN control scheme can have the better average
throughput for each vehicle because the number of vehicles that can enter into the
signal coverage of 802.11p Wi-Fi network is under control, but it is not controlled
in the naïve scheme.

Fig. 5. The average throughput in 802.11p Wi-Fi network and LTE network using the proposed
OHD-SDN control scheme.

Fig. 6. The comparison of the average throughput in 802.11p Wi-Fi network between the
proposed OHD-SDN scheme average and the naïve scheme.

Figure 7 shows the comparison of the average throughput in 802.11p Wi-Fi network
among our proposed OHD-SDN schemes with 3 different thresholds of NE and the naïve
scheme. From Fig. 7, we can observe that the bigger threshold it is set, the smaller
average throughput it has. But no matter which threshold value the proposed OHD-SDN
control scheme is set, it still better than naïve control scheme.

Figure 8 shows the comparison of the average packet loss among our proposed OHD-
SDN schemes with 3 different thresholds of NE and the naïve scheme. It can be observed
that our proposed OHD-SDN control scheme with threshold 0.125 has better situation
than the naïve method for almost 40%.
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Fig. 8. The comparison of the average packet loss rates in Wi-Fi.

6 Conclusion

This paper has proposed an SDN-based control scheme to help vehicles decide whether it
is suitable to handoff to the ahead 802.11p Wi Fi RSU to have offloading from the 3G/3.5G/
4G cellular network or not. In this way, each vehicle can handoff to the ahead 802.11p Wi
Fi RSU when the networking situation of the ahead 802.11p Wi Fi RSU is still good and can
stay in its currently connected 3G/3.5G/4G cellular network when the networking situation
of the ahead 802.11p Wi Fi RSU is not good. The main benefit of using the SDN-based
method for making the offloading decision is twofold. The 1st one is that the 802.11p Wi-
Fi RSU is relieved from the computing overhead for making the offloading decision and
thus is only in charge of the processing of transmission and handoff. The 2nd one is that
vehicles can maintain its networking situation because it won’t go into a cheap Wi Fi

Fig. 7. The comparison of the average throughput in 802.11p Wi Fi network among our proposed
OHD-SDN schemes with 3 different thresholds of NE and the naïve scheme.
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network and become congested inside blindly. The performance analysis shows that our
proposed OHD-SDN scheme can make each vehicle have better performance that the naïve
scheme in terms of the average throughput and packet loss.
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Abstract. Information-centric networking (ICN) is being applied to the vehicular
networks by more and more researchers on account of its lightweight and connec‐
tionless networking paradigm and in-network caching characteristics, making it suit‐
able for the dynamic environments of vehicular networks. However, wireless trans‐
mission of interest packets to find content in the network may lead to broadcast storms
that can affect the performance of information dissemination severely. This paper
proposes a distance assisted data dissemination method with broadcast storm
suppressing mechanism (DASB) for supporting rapid and efficient information
dissemination in ICN-based vehicular ad hoc networks (VANETs). Geo-position data
of vehicles are used to accelerate packet forwarding, and vehicular nodes in certain
areas are restricted to forward packets in order to suppress the broadcast storm. Simu‐
lation results show that the proposed method can greatly reduce the total number of
packets transmitted in the network, and the successful information delivery ratio and
information delivery time can also be improved.

Keywords: Information-centric networking · VANET · Broadcast storm
suppression

1 Introduction

By connecting vehicles to people, other vehicles, and their surrounding environment, data
about road and environmental conditions can be obtained by any vehicle and personal and
entertainment offerings can be provided to passengers. To that end, vehicular ad hoc
networks (VANETs) have been regarded not only as a key technology for increasing road
safety and transport efficiency, and providing infotainment for people in mobile environ‐
ments, but also as a method for increasing revenue for service providers and car manufac‐
turers. Nevertheless, due to the highly dynamic mobile environment and the resulting wire‐
less transmission conditions, some problems still need to be solved in order to bring VANET
into reality.
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Information-centric Networking (ICN) is a novel networking paradigm [1] that does not
require global IP address allocation and management, setup of data delivery paths, or session
establishment and management. Focus in the network is moved from named end-points to
distribution of named data from producers or intermediate caches in the network. Thus,
many major requirements of VANETs can be matched by the ICN paradigm. For example,
the receiver-driven and name-based data delivery mode reduces the high overhead of mobi‐
lity management and session maintenance. Asynchronous ICN communication suits the
intermittent links of VANETs well. The in-network caching mechanism of ICN provides
help to reduce the latency of obtaining data by vehicles, in particular for data of limited
geographic interest. Additionally, most applications in VANET are information oriented and
in many cases, vehicles and people on board do not need to directly interact with each other,
but are satisfied with obtaining the needed information, and do not mind who provides the
information and how and from where it comes from. At the same time, the computing and
storage resources required by ICN, such as name-based data forwarding and in-network
caching can be provided at low cost by vehicles which do not have restrictions on battery
size, volume, or weight that many other mobile devices suffer from. Hence, the ICN para‐
digm is a suitable candidate for realizing VANETs.

However, introducing ICN in VANET also faces challenges. We address a typical
VANET using wireless transmission technology such as IEEE 802.11p, where broadcasting
data over a network interface is the basic communication mode between two nodes. We
assume that nodes make use of the possibility to overhear packets to facilitate efficient
multicasting of Interest packets such that they can spread quickly throughout the network.
However, in the receiver-driven ICN paradigm, if an information request (e.g., the Interest
packet in NDN [2]) is broadcasted, multiple copies of the request will be transmitted through
the network, with the risk for routing loops and other redundant transmissions. When in-
network caching mechanism is used, multiple copies of the responded data will also be
produced and spread over the network. This not only wastes the valuable wireless transmis‐
sion resources, but also, due to interference, decreases transmission reliability. Moreover, the
density of the vehicle nodes and the applications running in the vehicles may change heavily
and frequently, leading to unbalanced data traffic. Hence, a broadcast storm may heavily
influence the quality of data transmission. In addition, the inherent feature of VANET, that
is, short-lived intermittent connectivity, reduces the possibility of data dissemination. As a
result, all vehicular nodes having transmission opportunity take part in the data forwarding
in most routing mechanisms [3, 4]. This makes the problem of broadcast storm even worse.

In this paper, we introduce DASB, a distance assisted data dissemination method with a
broadcast storm suppression mechanism, to realize efficient and fast data dissemination in
ICN-based VANETs. Our work aims at making the ICN paradigm viable for VANETs by
designing an efficient data dissemination mechanism with low packet redundancy. Specially,

• We propose a packet forwarding strategy to reduce the numbers of hops of packet
forwarding and at the same time to suppress the forwarding of the nearby nodes, by
making use of the geo-position information of the vehicles;

• We introduce a mechanism to suppress the broadcast storm while keeping the successful
packet delivery ratio by limiting the amount of nodes around the current forwarding node
that broadcast the data further;
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• We evaluate the proposed mechanisms through implementation and carrying out
simulations. Especially, we use real world traffic and a vehicle mobility model to
validate the proposed mechanism.

The rest of the paper is organized as follows. In Sect. 2, the distance assisted packet
forwarding scheme for ICN-based VANETs is described. In Sect. 3, the method of broad‐
casting suppression and the corresponding suppression angle are introduced. Following this
the implementation and simulation environment are described, and the performance of the
proposed method is evaluated and discussed in Sect. 4. We discuss the related work in
Sect. 5. Finally, Sect. 6 concludes the paper.

2 Distance Assisted Packet Forwarding

Work in [5–7] has investigated the advantages of introducing information centric
networking into VANETs, and made some improvements to the basic NDN architec‐
ture to implement the name-based data dissemination in VANETs. In short, we borrow
ideas from these works and keep the following functions: (i) packets are allowed to be
broadcast over the same wireless network interface from which the packets were
received; (ii) the CS (Content Storage) and PIT (Pending Interest Table) functionality
remains as for normal NDN operation; (iii) a timer based mechanism that allows
forwarding of packets after waiting a certain time is used in each intermediate node.

A problem with previous solutions is that the mechanisms proposed have the potential
to create broadcast storms in the network, leading to high overhead and waster of network
resources. In order to suppress such broadcast storms, we reduce the data transmitted in the
network, and therefore improve data dissemination efficiency. We introduce the following
features in our system: (i) the data structures Forwarded Table (FT) and Waiting Table (WT)
in the nodes; (ii) a modified format of Interest and Data packets, carrying geo-position
information; (iii) a method for calculating the retransmission deferral timer and packet
forwarding method based on internode distance; and (iv) a broadcast storm suppression
mechanism. The first three features are described below, and the fourth feature will be
explained in Sect. 3.

2.1 Packet Forwarding According to Distance

All data is transmitted through broadcasting it over the wireless network interface. Since
many nodes are able to receive the packets by overhearing the wireless channel, this allows
Interest and Data packets to be forwarded by intermediate nodes to increase the likelihood
of reaching the destination, but this can also lead to loops and repeated forwarding. This may
in turn cause heavy packet loss due to serious interference in the physical layer and network
layer congestion.

To avoid loops and repeated forwarding of Interest packets, we introduce a Forwarded
Table (FT) in each node which records the Nonce, a unique identifier used when creating
an Interest, and the forwarding time of the Interest by the current node. The table is subse‐
quently used to ensure that an Interest packet is forwarded at most once. A node frees table
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entries according to a local strategy, for example, after a certain time, when it can be
assumed that possible local forwarding of the packet in the neighbourhood has ceased.

To shorten the data response time and to reduce the amount of packets transmitted in the
network, we use a greedy geo-position based forwarding strategy. Namely, we allow the
vehicular nodes furthest away from the current node to forward the packet first. This is
because that node will propagate the packet the furthest physical distance and thus is likely
to bring the packet closer to a remote destination that is not in range of the first node. In this
way, fewer vehicular nodes are involved in packet forwarding, and fewer hops between the
content requestor and responder are needed. This can be expected to decrease the latency of
requesting content and also the interference and therefore also improve the content delivery
ratio.

In order to be able to estimate the distance between the previous node that broadcasts the
packet and the nodes receiving the packets by overhearing the wireless channel, we modify
the original Interest and Data packets in NDN to include geo-position information of the
previous node, as shown in Fig. 1. Thus, when a node receives, for example, an Interest
packet, it can calculate the distance between itself and the previous forwarder, according to
its own position information and the position information carried in the packet. In vehicular
networks, it is common that all vehicles have a GPS navigator, so including the location of
the node in the message is a feasible requirement.

Name Selectors Nonce Guiders PreNode_ position

Fig. 1. Format of interest packets

In order to enable the furthest node to forward the packet without knowing the distance
information of other nodes, we introduce two types of retransmission deferral timers, Ti and
Td, in each vehicle node. When a node receives an Interest packet that is not listed in its FT,
it calculates the distance to the previous node that sent the packet. Then it sets the retrans‐
mission deferral time for timer Ti according to a “waiting time function”, where the value
of the timer is dependent on the distance, and adds the packet information to its Waiting
Table (WT). The longer the distance, the shorter the deferral time. As a result, the timer in
the node furthest away will expire first, and the node will forward the Interest first. During
the deferral time of Ti, all the nodes listen for other transmissions of the same Interest
packet. Upon overhearing the same Interest transmitted by another node, the nodes will
discard the Interest and stop the timer Ti. The same mechanism is applied when a Data
packet is received by a node, using timer Td.

2.2 Waiting Time Function and Waiting Table

Considering the case that multiple vehicle nodes may have the same distance to the previous
node, the deferral time t consists of two parts t = t1 + t2, where t1 is the time related to the
distance, t2 is a random time, and t2 << t1 (i.e., t2 is far smaller than t1). Thus, one of the
nodes having the longest distance will have the smallest t, and will forward the Interest or
Data first, by broadcasting it through the wireless network interface.
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The longest distance for a vehicle being able to forward packets is determined by the
maximum distance of wireless transmission. In order to determine the deferral time for each
node, we assume:

R is the reliable radio transmission distance. For simplicity, here we suppose all the
vehicles have the same R.

Dm is the longest distance between two vehicles to send and receive data, i.e., no data
transmission errors are caused by the distance. Vm is the maximum velocity of the vehicles
and Lm is the maximum tolerated latency for one hop. Considering the movement of the
vehicles Dm = R − 2Vm × Lm, which is the case that two vehicles travel to the opposite
directions at the maximum speed.

The deferral time is a decreasing function of the distance, and depending on the
geographical distribution of the vehicular nodes in the network, different functions can be
used. In this paper, we assume that vehicles are randomly distributed. We assign a simple
linear decreasing function to the deferral time, as shown in Fig. 2.

Fig. 2. Deferral time function

The maximum time Tm when the distance is 0 may eventually have influence on the data
response latency. If it is too big and the network density is lower, vehicular nodes nearby the
forwarding node may have relatively long deferral time. Theoretically, Tm should be
Thop < Tm < 2Thop, where Thop is the maximum transmission and processing delay of one
hop. In practice, the maximum time can be determined by considering the average density
of the vehicles in selected scenarios and the accuracy of the clocks. Figure 8 in Sect. 4
illustrates the relationship between Tm, the density of the vehicular nodes and the data
response latency obtained by our simulations.

It should be noted that the synchronization of clocks among vehicles will not play a role
in our method because the deferral time is used and it only requires measuring relative time
intervals.

3 Forwarding Suppression

3.1 Forwarding Suppression Angle

As shown in Fig. 3, when an Interest is sent by node A, both node B and node C will receive
the packet. Since the distance from B to A (dBA) is longer than that from C to A (dCA), B will
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forward the packet before C. In other words, C’s forwarding is suppressed. However, if node
D has the requested content, as shown in Fig. 3, the content can be obtained only when node
C forwards the Interest. Here we assume that D is the nearest node having the requested
information when multiple copies of the requested information exist. To avoid forwarding
a packet far away from the content holder, when the position of such a node D is known,
we introduce a suppression angle αSA, to determine a sector within which packet forwarding
is suppressed. In the case presented in Fig. 3, node C is outside this sector and hence
forwards the packet and node B is the only node inside the sector forwarding the packet.

Fig. 3. Forwarding suppression angle

As shown in Fig. 3, after node C overhears the Interest from B during the deferral time,
the angle αF formed by line AB and AC can be calculated, namely:

𝛼F = arccos
d2

BA
+ d2

CA
− d2

CB

2dBA ⋅ dCA

. Here, dBA, dCA, dCB are the distances between node B and A,

node C and A, and node C and B, respectively. These distances can be calculated when node
B and C receive the Interest from node A and when C receives the same Interest from B
again. In this case, node C will first calculate the angle αF according to the geo-position
information carried in both Interest packets. If αF < αSA, it means that C is in a direction
similar enough to B, and since B is expected to be closer to the content holder, C will
discard the Interest received both from B and A, stop the deferral timer, and delete the
corresponding entry from its waiting table WT. In This way, redundant Interest packet
forwarding will be suppressed, but the forwarding of the Interests will not be restricted only
to a certain direction, all directions may receive the Interest. If multiple copies of requested
information are cached in the network, the suppression of Interests will greatly reduce the
amount of the responded Data packets. Similarly, certain amount of Data packets will also
be suppressed.
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3.2 Suppression Angle and Information Delivery Ratio

Since the successful delivery of an Interest packet to a node holding the requested informa‐
tion is related to the suppression angle αSA, we calculate the maximum failure probability of
forwarding the Interest as a function of αSA.

We start by re-drawing the situation described in Fig. 3 as Fig. 4. To study the situation
in which an Interest is not forwarded, we place point D at the intersection of circles A and
B. They all have the same radius R, which denotes the radio transmission distance of the
vehicular nodes A and B. dAB is the distance between A and B. As shown in Fig. 4, the
following situation will lead to a cessation of packet forwarding: (i) there are no nodes in the
grid area; (ii) nodes exist in the stripe area, in other words, there are nodes that can receive
the forwarded packets; (iii) all nodes that received the forwarded packets are distributed in
the suppressed area. In this case, all the nodes that have the possibility to forward packets
further are suppressed.

Suppose the vehicles are randomly distributed in the considered area with an average density

of ρ. Then the probability of the above condition (ii) is P(D) = 
4𝜋 − 3

√
3 − 6 sin−1 dAB

2R

5𝜋 − 3
√

3
. The

probability of the above condition (iii) is P(C) = 
6𝛼SAd2

AB

(4𝜋 − 3
√

3)R2
. Suppose m, n are the number

of nodes in the grid and the stripe area respectively, therefore, m = ρ × (
𝜋

6
R2 + sin−1 dAB

2R
⋅ R2);

n = ρ × (
2
3
𝜋R2 −

√
3

2
R2 − sin−1 dAB

2R
⋅ R2).

Thus, the probability of failing forwarding is P = P(D)
m.P(C)

n. For example, when
dAB = R, α =

π

3
, ρ = 9∕𝜋R2, m = 3, n = 2; P = 4.7%; and when

dAB = R, α =
π

6
, ρ = 9∕𝜋R2, m = 3, n = 2; P = 1.1%. The relationship among suppression

angle, the delivery ratio of Interest packets and the density of vehicular nodes is shown in Fig. 9.

Fig. 4. Suppression angle and probability of packet loss
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3.3 Packet Processing at Vehicular Nodes

A node wishing to retrieve data from the network broadcasts an Interest packet expressing
its wish through the name of the requested data. The processing at an intermediate node is
as follows. As shown in Fig. 5(a), each node receiving an Interest (“new instance”) first
checks if the same Interest (“old instance”) is already in the Waiting Table (WT) matching
the Nonce field of the Interest. If yes, the node next decides if the Interest should be
suppressed based on the forwarding angle αF of the new instance and the suppressing angle
αSA. If αF > αSA, which means the node is in a location different from the “new” previous
node (i.e., Node B in Fig. 3), it will continue running the old deferral timer, until it times out
and forwards the Interest (i.e., the Interest it received earlier from node A in Fig. 3). If αF < αSA,
the node will stop the old timer, delete the corresponding entry in the WT and discard the
Interest (e.g. node E in Fig. 3).

If no entry is found in the WT, the node will check if the Interest is in the Forwarded
Table. If yes, the packet is discarded. Otherwise, the node searches the information name in
its CS, similarly to the original NDN mechanism. If a match is found, the node starts the
Data response procedure. If not, it will check if there is already an entry exist in the PIT. If
a match is found, the node will not forward the Interest, since the same Interest has been
forwarded already. Otherwise, the node will add an entry in the WT by initiating a new
timer tI according to the waiting time function and register it in the PIT. The node will
schedule the Interest forwarding when the timer expires.

Similar processing is used when a Data packet is received at a node, except caching
is done at the intermediate node, as shown in Fig. 5(b).

4 Performance Evaluation

We implemented the proposed method in ndnSIM [8], which realizes the basic mecha‐
nisms of NDN in the network simulator ns-3 [9]. We extended the ndnSIM implementation
with support for the functionality described in this paper (Forwarded Table, Waiting Table,
waiting time function and the corresponding broadcast suppression method).

To evaluate the performance of the proposed method, we use the tool OpenStreetMap
(OSM) [10] and Simulation of Urban Mobility (SUMO) [11] to create different mobility
scenarios. OSM provides freely exportable maps of cities. The OSM road information is
generated and validated by satellite images and GPS traces, and is commonly regarded as the
highest quality road data publicly available today. SUMO is an open-source traffic simu‐
lator with continuous space and discrete time. SUMO is capable of importing maps in
multiple formats, including OSM. In our simulation, we use OSM to create the real-world
map, and use SUMO to generate vehicle nodes and traffic, and mobility model in the real-
world road maps.

We evaluate the proposed method using the metrics total number of messages trans‐
mitted in the network, data request and response (i.e., round-trip) time and successful infor‐
mation delivery ratio by comparing our approach with basic NDN. Figure 6 shows the
parameters of ndnSIM used in our simulations.

Figure 7 illustrates the map obtained by using OSM and imported in SUMO. This is the
map of Solna in Stockholm, Sweden, with an area of about 8.05 km2. We measure the
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performance of the proposed method when there are 100, 200, 400 and 600 vehicles respec‐
tively distributed in the sections of roads randomly. In our tests, 10% of the nodes send
Interests with different names (i.e., asking for different content) every 0.5 s. The test time is
10 s. Another 10% of the nodes serve as content providers, holding the requested content and
are randomly distributed in the network. In order to analyse the effects of the distance
assisted routing and broadcast suppression, we disabled caching in the intermediate nodes.
We assume that the nodes are able to know their own position and for evaluation of broad‐
cast suppression, we also assume that nodes know the position of the content provider.

(a)  Processing of Interest Packet

(b)  Processing of Data Packet

Fig. 5. Processing of interest packet and data packet

Distance Assisted Information Dissemination 187



Fig. 7. Map for the simulations

4.1 Results

To evaluate the influence of the maximum deferral time Tm to the latency of packet
forwarding, we measure the average round-trip latency of information requests with
different Tm values. Here, we measure latency as the elapsed time from sending an Interest
packet until receiving a Data packet as response under different vehicular densities in the
network. Figure 8 illustrates the results. Here we can see that with the increase of Tm, the
round-trip latency increases. This is because each forwarding node will wait a relatively
longer time on average when Tm increases. However, with the increase of the number the
nodes in the fixed area, the distance between two nodes becomes shorter, the average
deferral time of each forwarding node becomes longer, and therefore the round-trip latency
increases. However, the distance-based routing does not increase the number of hops of data
forwarding when the number of vehicles increases and thus, the round-trip latency will not
increase in general.

Parameters Value
WLAN Protocol IEEE 802.11p
Data Link Types DLT_IEEE802_11_RADIO
Wireless transmission model ConstantSpeedPropagationDelayModel
Signal propagation loss model RangePropagationLossModel
Receiving gain 0db
Remote station manager ConstantRateWifiManager
Data transmission rate 10packets/s
Time 50s

Fig. 6. Parameter set during simulations
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Fig. 8. Relationship among round-trip latency, Tm and node density

Figure 9 illustrates the relationship between suppression angle, information delivery
ratio and density of vehicular nodes. Here the delivery ratio is defined as Dr = Nsent/Nrec,
where Nsent is the total number of Interest packets sent by nodes in the network and Nrec is the
total number of received Data packets requested by the nodes. We can see that increasing the
suppression angle will result in the reduction of the information delivery ratio when the
density of the vehicles is fixed. In addition, with the increase of the density of vehicles, the
information delivery ratio may decrease further. This is because more vehicles are in the
radio transmission area, therefore there will be more nodes to take part in the packet
forwarding, and there will be more congestion and more packet loss. However, by using our
proposed method, the delivery ratio decreases not as radically as the basic NDN method and
it can be seen that it is at higher node densities that the suppression of broadcasts become
more important.

Fig. 9. Relationship among suppression angle, delivery ratio and node density

Figure 10 illustrates the total number of Interest and Data packets transmitted in the
network with different node density (i.e., different number of nodes in the fixed area)
compared with the basic NDN mechanism. Note that all the requested information are
different, and there is only one copy of each information in the network. In other words, no
caches of information are available. We compare also the effects when different suppres‐
sion angles are used. The total amount of traffic in the network increases with a higher
number of nodes since that corresponds to a larger number of content requests in our
model, but we can see that the same trend holds true for all node densities. Our broadcast
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suppression mechanisms decreases the number of packets radically, reducing the traffic
volume with 70–97% depending on node density, when compared with the original NDN
method. In addition to the general gain in delivery ratio that we could see in Fig. 9, this also
means that the overhead and resource usage for each piece of delivered content is signifi‐
cantly lower, leaving room for other traffic in the network.

Fig. 10. Number of packets forwarded in the network

Figure 11 illustrates the average latency for obtaining data compared with the basic NDN
mechanism, i.e., the time between an Interest is sent and the first Data packet is received.
Here we can see that in general our proposed method performs comparable to basic NDN
at very low or high node densities and has over 30% shorter latency for obtaining informa‐
tion than the basic NDN method in medium-density scenarios.

Fig. 11. Average latency of information request and response

5 Related Work

VANET and MANET (Mobile ad hoc networks) share the same principle not re-lying on
fixed infrastructure for communication. They have many similarities, such as self-organi‐
zation, low bandwidth and short range of radio transmission. Hence, most ad hoc routing
protocols are still applicable for VANET, such as AODV (Ad-hoc On-demand Distance
Vector) [12] and DSR (Dynamic Source Routing) [13] etc. However, VANET differs from
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MANET in its highly dynamic topology. A number of studies [14–16] have been have shown
that most ad hoc routing protocols (e.g., AODV and DSR) suffer from highly dynamic
nature of node mobility. Therefore, some routing protocols have been presented for
VANET, including position-based routing [15, 17], broadcast routing [18] and cluster-based
routing [17, 19].

Among them, GPSR (Greedy Perimeter Stateless Routing) [20] is one of the most known
position-based protocols. It combined the greedy routing with face routing by using face
routing to get out of the local minimum where greedy fails. It works best in a free open
space scenario with evenly distributed nodes. In this paper, we use geo-graphical location
information and greedy algorithm in the context of ICN, since vehicular nodes’ movement
is normally constrained along roads and streets. Geographical information can be easily
obtained from street maps and modern navigation systems. In addition, by using the greedy
methods, packets suffers less latency in general.

Broadcast is a frequently used routing method in VANETs. Broadcast is also used in
unicast routing protocols during the routing discovery phase to find an efficient route to the
destination. The simplest way to implement a broadcast service is flooding, where each node
broadcasts message to all its neighbours except the one from which it got this message from.
Through flooding the message will eventually reach all nodes in the network. Flooding
performs relatively well when there are a certain small number of nodes in the network and
is easy to be implemented. However, when the number of nodes in the network increases,
the bandwidth needed for one message transmission may increase exponentially. In the
wireless environment, this may also cause heavy contentions and collision. Thus, the
performance of transmission will decrease heavily. Flooding may has also a significant
overhead. In this paper, the flooding mechanism is used to deliver the messages in the
context of ICN, and we concentrate on reducing the number of broadcasted messages in
order to reduce the overhead and increase the bandwidth usage.

Several researchers have investigated the possibilities of using the ICN paradigm in
VANETs. For example, the ICN Research Group of the Internet Research Task Force
(IRTF) has identified vehicular networks as a key scenario in which ICNs are likely to play
an important role and outlines some challenges and existing work in the area in [21]. In [5,
6], authors report studies on the advantages of using Named Data Networking (NDN) [22]
in vehicular networks. Here, the focus has been on introducing basic NDN mechanisms in
VANETs, such as where and how to implement NDN concepts like the PIT (Pending
Interest Table), and CS (Content Store) and how to combine it with flooding mechanisms
to distribute data. Work reported in [7] takes this one step further. A counter-based broad‐
cast scheme and two transmission defer timers are introduced to counteract the broadcast
storm phenomena, by reducing packet collision events on the wireless medium. However,
no advanced mechanism is presented to suppress the broadcast storm. [23, 24] present
methods for Interest forwarding in NDN. We borrow from V-NDN [23] the idea of using a
simple greedy forwarding method to spread Interest. However, instead of spreading Inter‐
ests to all directions, we restrict the spreading of Interest in certain area to suppress the
broadcasting storm. Navigo in [24] coupled names with the locations where the data reside:
Interests are either forwarded according to the FIB with a probability p or simply flooded
with a probability of 1 − p, in order to avoid the packets focusing on a single destination
area for a long time. However, the purpose of the mechanism is to balance the traffic among
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different sources, not suppress broadcast storm. In addition, both [23, 24] discuss only
forwarding Interests, forwarding the responses carrying the requested data is not discussed.
The mechanism proposed in this paper applies to forwarding of both Interest and Data
packets.

6 Conclusions and Future Work

An information dissemination method for ICN-based VANETs has been proposed in this
paper. Through the retransmission deferral timing function and the geo-position informa‐
tion, a broadcast suppression sector can be formed and distance assisted packet forwarding
can be realized. By prohibiting packet forwarding in the suppression sector, large amount
of packet forwarding can be eliminated, especially when in network caching is used in an ICN
network. In this way, our method can reduce the interference of broadcasting data in the
wireless environment, which may potentially increase the throughput of the whole network.
Our simulation results show that the proposed method can greatly reduce the total number
of packets forwarded in the network, while keeping a good delivery ratio of the requested
data and a low data response time.

There are still some assumptions in our method, such as random distribution of vehi‐
cles. Our next step is to evaluate our method more thoroughly and improve our method by
considering the distribution of vehicles along certain roads and the density of vehicles on the
road. In our current results, we could see the importance of broadcast suppression at higher
node densities. By estimating the density of vehicles, for example like in [25], it may be
possible to adjust the angle used for the broadcast suppression sector to further improve
performance for a wide range of scenarios. While the focus in this paper has been on the
forwarding of interest messages, we also want to study the impact of utilizing caching in the
network, and in particular infrastructure assisted caching and forwarding.

Acknowledgement. The work in the paper was partly supported by the Chinese National High
Technology Research and Development Program (863 Program) under Grant No.
2015AA016101.
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Abstract. Popular navigation services are used by drivers both to plan out
routes and to optimally navigate real time road congestion in internet of vehicles
(IoV). However, the navigation system (such as GPS navigation system) and
apps (such as Waze) may not be possible for each individual user to avoid traffic
without creating congestion on the clearer roads, and it might even be that such a
recommendation leads to longer aggregate routes. To solve this dispersion, in
this paper, we first apply a concept of virtual vehicle in IoV, which is an image
of driver and vehicle. Then, we study a setting of non-atomic routing in a
network of m parallel links with symmetry of information. While a virtual
vehicle knows the cost function associated with links, they are known to the
individual virtual vehicles choosing the link. The virtual vehicles adapt the
cooperation approach via strategic concession game, trying to minimize the
individual and total travel time. How much benefit of travel time by the virtual
vehicles cooperating when vehicles follow the cooperation decisions? We study
the concession ratio: the ratio between the concession equilibrium obtained from
an individual optimum and the social optimum. We find that cooperation
approach can reduce the efficiency loss compared to the non-cooperative Nash
equilibrium. In particular, in the case of two links with affine cost functions, the
concession ratio is at most 3/2. For general non-decrease cost functions, the
concession ratio is at most 2. For the strategic concession game, the concession
ratio can approach to 1 which is a significant improvement over the unbounded
price of anarchy.

Keywords: Internet of vehicles � Route choice � Virtual vehicle � Strategic
concession game

1 Introduction

Optimal route choice not only can decrease the travel time for drivers, but also can
solve or reduce the traffic congestions [1], particularly in metropolitan areas. To pro-
vide an optimal route, most navigation systems (such as Google Maps) and traffic apps
(such as Waze) are used by drivers both to plan out routes and to optimally navigate
real time road congestion [2].
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Navigation systems and traffic apps calculate the best route taking into account
real-time traffic flow data, as well as historic data to predict traffic flow [3]. For
example, Google Maps calculates the current traffic condition using both real-time data
from anonymous GPS-enabled device users and historic traffic data to provide optimal
routes [2]. Waze collects aggregate traffic information in areas of interest and so can
take real time traffic conditions, which are incalculable to individual drivers, into
account when computing optimal route recommendations [3].

Despite this, drivers may still not satisfy the recommendations of the route from
navigation systems and traffic apps. And the recommendations always not consider the
possible for each individual driver to avoid traffic without creating congestion on the
clearer roads, and it might even be that such a recommendation leads to longer
aggregate routes.

Consider a simplistic example according to [3]. Suppose that a thousand drivers
want to route from city Source to city Destination, which is reachable from Source
through two parallel roads. The travel time in each of these roads depends on whether
or not an accident has occurred. Specifically, suppose that in each of these roads, in the
absence of accidents, each driver’s trip takes n/1000 h, where n is the number of driver
on the road (e.g., if half of the drivers take a road with no accident, then the travel time
of each driver is half an hour). However, if an accident occurs, then the road becomes
clogged, and each driver’s trip takes one 2n/1000 h, independently of the number of
drivers on the road. Suppose that an accident occurs on each road with some proba-
bility p, which is known to all drivers, but whether or not an accident has occurred on a
given road is unknown. Now, we analyze the travel time expectation of each driver
cloud spend in different cases:

• Case 1: If there is no any real-time traffic information exist, then each driver would
choose a road random. To a first order approximation, we assume that the exactly
half of drivers would take each road. In this case, the travel time expectation can be
obtained easily, i.e., 3pð1� pÞ=2.

• Case 2: If there is exist navigation system or traffic app, suppose that each driver can
knows exactly which road has had an accident, and can route each driver to his
individually optimal. In this case, in every situation except one where no accident
occurs on either road, each driver would spend two hours on the road. The travel
time expectation of each driver is 2pð1� pÞ which is larger than Case 1.

• Case 3: Now suppose that each driver not only knows which road has had an
accident, and also can negotiate with others to choose road cooperatively. In this
case, a part of drivers would choose the road which has had accident. Assuming
n drivers chooses the accident road, then the travel time expectation of each driver
can be obtained, i.e., ð6n2 � 4000nþ 2� 106Þpð1� pÞ=106.

Taking a closer look at this example, we observe that Case 2, in which each driver
chooses the road selfishly, maybe is the worst selection, even is worse than Case 1.
This implies recommendations form the navigation systems and traffic apps may not
decrease the travel time for driver, and even lead to a new traffic congestion. In Case 3,
it is same as Case 2 when n = 0, or is same as Case 1 when n = 500. For the Case, we
know that the travel time expectation of each driver is the least when n = 1000/3, that
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is say the socially optimal routing when drivers cooperate to choose the road. Hence,
drivers cooperate with each other can optimal the travel time.

According to the above analysis, we know drivers choose road cooperatively can
optimal socially welfare. However, drivers always cannot know others choices in
reality, and they also cannot negotiate with each other when they choose the route.

To study this question, in this paper, we first propose a vehicle agent-based [4] in
cloud to help drivers negotiate with others. In this paper, we called agent virtual vehicle
(VV). Suppose each driver has a corresponding VV, and it has the prats of driver’s
knowledge which can replace the driver to make decision in cloud.

Then we consider a bargaining routing approach [5] to optimal the travel time to
solve the cooperative problem. In this game, we set a source node, a target node, and
m parallel links, known to all players. The players (who know the others’ strategy)
decide which route to take, and incur the travel cost realized on their route. Because the
VV may exist selfish behavior and we cannot inextricably compel VV to cooperate with
others. However, if there has any benefit from the cooperation, the VVs may willing
cooperate with others to decrease the cost. In this paper, we restrict attention to bar-
gaining policies which performed by VVs themselves - that is, policies that induce an
equilibrium in which all VVs are best off by perform the strategic concession game [6].
We refer to such equilibria as concession equilibria.

In the strategic concession game model, we establish several results. First, we show
a revelation principle, which implies that restricting attention to bargaining policies is
without loss of generality. Second, we quantify the efficiency loss in this setting using
the concession ratio, which is the ratio between the concession equilibrium and the
socially optimal one. Clearly, the Nash equilibrium of the non-cooperative game can
always be obtained to implementing the full-information by VVs. Therefore, the
mediation ratio is always bounded from above by the price of anarchy (PoA) [7]. We
show that if all cost functions are affine, then the concession ratio is at almost 3/2 for
the case of two parallel links, and is almost at ð2m� kÞn2ðm� kÞ for the case of
m parallel links with k accident links. For general (non-decreasing) cost functions, we
show that the concession ratio for m parallel links is at almost 2.

The rest of this paper is organized as follows. In Sect. 2, we introduce the virtual
vehicle, and describe the basic knowledge of strategic concession game. The affine cost
function case of concession ratio is analyzed in Sect. 3. In Sect. 4, the concession
ration in general cost function is presented. Finally, we conclude in Sect. 5.

2 Model and Preliminaries

2.1 Virtual Vehicle

Like the agent bridge the gap between cyber and physical [8], the proposed VV can
make decisions to replace driver, and have the detailed of driver information: prefer-
ences (such as which lane the driver is likely to select) and route plans are together
considered as driver’s behavior.
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In order to effectively describe and obtain the personalization navigation, we
construct the VV that encompasses both a vehicle and its driver. VVs can both locally
sense data and directly access social network data and physical sensor data from the
cloud. VV can communicate with the corresponding human and vehicle through the
existing telecommunication systems, such as LTE. Navigation systems and traffic apps
can connect with VVs through the network communication in cloud.

VV can interact with other VVs, navigation systems and traffic apps in the cloud,
where it is not limited by communication and computation resources. VV can obtain
big-picture real-time traffic data, both sensed locally and from the cloud; by interacting
with other VVs, VVs can predict other drivers’ behavior and proactively work to plan a
route. VVs for driverless vehicles can make decisions about path planning and about
interaction with other vehicles; VVs for common vehicles can help drivers make
decisions by mining other drivers’ behavior. By obtaining social and sensor data
directly from the cloud to learn, and by actively communicating with other VVs, the
VV can coordinate with others to select a best route for driver. In other words, the VV
acts like a brain, allowing a physical vehicle and driver to interact and coordinate with
others in the cloud; the physical vehicle behaves like an actuator on the road, acting
upon directions from the VV. Control actually happens at the virtual level, in the cloud,
instead of at the physical level, on the road.

VVs in cloud can obtain full-information including traffic information and other
VVs decisions from the navigation systems and traffic apps. Hence, VVs can cooperate
with each other to achieve a concession equilibrium via strategic concession game, and
they can choose a more suitable route for driver.

2.2 Preliminaries

Let N ¼ f1; 2; . . .; ng be the set of players, which are the VVs in this paper.
A nonatomic unit of flow must be passed from a source node to a sink node through a
parallel-links network on a set of links L ¼ f1; 2; . . .;mg, and each link can be chosen
by an arbitrarily player. Hence, each player has m strategies denoted by xi 2 f1;
2; . . .;mg, the aggregate decisions of all VVs yield a feasible flow, X ¼ ðx1x2. . . xnÞ.
From the example describe in Sect. 1, we know that each vehicle’s travel time is
decided by all vehicles choices, and the cost function of VV i can be denoted by
uiðxÞ ¼ ui x1; . . . xi; . . . ; xnð Þ. The social cost of a given tuple of cost functions and
flow is given by costðXÞ ¼Pn

i¼1 uiðxÞ. We consider a Strategic Concession Game
(SCG) in which VVs have incomplete information regarding the cost function on the
link. We call all games that follow the description above, SCG, and focus on the
concession model.

In non-cooperative game, there exists Nash Equilibrium (NE) when all players
denoted xNE1 ; . . .; xNEn

� �
, such as in the example described in Sect. 1, the travel time

expectations are two NEs in Case 1 and Case 2, respectively. Let Sj 2 ½0; xNE�, j 2
f1; 2; . . .; ng denotes the discount of player j from its NE. Then the concession prin-
ciple is that player i executes concession if its discount satisfies:
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Si ¼
aiSj; if aiSj � xNEi
xNEi ; if aiSj [ xNEi

(
; ð1Þ

where ai 2 R denotes the offer from player i.
We further endow the game with an informed, benevolent VVs who observe the

realization of cost functions before any flow is routed, and can communicate with each
other. Hence, all players can execute the SCG to achieve a new equilibrium via
communication. However, players how make decision in SCG? What principles
players should be obeyed? The following we discuss the detail of SCG principles [9].

• Principle 1. The offer from player i has more attractive than all other players, i.e.,
for 8jð6¼ iÞ 2 f1; 2; . . .; ng, if

aiSj=xNEi
Sj=xNEj

[
ajSi=xNEj
Si=xNEi

, ai
xNEj
xNEi

[ aj
xNEi
xNEj

, ai [ aj
xNEi
xNEj

 !2

:

• Principle 2. We say a player is winner if its offer has more attractive other players.
If the player i is a winner, other players must receive the offer ai. Hence, the aim of
other player jð6¼ iÞ 2 f1; 2; . . .; ng is choose the maximum Sj when the winner
i gives the offer ai. And when the player j making concession, the player i must
reduce its discount, i.e., Si ¼ aiSj.

• Principle 3. If ai
xNEj
xNEi

¼ aj
xNEi
xNEj

for all jð6¼ iÞ 2 f1; 2; . . .; ng, the player i is the winner
if it satisfies, for 8jð6¼ iÞ 2 f1; 2; . . .; ng, it has UW

i ðaiÞ;UL
j ðaiÞ

n o
� UW

i ðajÞ;
�

UL
j ðajÞg, where

UW
i ðaiÞ ¼ uiðxNE1 ; . . .; xNEi � aiSjðaiÞ; . . .; xNEj � SjðaiÞ; . . .; xNEn Þ;
UL

j ðaiÞ ¼ ujðxNE1 ; . . .; xNEi � aiSjðaiÞ; . . .; xNEj � SjðaiÞ; . . .; xNEn Þ:

Otherwise, select another player as the winner via random device.

• Principle 4. If the offer ai from the winner i satisfies UW
i ðaiÞ\UL

i ai
xNEj
xNEi

� �2� �
, the

player j can replace i to be a new winner. If player j does that, it can select an

arbitrary aPi if its satisfies UW
i aPj

xNEj
xNEi

� �2� �
�UL

i ðaPj Þ.
• Principle 5. If ami [ a0i , and player I give the discount offer asi , then player j has a

right to be a winner via selecting an offer aPj which satisfies

UL
i ðaPj Þ�min UW

i ðasi Þ;UL
i asi

xNEj
xNEi

� �2� �	 

. Or player i to be the winner and its offer

aQj is selected by player j which satisfies UW
i ðaQi Þ�UW

i ðasi Þ. For i; j 2 f1; 2; . . .; ng,
i 6¼ j, a0i and ami can be described as follows.
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a0i ¼ max ai 2 Rþ jUW
i ðaiÞ ¼ UL

i ai
xNEj
xNEi

 !2
0
@

1
A

8<
:

9=
;;

ami ¼ arg max
ai� a0i

UW
i ðaiÞ

� �
:

In those principles, the Principle 1 and 2 defined a player how to be a winner, and
Principle 3 limits the benefits between winner and loser. Otherwise, Principle 4 and 5
can prevent the hostile offer.

Each VV can be able to use his knowledge of cost realizations to maximum the
benefit, but he cannot compel VVs to take his advice. Hence, VVs can perform SCG
with each other to achieve a concession equilibrium (CE).

Definition 1 (CE). Given an aggregate offer K ¼ fa1; a2; . . .; ang, if there is no player
change its offer and all players agree the present benefit, we say the K ¼
fa1; a2; . . .; ang is a concession equilibrium.

Obviously, there may more than one CE in SCG due to the CE is decided the offer
of winner. As we shall soon show, in some cases the unconstrained social optimal flow
cannot be implemented as a CE. To measure the difference from the optimal solution,
we introduce the concession ratio (CR), defined as the ratio of the expected costs of CE
flow and the globally optimal flow.

Definition 2 (CR). Give a CE K ¼ fa1; a2; . . .; ang, suppose the corresponding
decisions X ¼ ðx1x2. . . xnÞ, the concession ratio (CR) with respect to K is defined as:

CRðKÞ ¼ EK½costðXÞ�
E½costðXoptimalÞ� :

The globally optimal decisions known by all VVs, but they may not make that
decision due to some VVs cannot obtain a satisfactory benefit, but the optimal can be
calculated according to the full information of VVs and flow. Hence, we can use the
CR to measure the difference between SCG and other approaches. To understand our
approach more convenience, we show several more properties of our models:

Lemma 1. In the non-cooperative games, if the decisions of all players are NE, and the
CR is not the optimal, then if players cooperate and perform a SCG, a new CE can be
achieved, and the CR cloud be better than NE.

Proof. Assume the NE is XNE ¼ ðxNE1 xNE2 . . . xNEn Þ; CRðXNEÞ[CRðXoptimalÞ. Then,
players perform SCG and players give the offers. According to the Principle 1, 2 and 3,
there is a winner and other players would calculate their offer, until achieve a CE which
implies the benefits of players are increased. Hence, the globally cost could be
decreased, and the CR decrease. □
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From the Lemma 1, we know that the globally of CE from the SCG is better than
NE from non-cooperative games. In the SCG, players may give the different offers, and
the discounts vary from different players, hence there exists more than one CE in a
same CE, and we have the following results.

Lemma 2. In the SCG, there may exist k CEs fCE1; . . .;CEkg, for an arbitrary CEi,
i ¼ f1; 2; . . .; kg with the corresponding aggregate decisions Xi, and the CR satisfies

CRðXoptimalÞ�CRðXiÞ\CRðXNEÞ:

From the Lemma 1, we know CRðXiÞ\CRðXNEÞ. According to the Principle 4
and 5, there is no any player can provide a hostile offer, hence the decisions cannot be
better than the globally optimal decisions, then the results of Lemma 2 can be obtained.

3 Affine Cost Function

In the full-information case, VVs in same link have same travel time, if the cost
functions in each link only decided by the number of VVs affine cost function in this
paper, i.e., the cost functions in a no accident road is n/N, and with accident road is
2n/N. We show that the concession ratio bounded away from the PoA in the case of
two links, and for any fixed number of links. We begin with the case of two parallel
links.

Proposition 1. The CR of SCG with affine cost function on two links is at most 3/2.

Proof. Consider N VVs in the full-information case with two links with the accident
probability p in each link, and link 1 has an accident, the cost functions of the two links
is u1ðX1Þ ¼ ð2PX1

1Þ=N and u2ðX2Þ ¼ ðPX2
1Þ=N, then the NE of non-cooperative

game is XNE ¼ fxNEi jxNEi ¼ 2pð1� pÞ; i ¼ 1; 2; . . .;Ng. Then, all VVs perform the
SCG and give the offers K ¼ fa1; a2; . . .; ang. Because of the offer of VV should make
the all benefits of players increasing, there must exist at least one VV changes its
selection. Assume the player 1 is winner, then according to the Principles 3 of SCG,
others should compute their benefits and make a new decision. Since their benefits
increase, they must agree with the concession, then the cost could be less than the XNE.
According to definition of CR, we have

CRðXÞ ¼ ð6n2 � 4Nnþ 2N2Þpð1� pÞ=N2

ð4=3Þpð1� pÞ ;

where n denote the number of players which selection the link 1. Since the Principle 4
and 5 limited the hostile offer, hence the benefits should be higher than NE, in other
words the cost should decrease and we have:

CRðXÞ ¼ ð6n2 � 4Nnþ 2N2Þpð1� pÞ=N2

ð4=3Þpð1� pÞ � 2pð1� pÞ
ð4=3Þpð1� pÞ ¼

3
2
: □
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VVs know all other VVs’ decisions and the accident information, the SCG can be
performed if there are VVs willing concession, then all VVs can decrease the cost.
From the Proposition 1, the bound of CR in SCG can be obtained, i.e., in the
full-information case with the affine cost function, the CR in SCG has the upper bound
3/2 and the lower bound 1.

Proposition 2. The CR of SCG with affine cost function on two links can achieve at 1,
if all VVs has no any selfish behavior and seek to maximize their benefit cooperatively.

Proof. The main objective of SCG is that player maximize its benefit via concession
from the NE. In the non-cooperative games, players not always satisfy the benefits in
the case of NE, such as the Case 2 in the example in Sect. 1. If all players willing to
cooperate with each other, then the SCG can be performed. From the offers
K ¼ fa1; a2; . . .; ang, assuming player i is the winner, then we have

ULðaiÞ ¼ uðxNE1 � s1ðaiÞ; . . .; xNEi � ai
YN

j¼1;j 6¼i

sjðaiÞ; . . .; xNEN � sNðaiÞÞ;

UW
i ðaiÞ ¼ uiðxNE1 � s1ðaiÞ; . . .; xNEi � ai

YN
j¼1;j6¼i

sjðaiÞ; . . .; xNEN � sNðaiÞÞ:

Since the benefit only decided by the VVs’ decisions, and there only two selections
for VVs, hence the benefit can be described as follows.

ULðaiÞ ¼
w1ðxNE1 � s1ðaiÞÞþ . . .þðxNEi � ai

QN
j¼1;j 6¼i

sjðaiÞÞþ . . .þwNðxNEN � sNðaiÞÞ

N
;

where wj 2 f0; 1g, and wj ¼ 1 denotes VV i and VV j have the same decision,
otherwise wji ¼ 0. Then the first order of benefit is:

@ULðaiÞ
@Sj

¼
wj � ai

QN
k¼1;k6¼i;k 6¼j

skðaiÞ

N
¼ 0; jð6¼ iÞ 2 f1; 2; . . .;Ng

To solve the above equations, we have aj=ai ¼ 1 if player j has the same selection with
player i, and aj=ai ¼ ð2PX1

1Þ=ðPX2
1Þ if player j has different selection with player

i. When the final equilibrium achieved, then the discount can be obtained

sðajÞ ¼ 2ajxNEj
aj þ 2aj

, and xNEj ¼ 2pð1� pÞ, we have sðajÞ ¼ 4
3 pð1� pÞ. According to the

definition of CR, the CR is 1 and the proof is finish. □

From the Proposition 2, the optimal equilibrium can achieve and each player can
obtain the maximum benefits when all players willing cooperate in the full-information
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case. In other words, VVs can minimize their travel time cooperatively, and the social
cost also cloud be achieved.

Now we complement this positive result by a negative one, showing that when m is
large. For each link, the cost functions in a no accident road is n/N, and with accident
road is 2n/N. Before presenting the results of m is large, we introduce a helpful lemma.

Lemma 3. Consider N VVs with m links, if there is a link has accident, VVs can select
a link random in the full-information case. In the non-cooperative games, there only
exist one NE, i.e., xNE ¼ mpð1� pÞm�1.

In the non-cooperative games, each VV knows the traffic information. They will
choose a link random in the rest m−1 links, then the N VVs cloud be distribute in m−1
links uniformly. Then, assume the i link has an accident, the NE can be calculated:

xNE ¼ m
1

� � X
L=i

N=ðm� 1Þ
N

� N
m� 1

� �
pð1� pÞm�1 ¼ m

m� 1
pð1� pÞm�1:

We are now ready to present our negative result, by constructing an affine SCG to
observe the number of links how impacts the CR.

Proposition 3. The CR of SCG with affine cost function is irrelevant with the number
of links, and the CR also is at most 2m�1

2ðm�1Þ.

According to the Lemma 3, we can obtain the NE of non-cooperative games in the
full-information case. Then, we can calculate the optimal equilibrium, i.e.,
ð2=3Þmpð1� pÞm�1, similar with Proposition 1, we have

CRðXÞ�
m

m�1 pð1� pÞm�1

2m
2m�1 pð1� pÞm�1 ¼

2m� 1
2ðm� 1Þ :

Now, we extend the one accident link to kð�mÞ accident links, and the results of
the general case of affine cost function can be described as follows.

Theorem 1. For the m links with kð�mÞ accident links, N VVs perform the SCG with

affine cost function, the value of CR is limited in the range of 1; 2m�k
2ðm�kÞ

h i
.

Proof. In the SCG, each VV willing cooperative to obtain maximum benefit which
implies the minimum travel time in our considering case. According to the Proposition
2, we know that VV can make the best decision to cooperate with each other, and the
optimal decisions can be obtained when all VVs make the best the decision. Hence, the
minimum of CR is 1 according to its definition. Similar with the proof of Proposition 2,
we can calculate the expected costs of each VV as follows.

m
k

� � ðð2m� kÞðn� Nk=ð2m� kÞÞ2 � 2kðm� kÞN2=ð2m� kÞÞpkð1� pÞm�k

kðm� kÞpkð1� pÞm�kN2
;
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then the optimal costs is
m
k

� �
2

2m�k. In the non-cooperative games, we can obtain the

NE is
m
k

� �
1

m�k. According to the definition of CR and the Lemma 2, the maximum of

CR is 2m�k
2ðm�kÞ. □

4 General Cost Function

As established in the previous section, when the cost functions are restricted to the set
of affine functions, the MR in m links with k accident links can be converged the
optimal cost.

In this section, we discuss the MR in case of general cost function. For the cost
function, we know the travel time cannot decrease with the number of vehicles
increasing in a road, hence the general cost function must be a non-decrease function.
Then, we show the results has some difference with the affine cost function case. Before
presenting the results, we fist introduce a definition of partition.

Definition 3 (Partition). For the m links and with k accident links, assume the cost
functions of m links are c1; c2; . . .; cm(c1 � c2 � . . .� cm), we can divide the m links
into l sets L1; L2; . . .; Ll such that:

1. The links i; j in the same set if ciðnÞ ¼ cjðnÞ, n denotes the number of VVs;
2. For arbitrary two sets Li and Lj, i 6¼ j, they satisfy Li \Lj ¼ ;;
3. For ci 2 Lh and cj 2 Lk , if h\k, ciðnÞ\cjðnÞ.

Note that the link in same set has same cost function, and VVs cloud choose the
links of L1 random in non-cooperative game, hence the NE could be c1 Nn L1j jð Þ, L1j j
denotes the number of links in L1.

Lemma 4. Let c1; c2; . . .; cm be a cost functions than can be divided into a partition
L1; L2; . . .; Ll. In the SCG with N VVs, let n1; n2; . . .; nm be the optimal number of VVs
in the corresponding links, and let

Pm
i¼1 ciðniÞ ¼ c. Then

Pm
i¼1 nici nið Þ� cN= L1j j.

Proof. Since n1; n2; . . .; nm are the optimal number of VVs in links, hence we have

nici nið Þ ¼ njcj nj
� �

; 8i; j 2 f1; 2; . . .;mg:

According to the definition of partition, the cost functions satisfy c1 � c2 � . . .� cm,
hence n1 � n2 � . . .� nm. Then, we have follow result:

Xm

i¼1
nici nið Þ�

Xm

i¼1
n1ci nið Þ;

Xm

i¼1
nici nið Þ� n1

Xm

i¼1
ci nið Þ ¼ n1c:
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Besides, in the NE of non-cooperative game, the number of VVs in each link of L1
is N= L1j j. Since the n1 is the number of VVs in each link of L1 in the optimal case,
hence n1 �N= L1j j. □

In the full-information case, VVs cooperate with each other to decrease the cost
using SCG. When VVs perform the SCG, they will calculate the discount according to
the offers, then they exchanged their offers until achieve a CE, and we use the CR to
measure the CE referred to its definition. For the CR with the non-decrease cost
function case, we have the following result.

Theorem 2. For the m links with kð�mÞ accident links, N VVs perform the SCG with
non-decrease cost function c1; c2; . . .; cm, and assume it can be divided into a partition

L1; L2; . . .; Ll. Then, the upper bounds of CR can be limited in max 1; L1j j
m

n o
; 2

h i
.

Proof. In the non-cooperative game, the NE is c1 Nn L1j jð Þ, and according to the
Lemma 4, then we have

CRmax ¼ c1 Nn L1j jð ÞPm
i¼1 niciðniÞ

� �
=N

� c1 Nn L1j jð Þ
cN L1j j=N ;

CRmax ¼ L1j jc1 Nn L1j jð Þ
c

� L1j jc1 Nn L1j jð Þ
mc1 n1ð Þ � L1j j

m
:

According to the SCG, VVs make discounts d1; d2; . . .; dm to achieve a new CE, and we
have c1 Nn L1j jð Þ ¼ c1 n1ð Þþ d1. Then, we have

CRmax ¼ c1 Nn L1j jð ÞPm
i¼1 niciðniÞ

� �
=N

¼ Nc1 Nn L1j jð Þ
mn1c1 n1ð Þ � Nc1 Nn L1j jð Þþmn1d1

mn1ðc1 n1ð Þþ d1Þ ;

CRmax � N
mn1

þ d1
c1 n1ð Þþ d1

:

Since c1 ¼ min c1; c2; . . .; cmf g and niciðniÞ ¼ njcjðnjÞ, hence ni �N=m, then

CRmax � N
mn1

þ d1
c1 n1ð Þþ d1

� N
mN=m

þ 1 ¼ 2:

From the definition of CR, we know that CR� 1, hence we have CR can be limited

in max 1; L1j j
m

n o
; 2

h i
. □

5 Conclusion

In this paper, we first apply a concept of virtual vehicle in IoV, which is an image of
driver and vehicle, to solve the optimal route choice problem when drivers willing
cooperate with each other. We study a class of strategy concession game with
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parallel-links routing in which VVs have incomplete information about the costs of the
links and other VVs decisions. We define the concession ratio: the ratio between the
concession equilibrium arising from cooperation recommendations and the social
optimum, which is always bounded from above by the PoA. We find that the con-
cession ratio is at most 3/2 for two links with affine cost functions, the concession ratio
is at most 2 for general non-decrease cost functions. The main open question left by our
work is verity the concession ratio in the road networks.
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Abstract. A common digital diary system is a software technology that proactively
suggests contents of interest to users based on various kinds of context information.
It provides benefits to users and meets their satisfaction. This research was motivated
by our interest in understanding the criteria for measuring the success of a diary
making system from users’ point of view. Even though existing work has introduced
a wide range of criteria such as users’ biological information, picture, movie, etc. In
this paper, we propose a digital diary making system which aimed at measuring the
user emotion from their life-log data (daily-life photos). We can get those life-log data
from user’s smartphone storage. The final product of digital diary includes feeling,
time, and physical location information.

Keywords: Life-log · Digital diary · User emotion · Diary making system

1 Introduction

Smartphones are rising the mobile phone market [1]; they are not just phones; they also
act as media players, gaming consoles, personal calendars, storage, etc. They are small
size portable computers with fewer computing capabilities than PCs. However, unlike
PCs, users can carry their smartphone with them at all times. The ubiquity of mobile
phones and their computing capabilities provide an opportunity of using them as a life-
logging device. Life-logs [2, 3] are used to record user daily life events and assist them
in memory augmentation. In a more technical sense, life-logs sense and store users
contextual information from their environment through sensors, which are core compo‐
nents of life-logs.

A life-logging by digital system [4, 5] means to record our daily life in detail. To
date we have only relied on our human memory to record and remember our daily expe‐
rience. The human brain tends to quickly lose the details of his/her experiences. There‐
fore, we record special events such as party and travel with photos and videos. Excluding
such special events, we rarely record the daily experiences that are the major part of our
life; what we do at most is write a short diary. Because of developing technologies related
to information and communication technology (ICT), ubiquitous and high bandwidth
4G/LTE mobile networks we believe that we will be able to automatically capture and
record our daily experiences. With this context, research on the capture and retrieval of
life-logs is emerging quickly.

Several works introduce capturing a life-log [6–9] by audio and video with various
sensors such as a GPS (location), gyros, physiological sensors (brain wave), acceleration
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sensors (motion), documents, annotations and emails. Retrieval is the most important
problem for the life-log system. The amount of multimedia data captured is very large,
and the problem is to find valuable photo/image through the data. Remembering the
feeling or emotion of our experiences is easier than remembering details of them, so the
emotion can provide valuable keys for life-logging system. We have developed a user
emotion based life-logging system, by which we can take a photo by parameters such
as time, location, and emotion. In the following sections, a literature review on life-
logging system and platform technologies are presented in Sect. 2. In Sect. 3, we detail
our proposed digital diary making system. Finally, we conclude the paper in Sect. 4.

2 Related Work

The field of life-logging is a relatively new but rapidly expanding area of research and
it has been recognize that a visual life-log should be segmented into manageable shots,
activities and events to make it manageable. In this section we discuss the most known
contributions of life-logs in the literature. Life-log sources can be classified into sub
categories from various perspectives. From one view point, they can be classified into
biological data, multimedia data, etc. Figure 1 shows the categorization of previous
works for life-log sources.

Fig. 1. Classification of life-log

In [10], they introduced a smartphone-based personal data management and person‐
ality analysis system. In their system, the smartphone functions as not only a source of
personal data but also a gateway to manage other wearable and communicate with a
server that keeps personal data in a larger amount and a longer period. In [11] investi‐
gated how life-logs from commercial wearable trackers and smartphone sensors can be
leveraged to automatically provide patients with knowledge for self-reflection on their
disease. In this paper, they present an architecture for the acquisition of life-logs, fusion,
storage and prototype GUI for the visualization of quality of life indicators.

The work of [12] introduced state-of-the-art literature on wearable diaries and life-
logging systems, and discuss the key issues and main challenges. The multimedia-based
diary system offers an aesthetic user interface that encourages users to reflect on their
day, to evaluate their emotional reactions which are measured by wearable bio-sensors
and visualized as colorful images. In [13], they developed a platform for recording,
storing, and accessing a personal lifetime archive. The goals of proposed system
included understanding the effort to digitize a lifetime of legacy multimedia contents.
In [2] presented continuous capture of life-log with various sensors and additional data.
Furthermore, they proposed an effective retrieval methods using multimedia contents.
Their life-log system contains video, audio, acceleration sensor, gyro, GPS, annotations,
documents, web pages, and emails.
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In [14] presented an application to support users to do their homework, especially
self-monitoring of user behaviors. By collecting life-logs of users via smart phones, their
proposed application estimates user activities based on life-logs. The work of [15]
described digital diary concept in more detail and also provide an overview of related
diary and timeline applications. Additionally, they presented a proof of concept imple‐
mentation as well as results of an early user experience evaluation.

3 Proposed System

This section presents the software implementation of the life-log based digital diary
making system. Our system mainly classified into three parties: user smartphone, project
Oxford [16] server and System Sens Plus (SSP) server. We adapt Oxford server for
image processing and modified standard source of System Sens [17] system for storing
user photos.

3.1 Architecture and Modules

Our system has adopted the client/server mode where the smartphone acts as a client
and project Oxford and System Sens acts as a server. The general system architecture
and modules in both client and server sides are shown in Fig. 2. For the client, the
smartphone itself can provide a plenty of usage data and sensing data. For instance, an
iPhone has two integrated interfaces, HomeKit and HealthKit. In addition, sensors
embedded in a smartphone can also be used to get GPS, light, acceleration, pressure and
other data. Currently many wearable offer a network such as Bluetooth to connect a
smartphone. Thus, a smartphone can take the data from wearable such as smart watch,
bracelet, ring, etc. Further, a smartphone can be used to get information such as weather
from outside APPs and SNS via the Internet.

Fig. 2. Basic architecture and modules of proposed system
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In our system, smartphone client includes two main modules such as camera and
dairy application. In case of camera, this module equipped high-quality sensors,
powerful shooting modes and multitude of camera settings, smartphones have shown
point-and-shoot cameras the door. The main function of this module is collecting and
merging user photos. The other main module of smartphone is diary application module.
This module associated with data select and data retrieval. We developed this application
under the Android 6.0 code name Marshmallow [18].

The Project Oxford server is developed by Microsoft. We use the API of this server
to provide user emotion based on “Face Recognition” technology. This Oxford server
automatically recognizes faces in photos, group faces that look alike and verifies whether
two faces are the same. It can be used for things like easily recognizing which users are
in certain photos and allowing a user to log in using face authentication. It’s the same
technology that guesses how old a person looks based on a photograph. This server
includes communication manager, data analysis and data extraction module. Data anal‐
ysis module is the key in Oxford server.

System Sens [17] is developed by UCLA research center. This system help
researcher capture usage context in their deployments in an extendible way. System Sens
is designed to be unobtrusive-it has no user interface to minimize impact on usage, and
it has a small footprint in terms of memory, CPU, and energy consumption. The DB
module is for persistently keeping all data from many users. The communication module
provides stable and safe communications between a smartphone and two servers are
essential in the system. We modified original source code of System Sens for effectively
managing the user photos and related tagging information. Therefore, we called this
system as System Sens Plus.

3.2 Photo Collection and Diary Making Process

The personal data in our system is from various sources in different forms. It is thus
necessary to control and coordinate the data collections from the multiple sources. The
data collection control is according to a file of the collection schedules that is stored in
the System Sens Plus. The schedules specify that when data will be captured or acquired
for user smartphone. Due to the data heterogeneity, the schedule for a data source is
decided with considerations of data change rate, collection condition, local DB capacity,
upload situation, etc. Another factor to be considered in setting the schedules is the
energy consumption of a smartphone battery. It is necessary to make some tradeoff
between the frequency of data collection and the reduction of power usage.
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Fig. 3. Flow chart for collection user photos

To collect user photos, smartphone takes a photo and sends it to the Oxford server.
After that, Oxford server analyzes received photo whether human face or not based on
the rules of its image processing engine. Next, the server tags emotion information based
on analyzing result of receiving photo. Finally, System Sens Plus stores user photo and
its tagging data (emotion, time, and location). The detail data collection process is
described in Fig. 3.

To provide life-log diary, we developed Android base diary application and installed
it to the user smartphone. Android is an open source and Linux-based operating system
for mobile devices such as smartphones and tablet computers. Android was developed
by the Open Handset Alliance, led by Google, and other companies. For this experi‐
mental study, we use newly published Android Marshmallow. Figure 4 shows basic step
of producing digital diary. Firstly, user executes diary application from his/her mobile
device and selects one event. Secondly, diary application requests associated data to
System Sens Plus server. Finally, user application retrieves the results. Figure 5 shows
the screenshot of life-log diary. We divide user emotion into three categories [19, 20]
such as happiness, neutral, and sadness. Our system also provides daily emotion
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information and Google Map service based on physical location of user photos (see
Fig. 5).

Fig. 5. Output of digital diary

Fig. 4. Flow chart for producing life-log diary
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4 Conclusion

To overcome the limitation of making digital diary, we implemented an emotion based
life-logging which is familiar to user. We proposed digital diary system reflecting user
preference based on emotion and context information which can obtain from mobile
devices. For future works, we will verify the usefulness from usability tests, and enlarge
the data set including the number of case samples as well as the types of various user
activities.
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Abstract. POS tagging (i.e. part-of-speech tagging) is an important component
of syntactic parsing in the field of natural language processing. While CRF (i.e.
conditional random field) is a class of statistical modelling method often applied
in pattern recognition and machine learning, where it is used for structured
prediction. As POS tagging can be considered as a structured prediction task to
some extent, so in this paper, we proposed to utilize the inherent advantages of
CRF, and apply it to POS tagging task to get more accurate. The subsequent
experiments are introduced to validate our proposed method.

Keywords: POS tagging � CRF � Part-of-Speech � Conditional random field �
Accurate, prediction

1 Introduction

We discuss POS tagging, or part-of-speech tagging using the well-known conditional
random field (CRF) model introduced originally by Lafferty et al. [1]. POS tagging
plays an important role in the field of natural language processing [1–4, 11, 13]. To the
best of our knowledge, there exist several methods to solve this problem [21–23], such
as hidden markov chain based POS tagger in [18] which adapted the hidden markov
chain to POS tagging, decision forests based POS tagger [19] which adapted decision
forests model to POS tagging, and maximum entropy model based model [20] which
adapted maximum entropy model to POS tagging.

While CRF is a class of statistical modelling method, which is often applied in
pattern recognition and machine learning, and it is used for structured prediction [4, 7,
11]. To some extent, POS tagging can be considered as a sort of structured prediction
task. From a technical perspective, we accomplish this by making use of the funda-
mental ability of the CRFs to incorporate arbitrarily defined feature functions. The
newly defined features are expected to alleviate data sparsity problems caused by the
fine-grained labels. As a result, we proposed to utilize the inherent advantages of CRF,
and apply it to POS tagging task to get better performance in this paper. We present
experiments on an open dataset, and the experimental results show that our proposed
method is promising in POS tagging.
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The rest of the paper is organized as follows. Section 2 listed two preliminary
concepts, namely POS tagging and conditional random field. Then based on these two
concepts, we describe in detail how to use the proposed method to utilize the inherent
advantages of CRF, and apply it to POS tagging task to get more accurate in Sect. 3. In
Sect. 4, we conduct simulation experiments to validate our proposed method. At last,
the conclusion and the future work discussion are listed in Sect. 5.

2 Preliminary

In this section, we mainly describe two concepts related to this paper, namely POS
tagging and CRF.

2.1 POS Tagging

In corpus linguistics, POS tagging is the process of marking up a word in a text as
corresponding to a particular part of speech, based on both its definition and its context—
i.e., its relationship with adjacent and related words in a phrase, sentence, or paragraph
[1–4, 11, 13]. A simplified form of this is commonly taught to school-age children, in the
identification of words as NN, VB, DT, VBZ, etc.

Once performed by hand, POS tagging is now done in the context of computational
linguistics, using algorithms which associate discrete terms, as well as hidden parts of
speech, in accordance with a set of descriptive tags. POS-tagging algorithms fall into
two distinctive groups: one is rule-based tagger, which need large numbers of
hand-crafted rules; the other is probabilistic tagger, which use a tagged corpus to train
some sort of models. Obviously, to some extent, POS tagging can be considered as a
structured prediction task.

In POS tagging, the goal is to label a sentence (a sequence of words or tokens) with
tags like NN, VB, DT, VBZ, etc. For example, given the sentence “Book that flight.
Does that flight serve dinner?”, the labeling might be “Book (VB) that (DT) flight
(NN). Does (VBZ) that (DT) flight (NN) serve (VB) dinner (NN)”. This process is as
shown in Fig. 1.

2.2 CRF

Conditional random field (CRF) is a class of statistical modelling method often applied
in pattern recognition and machine learning, where it is used for structured prediction
[3, 4, 11, 13]. Whereas an ordinary classifier predicts a label for a single sample
without regard to neighboring samples, a CRF can take context into account; e.g., the
linear chain CRF popular in natural language processing predicts sequences of labels
for sequences of input samples [4, 7, 11]. In fact, the linear chain CRF is a special case
of CRF, where the hidden variables form a straight line, which is as shown in Fig. 2.

CRF is a type of discriminative undirected probabilistic graphical model. It is used
to encode known relationships between observations and constructs consistent inter-
pretations. It is often used for labeling or parsing of sequential data, such as natural
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language text or biological sequences and in computer vision. Specifically, CRFs find
applications in shallow parsing, named entity recognition, gene finding and peptide
critical functional region finding, among other tasks, being an alternative to the related
hidden Markov models.

3 POS Tagging via CRF

As POS tagging can be considered as a structured prediction task to some extent, so in
this paper, we proposed to utilize the inherent advantages of CRF, and apply it to POS
tagging task to get better performance.

3.1 Feature Function and Conditional Probability

Each feature function of CRF is a function that takes in as input: a sentence s, the
position i of a word in the sentence, the label li of the current word and the label li�1 of
the previous word, and outputs a real-valued number (though the numbers are often just
either 0 or 1). For example, one possible feature function could measure how much we
suspect that the current word should be labeled as an adjective given that the previous
word is “very”.

Fig. 1. POS tagging.

Fig. 2. A special case of CRF, i.e. linear-chain CRF.
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Next, we assign each feature function fj a weight ki. Given a sentence s, we can
now score a labeling l of s by adding up the weighted features over all words in the
sentence:

scoreðljsÞ ¼
Xm

j¼1

Xn

i¼1

kjfjðs; i; li; li�1Þ; ð1Þ

where the first sum runs over each feature function j, and the inner sum runs over each
position i of the sentence. To make more clear the constructing process of feature
function fj and the effects of the corresponding weight ki. in POS tagging tasks via
CRF, we list several examples by the following:

(1) feature f1 s; i; li; li�1ð Þ ¼ 1 if li ¼ ADJ and the ith word ends in “-ly”; 0 otherwise.
If the weight ki associated with this feature is large and positive, then this feature
is essentially saying that we prefer labelings where words ending in -ly get
labeled as ADV.

(2) feature f2 s; i; li; li�1ð Þ ¼ 1 if i ¼ 1, li ¼ VB, and the sentence ends in a question
mark; 0 otherwise. Again, if the weight k2 associated with this feature is large and
positive, then labelings that assign VERB to the first word in a question (e.g., “Is
this a sentence beginning with a verb?”) are preferred.

(3) feature f3 s; i; li; li�1ð Þ ¼ 1 if li�1 ¼ ADJ and li ¼ NN; 0 otherwise. Again, a
positive weight for this feature means that adjectives tend to be followed by nouns.

To build a conditional random field, you just define a bunch of feature functions
(which can depend on the entire sentence, a current position, and nearby labels), assign
them weights, and add them all together, transforming at the end to a probability if
necessary. Finally, we can transform these scores into probabilities p ljsð Þ between 0
and 1 by exponentiating and normalizing as follows:

pðljsÞ ¼
exp½P

m

j¼1

Pn

i¼1
kjfjðs; i; li; li�1Þ�

P
l0
exp½P

m

j¼1

Pn

i¼1
kjfjðs; i; l0i; l0i�1Þ�

ð2Þ

Based on the functions defined in Eqs. 1 and 2, we can proceed to form a CRF
problem, and solve it use the learning and prediction algorithm in CRF. In conclusion,
we can perform a POS tagging task via CRF.

3.2 Model Training Process

Assume we have a bunch of training examples (sentences and associated part-of-speech
labels). Randomly initialize the weights of our CRF model. To shift these randomly
initialized weights to the correct ones, for each training example:
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(1) Go through each feature function fi, and calculate the gradient of the log prob-
ability of the training example with respect to ki:

@

@wj
log pðljsÞ ¼

Xm

j¼1

fiðs; j; lj; lj�1Þ

�
X

l0
pðl0jsÞ

Xm

j¼1

fiðs; j; l0j; l0j�1Þ
ð3Þ

(2) Note that the first term in the gradient is the contribution of feature fi under the
true label, and the second term in the gradient is the expected contribution of
feature fi under the current model. This is exactly the form you’d expect gradient
ascent to take.

(3) Move ki in the direction of the gradient:

ki ¼ki þ a½
Xm

j¼1

fiðs; j; lj; lj�1Þ

�
X

l0
pðl0jsÞ

Xm

j¼1

fiðs; j; l0j; l0j�1Þ�;
ð4Þ

where a is some learning rate.
(4) Repeat the previous steps until some stopping condition is reached (e.g., the

updates fall below some threshold).

In other words, every step takes the difference between what we want the model to
learn and the model’s current state, and moves ki in the direction of this difference.

3.3 Finding the Optimal POS Tagging

The naive way is to calculate p ljsð Þ for every possible labeling l, and then choose the
label that maximizes this probability. However, since there are km possible labels for a
tag set of size k and a sentence of length m, this approach would have to check an
exponential number of labels.

A better way is to realize that CRFs satisfy an optimal substructure property that
allows us to use a dynamic programming algorithm to find the optimal label, similar to
the Viterbi algorithm for HMMs [3, 4, 11, 13].

4 Experiments

In this section, we conduct simulation experiments to validate our proposed method.
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4.1 Experiment Setup

We adopt the dataset that can be obtained through the Internet, i.e. Turku Dependency
Treebank1. This dataset contains text from 10 different domains. The treebank does not
have default partition to training and test sets. Therefore, from each 10 consecutive
sentences, we assign the 9th and 10th to the development set and the test set,
respectively. The remaining sentences are assigned to the training set.

Major code is implemented in Python, while model training procedure is written in
C++ for efficiency promotion. The experiments are all performed in a server with a
16-core 2.6 GHz Intel Xeon processor with 32 GB RAM.

4.2 Experimental Results

The performance at each iteration number during the training process is as shown in
Fig. 3. Once the parameters are updated using the training set at each iteration number,
we test the performance of the model with the test set. Figure 3 is plot with the
experimental results of 100 iteration number. As we can see, in the first 40 iterations,
the performance improves significantly; while after that, the performance will not
change much. So in practical application scenarios, we must choose a appropriate
iteration number to balance the performance and the cost. Simple though, the experi-
ment results validate that our proposed method is promising in performing a POS
tagging task.

Fig. 3. Performance at each iteration number during the training process.

1 http://bionlp.utu.fi/fintreebank.html.
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5 Conclusion

In this paper, we proposed to utilize the inherent advantages of CRF, and apply it to
POS tagging task to get more accurate. The subsequent experiments are introduced to
validate our proposed method.

In the future, we will study how to consider our model in service computing
environment [5, 8, 10, 12, 13, 16] and cloud computing system [6, 9, 15], which may
bring about effectiveness and efficiency.
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Abstract. The virtual machine placement problem can be described as
designing optimal placement scheme for virtual machine in cloud environment.
Cloud data centers are facing increasingly virtual machine placement problems,
such as high energy consumption, imbalanced utilization of multidimensional
resource, and high resource wastage rate. In this paper, typical exact and
heuristic algorithms as solution to the virtual machine placement problem in the
cloud are surveyed in terms of energy consumption and resource wastage. The
purpose of this paper is to evaluate the performance of both the exact and
approximate algorithms developed by using the WebCloudSim sytem.

Keywords: Cloud computing � Virtual machine placement � WebCloudSim

1 Definition

The virtual machine placement problem is to map the virtual machines to the physical
machines is called the VM placement. In other word, VM placement is the process to
select the appropriate host for the given VM. More specifically, given a data center
consists of a set of physical machines and a corresponding queue of user requests for
virtual machine instantiation, the scheme solving virtual machine placement problem
aims at determining a host of the data center to place each virtual machine in the queue,
dedicated to one or more of the following objectives: (1). To minimize the electric
energy consumed by the data center, because the costs of powering and cooling
accounts much for the total operational expenditure of datacenters; (2). To minimize
the resource wastage in datacenter when virtual machine placement is conducted;
(3). To minimize the overall systems computing time caused by virtual machine
placement.

2 Exact Algorithms

Under the condition that the scale of the problem is not large, exact algorithms for the
virtual machine placement problem can be classified into many categories like pri-
mordial search methods and dynamic programming. Primordial search methods aims at
searches all over the solution space with various kinds of pruning method while
dynamic programming focus on insight on characteristic of sub problem. Because the
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number of proposed algorithms is very large in this field, we will provide two repre-
sentative examples.

2.1 First Fit Algorithm

The classic Bin Packing Problem [5] is often adapted to the context of virtual machine
placement in the following way: a whole set of virtual machines (objects) of different
sizes should be placed into a series of hosts (bins) such that the minimum number of
hosts are employed to place all virtual machines, thus saving energy. The First Fit
Algorithm accomplishes that by activating a single host at a time as they get filled up
with virtual machines. Each virtual machine is placed in the first host where it fits,
according to a predefined order between active hosts. In addition, just one virtual
machine – the first one in the queue – is taken at a time, and then placed on a host. For
that reason, the First Fit Algorithm is suitable for the single delivery mode.

2.2 Round Robin Algorithm

The Round Robin algorithm mainly focuses on distributing the load equally to all the
nodes. Using this algorithm, the scheduler allocates one VM to a node in a cyclic
manner. The round robin scheduling in the cloud is very similar to the round robin
scheduling used in the process scheduling. The scheduler starts with a node and moves
on to the next node, after a VM is assigned to that node. This is repeated until all the
nodes have been allocated at least one VM and then the scheduler returns to the first
node again. Hence, in this case, the scheduler does not wait for the exhaustion of the
resources of a node before moving on to the next. As an example, if there are three
nodes and three VMs are to be scheduled, each node would be allocated one VM,
provided all the nodes have enough available resources to run the VMs. The main
advantage of this algorithm is that it utilizes all the resources in a balanced order. An
equal number of VMs are allocated to all the nodes which ensure fairness. However,
the major drawback of using this algorithm is that the power consumption will be high
as many nodes will be kept turned on for a long time. If three resources can be run on a
single node, all the three nodes will be turned on when Round Robin is used which will
consume a significant amount of power.

3 Heuristic Algorithms

By definition, heuristic is a technique designed for solving a problem more quickly
when classic methods are too slow, or for finding an approximate solution when classic
methods fail to find any exact solution. This is achieved by trading optimality, com-
pleteness, accuracy, or precision for speed. Hence virtual machine placement problem
is a non-deterministic problem in the strict sense. Numbers of heuristic virtual machine
placement algorithms have been proposed that run under cloud computing environ-
ment. This section explains some of the existing heuristic virtual machine placement
approaches.
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3.1 Single Dimensional Best Fit

This method uses the single dimension (CPU, memory, bandwidth etc.) for placing a
VM. When a VM arrived, scheduler visit the physical machines in the decreasing order
of their capacity used in a single dimension and place the VM to the first PM that has
the enough resources. That means VM place to the PM which used the maximum
capacity along with the given dimension. Problem with approach is that it can increase
the resource misbalancing because resource in the cloud is multi-dimension (CPU,
memory, bandwidth etc.). So there may be a situation where a host utilizes their full
CPU capacity while other resources such as memory and bandwidth are underutilized.
N. Rodrigo et al. [6], proposed a heuristic for the mapping between VM and PM. Main
aim of this approach is to balance the CPU utilization on each PM. Only CPU uti-
lization is consider as a load metric, so after the mapping only amount of available CPU
is check instead of whole PM. Objective function of this method is to minimize the
standard deviation of residual CPU in each PM.

If there are n hosts in the data center and m is the number of VM in each host then
objective function can be defined as

Min

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1 rcpuPMi � rcpuPMmean
� �2

n

s0

@

1

A ð1Þ

rcpuPMi ¼ cpuPMi �
Xm

j¼1

cpuVMj ð2Þ

rcpuPMmean ¼
Pn

i¼1 rcpu
PM
i

n
ð3Þ

Where rcpuPMi is the remaining CPU capacity of the i-th PM, cpuPMi is the total CPU

capacity of the i-th PM and
Pm

j¼1
cpuVMj is the CPU used by the j-th VM. Problem with

this approach is that they only consider the CPU capacity for mapping between the PM
and VM. So other resource can be imbalance.

3.2 Genetic Algorithm

Genetic algorithm (GA) is a search technique used to find exact or approximate
solutions to optimization and search problems. Genetic algorithms are categorized as
global search heuristics. They are inspired by evolutionary biology such as inheritance,
mutation, selection, and crossover. A typical genetic algorithm requires: a genetic
representation of the solution domain and a fitness function to evaluate the solution
domain. The solution domain can be represented as the physical machines with a
resource provisioning capacity. With the hint of classic Bin Packing Problem Model,
the fitness function can be defined over the number of bins in the solution. The aim
would be to deliver a solution that is nearly optimal in terms of the number of bins used
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and the efficiency of packing of the bins. A variation to genetic algorithm known as
Grouping Genetic Algorithm can also be applied to the VM Placement problem. These
algorithms can take into account additional constraints while optimizing the cost
function. This is particularly useful in cases where we need to operate on groups. The
Grouping Genetic Algorithm can be thought of as a bin packing problem where the aim
is to not only find a solution with highest packing efficiency but also to satisfy the
constraints.

4 Performance Evaluation

In this section, we evaluate the efficiency and effectiveness of those approaches via the
simulation experimentation in WebCloudSim [9–12]. WebCloudSim is a cloud data-
center environment simulation system developed for performance evaluation.

4.1 Simulation Setup

All of the experiments are conducted on a 16-port fat-tree data center network with 64
core switches and 16 pods. Each pod is comprised of 8 aggregation switches and 8
edge switches. That is, there are 128 aggregation switches and 128 edge switches in the
cloud data center, in which each edge switch can connect to 8 PMs, and each PM can
host one or more VMs. In our experiment, we simulate a cloud data center comprising
1024 heterogeneous PMs and 2000 heterogeneous VMs. Each PM is modeled to have
dual-core CPU with performance equivalent to 3720 MIPS, 10 GB of RAM, 10 GB/s
network bandwidth and 1 TB of storage. In this simulation experimentation, we
compare those four approaches: First Fit (FF), Round Robin Algorithm (RR), Single
Dimensional Best Fit (SDBF), and Genetic Algorithm (GA) in terms of the overall
energy consumption and the overall resource wastage, and then analyze the related
parameter.

4.2 Experimental Results and Evaluation

In this section, we analyze the performance of the four approaches via comparing to
each other in term of the overall energy consumption and the overall resource wastage.

4.2.1 Comparison of Overall Energy Consumption
The first set of experiments aims at estimating the overall energy consumption after
when the 2,000 VMs are allocated to the 1,024 PMs. The overall energy consumption
is decided by the number of PMs used and the number of VMs hosted by these PMs.

As depicted in Fig. 1, the experiment aims at estimating the overall energy con-
sumption incurred due to the PMs used and the VMs hosted by these PMs. The
experimental results indicate that GA has the least amount of the overall energy con-
sumption, this is because that GA is a heuristic algorithm and makes its best effort to
search the set of target PMs and to find a optimal solution using energy consumption as
a metric.
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4.2.2 Comparison of Overall Resource Wastage
The second set of experiment aims at estimating the overall resource wastage after
when the 2,000 VMs are allocated to the 1,024 PMs. The overall resource wastage is
decided by memory and bandwidth.

Fig. 1. overall energy consumption comparison

Fig. 2. overall resource wastage comparison
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As depicted in Fig. 2, the experiment aims at estimating the overall resource
wastage incurred due to the PMs used and the VMs hosted by these PMs. The
experimental results indicate that SDBF has the most amount of the overall resource
wastage. The reason is it can increase the resource misbalancing because resource in
the cloud is multi-dimension (CPU, memory, bandwidth etc.). GA has the least amount
of the overall resource wastage because in each iteration we use resource wastage as
metric in mutation and selection stages.

5 Conclusions

The VM placement is one of the research problems in cloud infrastructure. Each of the
virtual machine placement algorithms works well but only under certain specific
conditions and have close relationship with the size of the problem [13–15]. So it is a
critical task to choose a technique that is suitable for both the cloud user and cloud
provider. Based on the experimental results, we can conclude that in addition to
minimizing the overall energy consumption, GA minimizes the overall resource
wastage at the same time coping with a set of parallel applications.
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Abstract. Over the past years, a large family of algorithms has been
designed to provide different solutions to the problem of dimensionality
reduction, such as discriminant neighborhood embedding (DNE), mar-
ginal fisher analysis (MFA) and double adjacency graphs-based discrimi-
nant neighborhood embedding (DAG-DNE). In this paper, we investigate
the effect of data distribution for face recognition. We conduct three set-
tings to investigate the performance when we have different numbers of
the training samples. One is randomly select 20% samples as training
set and the remaining face images are used for testing. One is randomly
select 40% samples as training set and the last one is randomly select
60% samples as training set. In the end, we find as interesting observa-
tion is that when the training sample size is large enough to sufficiently
characterize the data distribution, all algorithms we discussed in this
work can achieve good performance.

Keywords: Discriminant neighborhood embedding · Marginal fisher
analysis · DAG-DNE

1 Introduction

Dimensionality reduction has a wide range of applications in computer vision,
and pattern recognition. In recent years, many supervised dimensionality reduc-
tion algorithms are proposed.

Classical supervised learning algorithms include linear discriminant analysis
(LDA) [3,13], which aims at searching for the directions that are most effective
for discrimination by minimizing the ration between the intraclass and inter-
class; discriminant neighborhood embedding (DNE) [14], which constructs an
adjacency graph to preserve the local geometric structure (i.e., local intraclass
and local interclass scatters); marginal fisher analysis (MFA) [12], which con-
structs two adjacency graphs (i.e., the intrinsic graph and the penalty graph,
respectively) to preserve the local geometric structure; and double adjacency
graphs-based discriminant neighborhood embedding (DAG-DNE) [1], also con-
structs two adjacency graphs to preserve the local geometric structure.

In this paper, we mainly focus on investigate the effect of data distribution
for face recognition. Based on DNE, MFA and DAG-DNE, we conduct three set-
tings to evaluate the effect. Experiment results illustrate that when the training
c© Springer International Publishing AG 2016
C.-H. Hsu et al. (Eds.): IOV 2016, LNCS 10036, pp. 232–237, 2016.
DOI: 10.1007/978-3-319-51969-2 20
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number size is large enough, all algorithms we discussed in this work can achieve
good performance.

2 The Compared Algorithms

DNE, MFA and DAG-DNE are all classical subspace learning algorithms. Here,
we introduce MFA as a representation.

2.1 Marginal Fisher Analysis

MFA proposed based on LDA can overcome some shortcomings of LDA (e.g., the
data of each class is approximately Gaussian distributed). However, real-world
data do not always satisfy a Gaussian distribution. MFA projects the data into a
discriminative feature space in which the data is clearly separated and the data
not have to satisfy a Gaussian distribution.

In MFA, we construct two adjacency graphs, the intrinsic graph and the
penalty graph, respectively. In the intrinsic graph, for each sample xi, we set the
intrinsic adjacency matrix Ww

ij = Ww
ji = 1 if and only if xj is among the k-nearest

neighbors of xi in the same class, otherwise Ww
ij = Ww

ji = 0. In the penalty graph,
for each sample xi, we set the intrinsic adjacency matrix W b

ij = W b
ji = 1 if and

only if xj is among the k-nearest neighbors of xi in the different classes, otherwise
W b

ij = W b
ji = 0.

MFA can finds the optimal projection directions via the following Marginal
Fisher Criterion:

min
p

PTX(Dlw−Wlw)XTP
PTX(Dlb−Wlb)XTP (1)

where tr(·) is the trace of a matrix.

3 Experiments

In this section, we compared three algorithms (DNE, MFA and DAG-DNE) on
UMIST dataset. In the following experiments, we use the Euclidean metric and
one nearest classifier for classification due to its simplicity.

The UMIST face dataset consists of 564 images of 20 individuals, taking into
account race, sex and appearance. Each subject is taken in a range of poses
from profile to frontal views. The pre-cropped dataset is used and the size of
each image is 112 × 92 pixels, with 256 gray levels per pixel. Each image is
manually cropped and resized to 32 × 32 pixels. Note that the original images
on UMIST database are normalized, so that two eyes are aligned at the same
location. Figure 1 shows some image samples in the UMIST dataset. In this
experiment, PCA is utilized to reduce dimensionality from 1024 to 100 and
conducts three experimental settings (i.e., we randomly select 20%, 40% and
60% training images from each person and the remaining images are used for
testing). Every experiment runs 10 times.
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Fig. 1. Subject from the UMIST image dataset.
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Fig. 2. Accuracy of three methods versus number of dimension on the UMIST dataset
(20% training samples)

From Figs. 2, 3 and 4 and Table 1, we can see that:

(1) We can see that no matter what the number of training samples (i.e., 20%,
40% or 60%), MFA always goes up faster than DNE and DAG-DNE. How-
ever, with the increase of the numbers of projection vectors, DNE and DAG-
DNE all can achieve good performance. From Figs. 2, 3 and 4 and Table 1,
in the end, DAG-DNE in two cases even has a more higher accuracy than
MFA (e.g., 20% training samples, MFA (85.14%), DAG-DNE (87.36%)).

(2) We also get a conclusion that when the training sample size is large enough
to sufficiently characterize the data distribution, such as the case when num-
ber of training samples if 60% samples, all algorithms we discussed in this
work can achieve good performance (e.g., DNE (97.30%), MFA (98.80%),
DAG-DNE (98.35%)). This fact shows that, for a real-world application, it
is critical to collect enough samples for all face images.
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Fig. 3. Accuracy of three methods versus number of dimension on the UMIST dataset
(40% training samples)
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Fig. 4. Accuracy of three methods versus number of dimension on the UMIST dataset
(60% training samples)
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Table 1. Performance comparison of the methods on the UMIST face dataset with
different training sample numbers

Method/Result UMIST (20% training) UMIST (40% training) UMIST (60% training)

Mean Best Dim Mean Best Dim Mean Best Dim

DNE 0.8271 0.8381 100 0.9453 0.9552 98 0.9730 0.9820 53

MFA 0.8514 0.8714 14 0.9692 0.9821 6 0.9880 0.9910 7

DAG-DNE 0.8736 0.9113 42 0.9701 0.9851 27 0.9835 1 23

4 Conclusion

In this paper, we compare DNE, MFA and DAG-DNE methods and experiment
them on UMIST face dataset with different settings (i.e., we randomly select
20%, 40% and 60% training images from each person and the remaining images
are used for testing). When we conduct different settings, we find an interesting
observation is that when the training sample size is large enough to sufficiently
characterize the data distribution, all algorithms we discussed in this work can
achieve good performance. Future work will consider our model in service com-
puting environment and cloud computing system [2,4–11,15].

References

1. Ding, C., Zhang, L.: Double adjacency graphs-based discriminant neighborhood
embedding. Pattern Recogn. 48(5), 1734–1742 (2015)

2. Liu, Z., Wang, S., Sun, Q., Zou, H., Yang, F.: Cost-aware cloud service request
scheduling for saas providers. Mob. Inf. Syst. 57(2), 291–301 (2014)

3. Martinez, A.M., Kak, A.C.: Pca versus lda. IEEE Trans. Pattern Anal. Mach.
Intell. 23(2), 228–233 (2001)

4. Wang, S., Zhou, A., Hsu, C., Xiao, X., Yang, F.: Provision of data-intensive services
through energy- and qos-aware virtual machine placement in national cloud data
centers. IEEE Trans. Emerg. Topics Comput. 4(2), 290–300 (2016)

5. Wang, S., Hsu, C.-H., Liang, Z., Sun, Q., Yang, F.: Multi-user web service selection
based on multi-qos prediction. Mob. Inf. Syst. 16(1), 143–152 (2014)

6. Wang, S., Sun, L., Sun, Q., Wei, J., Yang, F.: Reputation measurement of cloud
services based on unstable feedback ratings. Int. J. Web Grid Serv. 11(4), 362–376
(2015)

7. Wang, S., Sun, Q., Zou, H., Yang, F.: Towards an accurate evaluation of quality
of cloud service in service-oriented cloud computing. J. Intell. Manufact. 25(2),
283–291 (2014)

8. Wang, S., Sun, Q., Zou, H., Yang, F.: Towards an accurate evaluation of quality of
cloud service in service-oriented cloud computing. Mob. Inf. Syst. 25(2), 283–291
(2014)

9. Wang, S., Zheng, Z., Zhengping, W., Yang, F.: Context-aware mobile service adap-
tation via a co-evolution extended classifier system in mobile network environ-
ments. Mob. Inf. Syst. 10(2), 197–215 (2014)



Subspace Learning Based on Data Distribution for Face Recognition 237

10. Wang, S., Zhu, X., Sun, Q., Zou, H., Yang, F.: Low-cost web service discovery
based on distributed decision tree in P2P environments. Wirel. Pers. Commun.
73(4), 1477–1493 (2013)

11. Wang, S., Zhu, X., Yang, F.: Efficient qos management for qos-aware web service
composition. Int. J. Web Grid Serv. 10(1), 1–23 (2014)

12. Yan, D., Xu, S.C., Zhang, B.Y., Zhang, H.J., Yang, Q.: Graph embedding and
extensions: a general framework for dimensionality reduction. IEEE Trans. Pattern
Anal. Mach. Intell. 29(1), 40–51 (2007)

13. Yu, H., Yang, J.: A direct lda algorithm for high-dimensional data with application
to face recognition. Pattern Recogn. 34(10), 2067–2070 (2001)

14. Zhang, X.Y., Xue, W., Guo, Y.F.: Discriminant neighborhood embedding for clas-
sification. Pattern Recogn. 39(11), 2240–2243 (2006)

15. Zhou, A., Wang, S., Li, J., Sun, Q., Yang, F.: Optimal mobile device selection for
mobile cloud service providing. J. Supercomput. 72(8), 3222–3235 (2016)



Multiple Classification Using Logistic
Regression Model

Baoping Zou(B)

State Grid Fujian Electric Power, Quanzhou, China
zz20161025@163.com

Abstract. The traditional logistic regression model is always used
binary classification tasks, such as a person’s gender (male or female). In
this paper, we introduce how to adapt the traditional logistic regression
model to multiple classification task. To validate our proposed method,
we conduct an experiment on a open dataset, and the experimental
results show that our proposed method is promising in multiple clas-
sification task.

Keywords: Multiple classification task · Logistic regression · Binary
classification task · Gradient descent

1 Introduction and Related Work

The traditional logistic regression model is always used binary classification
tasks, such as a person’s gender (male or female) [2,3]. However, in practical
application scenarios, most of the classification tasks are multiple classification.
For example, a guy’s attitude towards the British voting to leave the European
Union in 2016 is a three-type task, i.e. positive, negative or neutral. It can be
decomposed into three binary-type tasks, i.e. whether a persons attitude is pos-
itive (negative or neutral) or not, and then we apply the traditional logistic
regression model to perform these binary classification tasks. But this decompo-
sition process is very boring. So the existing work in [2,3] is not enough.

Faced with this problem, in this paper, we introduce how to adapt the tra-
ditional logistic regression model to multiple classification task. To validate our
proposed method, we conduct an experiment on a open dataset, and the exper-
imental results show that our proposed method is promising in multiple classi-
fication task.

This article is organized by the following: in Sect. 2 we detail the constructing
process of the proposed multiple classification using logistic regression model. In
Sect. 3 we list the experiment setup and the experimental results. In Sect. 4, we
conclude this article, and give the future directions.
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2 Multiple Classification Using Logistic Regression
Model

The traditional logistic regression model is always used binary classification
tasks, such as a person’s gender (male or female). In this section, we introduce
how to adapt the traditional logistic regression model to multiple classification
task.

Assume the label of a sample from the dataset takes value from set
{1, 2, · · · ,K}, then the probability of each label for each coming sample can
be written by the following:

P (y = k|x) =

⎧
⎨

⎩

exp(wk·x)
1+
∑K−1

k=1 exp(wk·x) k = 1, 2, · · · ,K − 1
1

1+
∑K−1

k=1 exp(wk·x) k = K
(1)

Then the likelihood function can be written down as the product of all of the
probabilities, as follows:

N∏

i=1

K∏

k=1

P (yi = k|xi)y
k
i , (2)

where P (yi = k|xi) denotes the probability of label k for the input sample xi,
and yk

i serves as indicator function, which takes value 1 when real label of xi is
equal to k otherwise 0.

Then we take the log of the likelihood function, we get this objective function
as summarization of several items by the following:

L(w) = − 1

N

N∑

i=1

K∑

k=1

y
k
i logP (yi = k|xi)

= − 1

N

N∑

i=1

(

K−1∑

k=1

y
k
i log

exp(wk · xi)

1 +
∑K−1

j=1 exp(wj · xi)
+ y

K
i log

1

1 +
∑K−1

j=1 exp(wj · xi)
)

= − 1

N

N∑

i=1

(

K−1∑

k=1

y
k
i (wk · xi − log(1 +

K−1∑

j=1

exp(wj · xi))) − y
K
i log(1 +

K−1∑

j=1

exp(wj · xi)))

=
1

N

N∑

i=1

(

K∑

k=1

y
k
i log(1 +

K−1∑

j=1

exp(wj · xi)) −
K−1∑

k=1

y
k
i wk · xi)

.

(3)

Note that to avoid overfitting, we must add at the tail of the objective func-
tion an item like this:

K−1∑

k=1

|wk|2
2σ2

(4)

L(w) =
1
N

N∑

i=1

(
K∑

k=1

yk
i log(1+

K−1∑

j=1

exp(wj ·xi))−
K−1∑

k=1

yk
i wk ·xi)+

K−1∑

k=1

|wk|2
2σ2

(5)
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Given the defined objective function of various parameters, we apply the
gradient descent method to optimize this function to find the most appropriate
parameters. The gradient of the objective function is as follows:

∂L(w)
wk

=
1
N

N∑

i=1

exp(wk · xi)

1 +
∑K−1

k=1 exp(wk · xi)
· xi − 1

N

N∑

i=1

yk
i xi +

wk

σ2

=
1
N

N∑

i=1

P (yi = k|xi) · xi − 1
N

N∑

i=1

yk
i xi +

wk

σ2

(6)

Given the objective function and the gradient of each parameter, we can
use the gradient descent method to optimize this function to find the most
appropriate parameters.

3 Experiments

3.1 Experiment Setup

We use an open dataset called Iris to validate our proposed model. The Iris
flower data set or Fisher’s Iris data set is a multivariate data set introduced by
Ronald Fisher in his 1936 paper The use of multiple measurements in taxonomic
problems as an example of linear discriminant analysis. It is sometimes called
Anderson’s Iris data set because Edgar Anderson collected the data to quantify
the morphologic variation of Iris flowers of three related species. Two of the three
species were collected from the same pasture, and picked on the same day and
measured at the same time by the same person with the same apparatus.

Figure 1 shows the scatterplot of the data set, i.e. visualization of classifi-
cation of the Iris data. The data set consists of 50 samples from each of three
species of Iris (Iris setosa, Iris virginica and Iris versicolor). Four features were
measured from each sample: the length and the width of the sepals and petals, in
centimetres. Based on the combination of these four features, Fisher developed
a linear discriminant model to distinguish the species from each other.

The majority of the code is implemented in Python, whereas the model train-
ing procedure of is written in C++ for the sake of training efficiency. The exper-
iments are all performed on a server with a 16-core 2.6 GHz Intel Xeon processor
with 32 GB of RAM.

3.2 Experimental Results

The performance at each iteration number during the training process is as
shown in Fig. 2. Once the parameters are updated using the training set at each
iteration number, we test the performance of the model with the test set. Figure 2
is plot with the experimental results of 300 iteration number. As we can see, in
the first 100 iterations, the performance improves significantly; while after that,
the performance will not change much. So in practical application scenarios, we
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Fig. 1. The visualization of classification of the Iris data.

Fig. 2. The training process of multiple classification using logistic regression model.

must choose a appropriate iteration number to balance the performance and the
cost. Simple though, the experiment results validate that our proposed method
is promising in multiple classification using logistic regression model.

The final classification result is shown in the confusion matrix in Table 1.
The confusion matrix contains information about actual and predicted classifi-
cations done by a classification system. As we can see, all of the 50 samples of
the Iris-setosa are classified into the right category. While with Iris-versicolor
and Iris-virginica, only 4 of 50 samples are judged wrong. That is to say, using
our proposed method, most of the classification results are right. So, our exper-
imental results validate are proposed method.
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Table 1. The confusion matrix of the classification result

Iris-setosa Iris-versicolor Iris-virginica

Iris-setosa 50 0 0

Iris-versicolor 0 46 4

Iris-virginica 0 4 46

4 Conclusion

In this paper, we proposed to utilize the inherent advantages of the traditional
machine learning model, namely logistic regression model, and apply it to mul-
tiple classification task to get more accurate. The subsequent experiments are
introduced to validate our proposed method.

In the future, we will study how to consider our model in service computing
environment [1,4,6–10,12,13] and cloud computing system [5,11,14,15], which
may bring about effectiveness and efficiency.
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Abstract. We consider the general problem of clustering from labeled
and unlabeled data, which is often called semi-supervised learning or
transductive inference. Most of existing works consider the intrinsic local
or global structure of the dataset, which introduced poor clustering per-
formance in real case scenarios. In this paper, we study the complemen-
tary relationship between local and global structure of a dataset, and
proposed to obtain a better clustering performance via label propaga-
tion process. To validate our proposed method, we conduct experiment
on the two-moon problem, and find that our method yields encouraging
experimental results on a number of classification problems and demon-
strates effective use of unlabeled data.
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1 Introduction and Related Work

Cluster analysis or clustering is the task of grouping a set of objects in such a
way that objects in the same group (called a cluster) are more similar to each
other than to those in other groups. It is a main task of exploratory data mining,
and a common technique for statistical data analysis, used in many fields, includ-
ing machine learning, pattern recognition, image analysis, information retrieval,
bioinformatics, data compression, and computer graphics.

Traditional clustering methods are unsupervised, meaning that there is no
outcome measure and nothing is known about the relationship between the obser-
vations in the data set. However, in many situations one may wish to perform
cluster analysis even though an outcome variable exists or some preliminary
information about the clusters is known. While in this paper, we consider the
general problem of clustering from labeled and unlabeled data, which is often
called semi-supervised learning or transductive inference, which has proved to
have a wide range of potential applications.

Most of existing works consider the intrinsic local or global structure of the
dataset, which introduced poor clustering performance in real case scenarios
[2,15–17]. This is because the global structure and local structure of a dataset
are complementary in clustering. Ignoring any of both is not enough for a good
clustering result.
c© Springer International Publishing AG 2016
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As a result, in this paper, we study the complementary relationship between
local and global structure of a dataset, and proposed to obtain a better clustering
performance via label propagation process. To validate our proposed method, we
conduct experiment on the two-moon problem, and find that our method yields
encouraging experimental results on a number of classification problems and
demonstrates effective use of unlabeled data.

This article is organized by the following: in Sect. 2 we detail the constructing
process of the proposed multiple classification using logistic regression model. In
Sect. 3 we list the experiment setup and the experimental results. In Sect. 4, we
conclude this article, and give the future directions.

2 A Clustering Method by Joint of Local and Global
Structure

First we must identify the definition of the local and global structure respectively,
by the following:

– We define the local structure as the relationship between a sample and its
neighbors. For example, if an sample’s label is already assigned, and in the
next step, it will try to propagate its label to one or two or several of its
neighbors. In general, it will select the nearest neighbor as the candidate.
During this space, the already assigned sample only knows the information of
its adjacent neighbors, without knows the remote samples’ information. So we
call this information as the local structure;

– The global structure means the global information of the dataset. For example,
given a crowd of samples, we can find the number of the peaks, and the distance
of each sample to these peaks, and the nearest peak for each sample. So during
the propagation process of the labels, we can combine the global structure and
local structure of dataset to assign a sample’s label more scientifically.

Based on the above analysis, we can incept the basic thought into the existing
clustering method in works [2,15–17], and proposed new method that can utilize
the complementary relationship between local and global structure of a dataset
to obtain a better clustering performance via label propagation process. Due to
the space limit, we will not describe the implementation details of the method,
but the readers can easily implement one.

3 Experiments

3.1 Experiment Setup

In order to firstly assess our approach, we consider a well-known synthetic
datasets generated by two intertwining moon structures (see top of Fig. 1). This
dataset is always used for testing the clustering performance of a innovative
clustering method.
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Fig. 1. Illustration of the famous two moon dataset, which is always used for testing
a new clustering method.

The majority of the experimental codes are implemented in Python, whereas
the core procedure of model training is written in C++ for the sake of training
efficiency. The experiments are all performed on a computer with a 16-core 2.6
GHz Intel Xeon processor with 32 GB of RAM.

3.2 Experimental Results

The experimental results are shown in Fig. 2. Figure 2 contains 8 consecutive
snapshots of the clustering process, which illustrates the performance of the pro-
posed method that can join the intrinsic global and local structure of two moon
dataset and apply this knowledge to propagate the label of samples appropri-
ately.

As we can see, in Fig. 2(1), there are only several initial samples are assigned
the labels. From Fig. 2(2)–(7), the labels propagate among the samples, and more
and more samples are assigned the labels. However, during this process, quite
a lot of samples are assigned the wrong labels. Nevertheless, the performance
are becoming better and better as the adjacent samples are assigned the same
labels, in the meanwhile sample pairs with a long distance are always assigned
different labels. Figure 2(8) shows the final clustering result, which shows a sound
clustering result like in the Fig. 1.

This result seems to confirm that the proposed approach is able to deal with
an important issue of joint learning of global and local structure of dataset: the
consistency, i.e. nearby points and points on the same structure are likely to
have the same label.
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Fig. 2. Label transmission process via local and global structure.

4 Conclusion

In this paper, we study the complementary relationship between local and global
structure of a dataset, and proposed to obtain a better clustering performance via
label propagation process. To validate our proposed method, we conduct exper-
iment on the two-moon problem, and find that our method yields encouraging
experimental results on a number of classification problems and demonstrates
effective use of unlabeled data.

In the future, we will study how to consider our model in service computing
environment [1,3,5–9,11,12] and cloud computing system [4,10,13,14], which
may bring about effectiveness and efficiency.
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