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Abstract: Nowadays more and more live events are being consumed via the web or
smart phones rather than legacy broadcast services. In this paper we present a scenario —
focusing on wireless smartphone-based nodes — that covers this trend. Starting from this
scenario we introduce a novel service that can be offered on top of classical streaming
media services to the users of these mobile handheld devices. Considering that the
wireless infrastructure is heavily loaded by the traffic of the real-time stream itself, we
propose a distributed caching solution to offload it, improving the scalability of the
system. We define two heuristic algorithms to place the caching elements within the
network in an optimal way — the goal was either to minimize the required number of
caching nodes or the size of the cache. In our earlier work we have investigated some
individual aspects covered by the scenario and built a testbed that implements these
proposals. In this paper we present the extension of this integrated testbed suitable for
network coding based communication, which supports the measurement based
evaluation of the presented scenario and the evaluation of the implementation details.
Finally we offer a measurement based assessment of the features implemented in the
testbed.

Keywords: network coding, video streaming, caching.

1. Introduction

The economic success and the market share of Android devices [1] led to the
situation where a significant part of the population carries a plentiful of sensors
and short-range communication devices with them. These general purpose
devices have an unprecedentedly high computational power, allowing the
execution of complex operations in the background. The smartphones also offer
the possibility to experiment with a wide variety of wireless networking issues.
In our earlier work we have started to develop a generic testbed environment, as
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introduced in [2] and [3]. In this testbed the Android devices may act as
harvesters (mobile data collectors), communicating nodes and real-time media
endpoints in distributed wireless networks. We primarily used this testbed to
research the applicability of network coding techniques in sensor networks and
on forwarding streaming video over wireless links [3].

In [2] we also presented several scenarios that motivated our research of
network coding. The scenarios cover wireless sensor networking (WSN - [4])
communication and distributed wireless communication research issues,
network coding application alternatives, real-time media streaming and
communication management. For the details of the respective scenarios please
refer to [2].

In this paper we extend the scenarios, introducing a novel service that can be
offered on top of a classical streaming media service. The scenario focuses on
crowded events, when lots of users follow the same live content. The new
service is the replay of recent highlight of this real event. Considering that the
wireless infrastructure is heavily loaded by the traffic of the real-time stream
itself, we propose a distributed caching solution to offload it, improving the
scalability of the system. We will discuss the details of such novel service and
will present a model that will allow us to analyze its behavior later in Section 3.
Although media distribution might use multicast in order to use efficiently the
network resources, most of the devices and applications still use unicast.
Therefore in the following we will focus only on unicast solutions. Because the
scenarios are used as motivations for our research, which are validated by
testbed experiments, the testbed development was a natural follow up of the
scenario definition and analysis. We implemented both the media streaming and
network coding support in our testbed that can be used to demonstrate the
presented scenarios and the test implementation details. The details of this work
are presented in Section 5.

As explained in this paper, the implementation of this scenario is based on
network coding mechanisms, already used in earlier scenarios. Network coding
(NC) mechanism re-codes packets of flows within the network at various nodes,
promising overall higher throughput and/or reliability [2], [5]. Here we only
shortly review the main advantage of the NC, using the widely used butterfly
topology (see Fig. 1): “if the packets of a stream are distributed over parallel
paths (flows a and b) and packets are encoded together using network coding,
the original packets can be restored at the destination. This approach can be
used to increase the network capacity. Let us assume that both a and b flows
require the same bandwidth. In Fig. 1 the common link carries the encoded
a+b flow instead of carrying both a and b flows. Now, using NC techniques, the
required capacity of a+b is the same as for the individual a (or b) flow. Thus we
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can achieve a 50% cost saving over the common link in terms of bandwidth
capacity” [2].

Figure 1: Network coding in a network with butterfly topology.

In our work we follow an alternative (Random Linear Network Coding -
RLNC - [6]), where nodes assign coefficients to each packet randomly. All
nodes using random network coding are independent and randomized, without
the need of any knowledge of the rest of the network, assuring high quality
transmission [7]. Early works focused on the case when the network is
populated by large enough number of flows (inter-flow NC) [8], then also
considered the intra-flow case [9]. Later works then further extended the area of
applicability [10], [11], [12].

2. Caching of media streams—related work

The traffic volume of streaming media had exceeded that of any other traffic
type, including peer-to-peer or web access and researchers tried to reduce its
bandwidth demand by various methods, including caching. There is a vast available
literature in this field. In what follows we highlight the most important ones.

Early caching strategies focused on the deployment of a dedicated proxy
close to the consumers, and a god overview of these solutions divided them in
four categories: sliding-interval caching, prefix caching, segment caching, and
rate-split caching [13]. The sliding-interval caching [14] stores data at the first
appearance of it (as it is arriving from the server), and delivers it to the
subsequent requests. The prefix caching [15] always stores the first segments of
the media, thus the proxy can immediately serve any request and starting to
fetch the rest of the data in the meantime. The segment caching [16], [17], [18]
offers a more advanced solution, because it assigns utilities to the segments, and
caches them accordingly. The rate-split caching [19] breaks with the time-based
segmentation of the stream and splits it along the rate. The lower rate
component may arrive directly from the server, while the rest of the data,
ensuring the premium quality of the service, uses only local networking
resources.

The advent of the peer-to-peer (P2P) networks influenced this research area,
as well. Several P2P based solutions were proposed: some of them are more
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generic, as rely on the logical P2P overlays [20], or ones that use the specific
architecture of the access network and cannot be directly applied in other
networks [21].

As Content Delivery Networks (CDN) gained in popularity, researchers
applied the streaming video caching mechanisms on this technology, too [22].
Similarly, caching in clouds is a promising research direction [23].
Nevertheless, both directions require heavy investments in the infrastructure.
Moreover, in our scenario the problem is the overload of the access, which
connects the cloud to the users, thus we still have to address this issue. The
combination of network coding methods with P2P solution is a noteworthy
novelty [24], but in this paper we focus on a specific service, not supported in
earlier papers.

Finally we mention the new networking paradigm, the Information Centric
Network, which has an advanced caching mechanism [27], integrated with its
novel data forwarding mechanism. The challenging research issues gave birth to
several interesting papers [25], [26] involving multicast scenarios, but our work
deals with classical IP unicast networks.

The reader interested in further details of streaming video caching is directed
to a thorough overview of this field [28].

3. Near-real time streaming supported by caching

A. Basic Scenarios

Before presenting our new scenario we summarize first the basic scenarios
that motivated our work, because it leads to a better understanding of our
testbed and also introduces the reader to Section 3.B. For a detailed description
the reader is redirected to [2]. The scenarios built on the fact that the cheap
short-range wireless devices (RFID and NFC tags) favor the deployment of
large distributed wireless sensor networks (WSN) [4]. Nevertheless, the
collection of the sensory data from such large deployed networks will be both
an economical and a logistic issue. We proposed to use the ubiquitous Android
smartphones to do this task and envisaged a cooperative wireless mesh to
convey the sensory data to a management center. Apart of sensory data, the
smartphones had to forward live video and control traffic, both required to
manage and control the wireless nodes. The network coding was the technology
of choice to improve the reliability and performance of the communication over
the wireless mesh.

In this paper we build on the basic scenarios, reusing the ideas of forwarding
live streaming video streams. Although we reuse many building blocks
developed during our earlier work, this new scenario can be described and
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analyzed as a standalone one. Note that this common background will be more
evident when we describe our testbed, as mentioned later in Section 5. As a
consequence the following sub-section contains the definition of the scenario
itself, along with the motivation behind it.

B. Near real-time streaming service

In their quest to gain competitive advantage on the travel and leisure market,
many cities organize large public events: city festivals or thematic events (e.g.,
concerts, art festivals, sporting events). In parallel with this trend more live events
are being consumed via the web or smart phones rather than broadcast; the
“second screen” is gaining prominence and people are multi-tasking on their
devices; attendees of live events continue using their smart devices (e.g. for social
media). Current access networks are hard pressed to provide the required QoS.

This scenario aims at providing various mechanisms to support the goal of
increasing QOE of live media streaming while at the same time decreasing the
network load. The target service is for (near) real-time streaming media
distribution. Note that participants at events often want to see replays of the key
moments or re-watch some recent performance, often only a few seconds after it
happened. We build on the trend that attendees of live events will use their
smart devices during the event — for email, social media and, more and more,
for recording and consuming video.

The load in the wireless access is decreased by the use of network coding
and stretching the lifetime of the network encoded packets somewhere in the
network distributed in end devices or well-placed points in the distribution/
access domain. The cached distribution primarily is implemented on the user's
devices.

Figure 2: Media streaming with caching.

This scenario is depicted in Fig. 2. The streaming media is distributed by the
AP; Access Points. The nodes receiving the data encode it and cache it locally
(S, ..). Any time a node (blue stars) want a replay, they will have the data
chunks readily available in their local mesh network.
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The above scenario, although seems a quite limited one at first glance, it
proves to be a complex one. The complexity comes from the fact that it uses
many technologies and during the analysis of the scenario we have to deal both
with the technical details to be solved in order to implement the scenario and
with the interactions among these particular technologies. In our earlier work
we have investigated some individual aspects covered by the scenario.

In our earlier paper [2] we evaluated candidate radio technologies to support
the scenarios. In [3] we investigated the aspects of distributed streaming video
communication in our testbed, focusing on the performance of a simplified
logical ring that formed a peer-to-peer overlay over the Android devices within
the testbed. In [5] we presented a simulation based performance evaluation of
caching strategies. In this paper we add new elements to these series of results,
addressing the particularities of this scenario introduced above. We propose two
alternative algorithms that offer an optimized solution to our scenario. Then in
Section 5 we present an extension of our earlier testbeds that can support the
measurement based evaluation of our scenario.

4. Proposed caching model optimization

In this section we take a closer look at two alternatives to optimize the cache
placement within the scenario presented in Section 3.B. The optimization
problem is not trivial, because not all nodes should necessarily act as caches and
even those that do, do not necessarily store every packet in their cache memory.
The starting point is the all the nodes are attached to one AP; from the set of a
set of {AP;} Access Points and the covered area is large enough to make sure
that nodes cannot communicate directly with everyone within the whole
network. We also consider that the nearest caching nodes and cache hit statistics
can be obtained by the requesting nodes [5].

A. Minimizing the number of caches

In the first model we search for the number of caching nodes to serve those
nodes that are attached to the same AP and we allow to store unlimited number
of segments in the cache. We can give the required number of caching nodes |S]
as the rounded up value of the total size of required data chunks (g, segments
are required for D; users) divided by the direct link capacity c:

SE [DTgw 1)

Note that this solution does not allow that a node attached to AP; to request
data from a caching node attached to AP;. Our goal is to get the minimal number
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of caching nodes, a subset of all N nodes. ¢ is the total capacity of the direct link
from node i (we consider that the total incoming and outgoing capacities are
equal). In [5] we gave a 0-1 Integer Linear Programming (ILP) to solve this
optimization problem, but this type of ILPs are known to be NP hard [29].
Therefore we propose the following heuristic algorithm (see Table 1).

Table 1: The cache placement algorithm.

Foreach AP;

Compute |Sj| based on eq. (1)

X;:= arbitrary selection of |Sj| nodes from the vicinity of AP;
S= U Xi

Foreach AP;
Partition all the nodes with demands based on distance from the coverage
area AP;among X;
C; = total expected demand on X;

Do
Flag =0
Foreach X;
If C; < Capacity(X;) then
Flag=1
Elect an additional X from the vicinity
Re-partition all the nodes with demands based on distance from
the coverage area AP; among X
Until Flag == 0

The above heuristic algorithm takes all APs and makes an initial selection of
caches as given in (1) for the simplified scenario. Then it refines this selection,
introducing new caching nodes in those areas, where the existing ones cannot
answer all the demands. If there are no more unanswered demands, the
algorithm stops.

B. Minimizing the cache size

In Section 4.A we tried to reduce the number of caching nodes, without
restricting the individual cache sizes. Now we will try to minimize the size of the
cache, but we do not restrict the number of caching nodes. Let us keep the same
notations we introduced earlier in this section, and additionally let us note the
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number of chunks stored at node i with k. We proposed and ILP in [5] to solve
this optimization problem, but the same reasoning presented in Section 4.A
applies here, as well. Therefore we provide a heuristic algorithm that solves this
problem. First we give the number of chunks a node should store, if the chunks
are evenly distributed among all nodes attached to the AP,. We keep the
notation used for eq. (1), and we note with N; the total number of attached

nodes.
_ Digw
S —{—N_ } (17)

The algorithm is given in Table 2 below.

Table 2: The cache placement algorithm.

Foreach AP;

Compute k; based on eq. (17)
k= mini (k|)
Store k chunks in each node

Foreach leacher |
Assign the closest nodes (caches) to it
Can't assignh more than ¢,
g, = total available chunks at these caches

Do
Flag=0
Foreach leacher |
While g, < gy, do
Flag=1
k++ for the caches linked to |
/lthis can be done in parallel — increase the cache only once
//during a single round
Until Flag ==

The algorithm computes the minimal number of chunks that should be
available at the nodes (i.e., caches, since every node is a potential cache) in
order to satisfy the lowest demand at any AP. Then we find those leachers,
which have unsatisfied demand and increase the cache size by one for its
caches. The algorithm stops, if there are no new unsatisfied leachers left.
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5. Video streaming environment with Android smartphones

In this section we present a testbed to support the evaluation of the proposed
scenario and algorithms presented in this paper.

A. Testbed for streaming video services

Earlier in this paper we have already motivated our testbed development
work by the need to obtain a platform suitable to assess our scenarios. The
common point in our scenarios is the presence of a mobile node capable of
communicating over IP. This node was implemented as a remote controlled
vehicle, where the computational and communication functions are executed by
an Android smartphone, implementing an extended distributed data network.
The interface between the Android device and the motors moving the vehicle is
done by a dedicated microcontroller board, the 1010 [30].

Figure 3: a) The elements of the mobile node and b) the implemented vehicle.

Fig. 3. a) presents the components of the implemented mobile node. The
vehicle and the driving motors are on the left bottom, the 1010 board is one the
upper left part of the figure. The Android smartphone (pictured on the upper
right part of the figure) is linked to the 1010 board by Bluetooth (but we can
also use USB cables for this purpose). This device is also responsible with the
control tasks. A central management entity (bottom right corner) has a suitable
GUI to control the movement of the node (on the downlink direction) and is
connected to it over variants of WiFi (see Section 5.C for further details). As a
part of the control process, live video streams are sent from the mobile node to
the control station (i.e., uplink), the implementation details of this streaming
service being discussed later in Section 5.B. The implemented mobile node and
the management station is pictured in Fig. 3. b).
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B. Streaming media over Android

The multimedia stream in the testbed is offered by an application
implemented from scratch by us.

A natural choice would have been the use of Real-time Transport Protocol
(RTP) for such task [31]. RTP based streaming in Android is supported by the
libstreaming library. The encoding for RTP transmission should be done using
H263 codecs instead of H264, since the latter has higher resource demands. For
decoding at the destination an external library can be used (we used vic player,
which was able to decode the stream [32]). Due to the above Android
environment details (e.g., the delays introduced by encapsulation and control,
video handling difficulties) we decided to go for different solution.

As a first option, in order to capture the stream from the camera of the
smartphone, we use the camera preview images. Then these raw images are sent
to an image encoding library, and this encoded JPEG image, which corresponds
to a frame of the video stream, is sent over UDP to the recipient(s). This
solution makes it easier to handle the frames at the receiving peer and debug our
implementation: any disturbance in the encoding/decoding process is limited to
a well identifiable frame, not to a sequence of frames. The fragmentation of the
video frames and the header structure of the packets have been designed to be
able to carry multiple streams and/or support multiple networks encoding along
the path. In our first tests we checked the viability of our solution.

A second option was to use other, older encoders developed for TV
transmission in a selfcontaining mode. E.g., MPEG-2 Transport Stream
(MPEG-2 TS, M2TS) has been introduced in ISO/IEC 13818-1 standard in
1995 [33] . It has the advantage that video format info is in-band. Most of
Android smartphones support the playout of such streams, but the encoding of
such streams officially is not supported. Some forums reported that that in some
devices with Android OS above version 3.0 have unofficial support for this
format (e.g., Google Nexus 4). We used this smartphone to implement and test
our solution.

Fig. 4. shows the logical structure of our solution. The live feed from the
camera is encoded by the Media Recorder in real time. Instead of saving this
stream locally, it is written into a socket, which is used to send the stream over
the Internet. On the receiver side the ideal playout method would have been to
feed the read socket directly to the player, but the available players require a
seekable source. Therefore the socket is read in a loop, temporarily stored in a
file and the player plays the video from this file. The file is continuously filled
from the socket and read by the players. We just have to make sure that the new
video content is filled fast enough into the file as the player never reaches the
end of the file. We made some experiments and found that a 200ms buffer is
enough for this goal.
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Server Client

VideoView or
MediaPlayer

MediaRecorder Temp file

Socket
ParcelFileDescriptor

Receiver loop

TCP/UDP channel
Figure 4: Client-server architecture of the MPEG-2 TS implementation.

We compared our two solutions and we found that there is a tradeoff on
quality vs delay. The JPEG based solution has lower delays (avg. 300ms), but
during fast moves it is blurred, while the MPEG-TS based solution offers usable
picture during fast moves, too, but it has higher delays (avg. 500ms).

Finally, in Table 3 we summarized the measured performance of the video
transfer in our testbed. The first row corresponds to our first implementation,
when we forward the series of JPEG still pictures captured at the source. Then
we show the RTP-based solution, finally the MPEG2-TS based implementation.
As we can see, the packet delays are extremely high in the case of the RTP
based solution, while the other two provide similar results, with a clear
advantage on the JPEG-based implementation. Note that for the MPEG based
implementation we did not have packet-level statistics. The required bandwidth
was similar for the first two solutions, but it came at the price of lower Quality
of Experience (QoE). The highest disadvantage of the JPEG based solution was
the low fps (frame per second) value. The QoE of the MPEG based solution
outperformed both previous solutions.

Table 3: The performance of tested video transfer solutions.

Band- Avg. . Moving
Techno- Avg. width BW Avg. ?St'” picture
Delay - - video picture -
logy of [ms] delay [kilo [kilo ualit (video)
choice [ms] Bytes/ Bytes/ [fq's] %QoEgl quality
sec] sec] P (QOE)
JPEG Z%‘ 200 | 100-300 | 170 15 | Blurry Blurry
RTSP 9% | 1300 | 100200 | 150 20 | Good Checkered
MPEG-2 Excellent | Rarely
TS ) 500 ) 250 ) (sharp) checkered
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C. Communication between the mobile nodes

The Android smartphone attached to the vehicle is able to control the
vehicle, to collect sensory data and to capture live streams. Nevertheless, in
order to exploit these capabilities we have to assure the delivery of the data to
the management center. We proposed scenarios where this is achieved through a
cooperative mesh between Android smartphones (see the testbed in Fig. 5.).

Figure 5: Mobile nodes in the distributed testbed.

The cooperative mesh is a logical construct at layer 3. In order to implement
it in the testbed we used several WiFi variants. The Android SDK assures a
complex API to handle WiFi related aspects [34]. Unfortunately, the WiFi ad
hoc mode is not supported by Android. They introduced WiFi Direct [35]
(earlier also known as WiFi P2P) instead, designed to provide seamless device-
to-device WiFi connection. We implemented our testbed using this technology,
the measurement results being generated with this setup. Nevertheless, we also
used the infrastructure mode WiFi communication in our testbed and focus on
the logical overlay to emulate distributed communication scenarios [3]. [2]
introduces our RLNC implementation, and is not affected from the choice of
which WiFi alternative is used.

As the proposed scenario is based on the network coding of streaming data,
we evaluated the performance of the testebed by means of measurements. We
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used the unsuccessful display attempts during the playout process to assess the
performance of the implementation. This is a complex parameter, aggregating
the events of unsuccessful decoding attempts and the de-synchronization events.
This latter happens when the encoded packet streams arriving over two
branches are skewed, thus the decoder cannot get enough coded segments. Note
that this event may be caused by the delays caused by a slow wireless link (e.g.,
slowed down by interference, resent packets, etc.).

Since decoding is a computationally intensive process, we tested devices
from two different generations (Google Nexus S and Nexus 4). Table 4 presents
the average results obtained after 10 experiments. We present both the encoding
and decoding performance. Note that in all cases the QoE of the played video
was specific to the JPEG streaming solution (i.e., it allowed to successfully
control the mobile node in real-time).

Table 4: The performance of network coding of media streams.

Smartphone model Encoding loss rate [%] Decoding loss rate [%]
Google Nexus S 4.8 19.1
Google Nexus 4 4.1 115

We can see that the encoding process has significantly lower impact. Also
note that the older device has only slightly lower performance than the Nexus 4.
During the decoding phase the Nexus S cannot keep the pace, the performance
gap between the two becoming significantly larger. A practical conclusion of
these measurements is that current state-of-the art Android devices (which are 3
years newer by design compared to the Nexus 4) provide enough resources to
support real-time RLNC decoding.

6. Conclusions

The spread of both WiFi capable Android devices makes feasible the design
and implementation of general purpose distributed heterogeneous data
networks. The high processing capacity of the smartphones makes them ideal to
experiment with streaming video distribution and related services. In this paper
we presented a novel streaming video service, and a method using network
coding based caching to offload the wireless infrastructure. We proposed a
heuristic algorithm to place the caching elements within the network.

We have built a prototype testbed based on Android smartphones which will
serve as a demonstration platform for our proposal. We have implemented a
mobile node, the live streaming video solution over the Android system and the
random linear network coding based communication between the Android
devices. We measured the performance of the implemented technologies. We
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showed that the implementation of RLNC based streaming video is feasible in
modern Android devices. In our future work we plan to analyze the different
aspects of caching strategies in our proposed scenario.
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Abstract: In this paper we analyze the media usage of students and the relation
between the media usage and known psychological factors. Using hierarchical
clustering, we identified three main categories: the socializing, the pragmatic and the
all-consuming categories. Our results show that the media usage is also highly age and
gender dependent even inside a very tight age group (19-22 years old students). Using
PCA, discriminant analysis, and a special transformation that highlights the
consentaneous reactions to different questions we also obtained some positive results
that can be used to create an artificial intelligent agent for a posteriori clustering and
some negative results related to the relation between most of the studied psychological
factors and the media usage.

Keywords: Media usage, psychological factors, PCA, discriminant analysis,
simultaneous bursts.

1. Introduction

The present telecommunication activities are converging in at least three
ways: telecommunication and computer networks convergence; converging
towards the Next Generation Network (NGN) architectures (all IP) [13];
convergence of electronic media and telecommunication services. Radio and
television changed deeply the psycho-social background of life. They are
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accessible by Internet today, but there are much more services accessible by
Internet, which are deeply transforming usual life relations [5], [6], [7].

We study the development of the telecommunication services taking into
account their psycho-social effects. The research has been intended to have two
main stages. At the first stage, a statistical study was achieved concerning the
correlation between the usage of the telecommunication services and the user’s
personality traits. At the second stage, methods of selective telecommunication
services and contents delivery according to the individual and group users’
profile are to be defined and developed.

The present paper relates the first stage. Selectively delivering of telecom
content according to the user’s personality traits is our final target.

The phenomena resulting from the usage of telecommunication services are
studied mainly by psychology and/or telecommunication marketing.

The first approach studies the effects of using the different telecommunication
services, which are considered mainly negative and undesirable (dependence,
addiction, anxiety, fear, depression, etc.). The resulted recommendations are
mainly targeted to avoid using or to reduce the time to be connected to
telecommunication services.

The second approach aims to maximize the usage time of offered services,
maximizing the profit which is realized.

These two approaches are rather contradictory.

Studies made after year 2000, show that young people aged between 15 and
24 years spend daily 1-3 hours on Internet. Main purposes are music listening,
entertainment and searching for informational contents.

There are several models to evaluate human personality traits. All these
models are grounded on the (lexical) hypothesis, which states that building and
maintaining inter-personal relations are coded in language, through the human
habits describing concepts.

After Howard (2004), the factors of the Big-Five Model are:

1. Neuroticism - N

2. Extraversion - E

3. Openness to experience - O

4. Agreeableness - A

5. Conscientiousness - C

A very interesting direction of the research is in which the main character
traits are described by studying the preferences in accessing Internet contents.
It is confirmed in this way too, the existence of 5 main character groups
(clusters) [9].

The effects of the usage of the telecommunication services are very
important to be studied. In order to develop telecommunication services
according to their psycho-social effects, deeper knowledge of relationship is
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required. A guestionnaire to measure this relationship with the youth has been
elaborated using an adapted version of the Delphi consultation ([16]). Instead of
asking to estimate the exact number of calls, or exact duration of service usage,
6 quantified possible answers were introduced:

0 =not at all, 1= very little, 2 = little, 3 = average, 4 = much, 6 = very much.

This combined questionnaire [17] has been applied on a sample of students.
Having been suggested by psychologists, we carried out the survey through
handouts, not online. From the total of 1100 students of Tg. Mures Faculty of
the Sapientia University about 300 students have been randomly chosen to
respond to the questionnaire. For processing the results, we used multi-linear
regression [3], [8], [18], cluster analysis [1], discriminant analysis for the cluster
classification [2], Principal Component Analysis (PCA) [10], and a newly
introduced model based on simultaneous bursts [14], [15].

To identify the different types of behaviour in using the telecommunication
services we have applied the clustering method and thus succeeded in
identifying three significantly different types:

1. The socializing;

2. The pragmatic;

3. The all-consuming.

Having used the discriminant analysis we have studied the relationship
between the psychological factors obtained from the standard psychological
tests and the classification obtained from the clustering technique as well as
from identifying the different age and gender categories from the information
related the usage of the telecommunication services. We have noticed that:

e Psychological factors explain a minor part of the classification;

e There is a significant difference between the very close age groups like

19-20 years and 21-22 years of age;

e There are significant differences between men and women what media

usage concerns;

Using the factorial analysis we have chosen 6 principal components (with
the varimax method) out of the data related to the media usage. These factors
could be used to conduct a new poll with much fewer questions and also with
relevant results.

To strengthen the explicit power of the information of the survey we have
created a series of transformed variables which expresses the existence of
coincidences in the responses given to the pairs of questions. Using these
transformed variables we managed to build a model which can explain about
85% of the classification with the help of 19 such coincidences.



24 L. Molnér, Sz. Andras, I. Kotta, I. Székely

2. Cluster analysis of the data related to the usage of media

Cluster classification was made on the basis of media usage and of the media
contents, 61 possibilities in 5 groups. For the obtained data through the
questionnaire on media usage we adopted different clustering techniques
(hierarchical, K-mean) and different types of distances (Euclidian, s-Euclidian,
etc.) to compare the obtained classifications. These numeric experiences were
intended to identify the number of the categories adopted at classification and to
study (at least on intuitive level) the stability of the created categories with
respect to the parameters of the method we have used of the created categories.
We have found that the number of the significantly different categories and
which are not reduced to very small groups (with changed classification
techniques) is between 2 and 4.

We calculated the mean (m) and dispersion (s) within each category related
to each question for two classifications: one with three (Table 1) and one with
four categories. Owing to the hierarchical categorizing method the three
categories in the first group may be obtained from those four in the second
group by merging two groups. Consequently the second category in the first
group (where we have 3 categories) is obtained by merging categories 2 and 3
in the second group (where we have 4 categories).

Table 1: Mean and dispersion in the structures with 3 categories (clusters).

cll cl2 cl3 cli cl2 cl3

Soc Cons Prag Soc Cons Prag
(97) (102) (63) (97) (102) (63)

Mobile calls m m m S S S

Solving personal problems| 2.60 2.45 2.21 1.24 1.32 1.14

Brief personal

o 2.88 2.54 1.97 1.06 131 1.27
communication

Long personal

- 1.94 2.16 1.24 1.27 1.22 1.10
communication

Long communication 0.93 1.69 0.41 1.14 1.23 0.69

SMS 3.05 2.83 1.56 1.46 1.62 1.54
Mobile m m m S S S
Music 1.23 1.81 0.75 1.26 1.40 1.22
Internet browsing 1.05 1.88 0.86 1.36 1.52 1.19
Internet chat 0.46 1.50 0.40 0.99 1.49 0.91
Internet e-mail 0.56 1.25 0.41 1.00 1.24 0.85

Games 0.73 1.34 0.48 0.99 1.29 0.91
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cll cl2 cl3 cll cl2 cl3
Soc Cons Prag Soc Cons Prag
97) (102) (63) 97) (102) (63)

Radio m m m S S S
Information 1.09 1.77 0.32 1.11 1.24 0.62
News 1.22 1.78 0.38 1.14 1.27 0.61
Politics 0.37 1.14 0.13 0.86 1.15 0.42
Culture 0.90 1.69 0.17 1.16 1.28 0.52
Science 0.73 1.70 0.19 1.13 1.33 0.47
Music 2.56 2.94 0.78 1.68 1.60 1.05
Sports 0.52 1.45 0.16 0.93 1.38 0.54
Quiz 0.20 0.99 0.13 0.51 1.09 0.42

™V m m m S S S
News 0.81 2.19 0.40 1.03 2.36 0.77
Politics 0.28 1.44 0.08 0.64 1.10 0.33
Culture 0.66 1.96 0.17 0.98 1.15 0.58
Science 0.99 2.32 0.68 1.31 1.22 1.16
Music 1.06 2.52 0.16 1.31 1.38 0.48
Sport 0.67 2.03 0.48 1.21 1.45 1.22
Quiz 0.26 1.24 0.03 0.77 1.24 0.25
Interactive programs 0.44 1.84 0.29 0.92 131 0.83
Video clips 0.53 2.14 0.02 0.97 1.27 0.13
Feature film 0.40 1.70 0.08 0.95 1.34 0.41
Movie serials 0.64 2.40 0.30 1.16 1.53 0.75
Documentaries 111 2.15 0.40 1.38 141 0.93
Action films 0.57 2.12 0.29 1.06 1.40 0.71
Comedies 1.04 2.82 0.27 1.36 1.28 0.70
Plays 0.25 1.37 0.00 0.69 1.22 0.00
Romance films 0.48 2.05 0.11 1.06 1.35 0.44
Reality show 0.38 1.73 0.11 0.89 1.53 0.44
Horror 0.32 1.68 0.03 0.90 1.54 0.25
Erotic 0.16 1.31 0.02 0.55 1.47 0.13

Internet m m m S S S
Professional resource 2.58 2.61 2.16 1.25 1.20 1.46
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cll cl2 cl3 cll cl2 cl3
Soc Cons Prag Soc Cons Prag
97) (102) (63) 97) (102) (63)
E-mail 2.30 2.42 154 1.09 1.21 1.19
Games 1.06 1.88 0.89 143 154 1.43
Messenger (e.g. Yahoo) 3.13 2.82 157 144 142 1.15
SOCia'E:;L%’;ZiS’S ®0 | 318 | 207 | 163 | 138 | 145 | 1.39
Information 2.57 2.82 1.79 1.26 0.98 1.35
E-books, e-textbooks 1.84 2.18 1.06 1.35 1.30 1.26
E”"W:ﬁﬁ)eed(;;)(e'g' 171 | 225 | 108 | 132 | 115 | 1.04
E-shopping 0.53 1.22 0.27 0.98 1.18 0.65
News 1.20 2.05 0.48 1.28 1.20 0.82
Politics 0.27 1.21 0.27 0.65 1.21 0.77
Culture 1.26 1.77 0.37 1.37 1.24 0.77
Science 1.52 2.29 1.19 1.46 1.22 1.33
Music 2.98 3.43 1.83 1.40 1.16 1.67
Sport 0.75 1.88 0.46 1.16 151 1.06
Matrimonial ads 0.26 0.92 0.02 0.79 1.20 0.13
Video clips 1.61 2.48 1.03 1.48 1.36 1.49
Feature film 0.94 1.46 0.16 1.38 1.45 0.63
Documentaries 1.41 1.80 0.59 1.53 1.46 1.10
Action films 1.35 2.01 0.49 1.59 1.47 1.05
Comedies 1.99 2.75 0.78 1.64 1.32 1.18
Romance films 0.98 2.16 0.16 143 1.45 0.60
Horror 0.87 1.71 0.24 1.40 1.48 0.76
Erotic 0.34 1.23 0.17 0.78 1.41 0.55

The table shows that those belonging to the first category use the services
mainly for socialization and for this reason we called this type socializing
behaviour. Those in the last category use these services mainly to solve current
problems and for professional activities. For this we called the type pragmatic

behaviour. Second category can be called all-consumers.
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These categories can be differentiated at each type of services, moreover, at
the majority of the questions of the questionnaire. The dispersion does not differ
significantly (it has been tested by F test), and the means are significantly
different (Students’s t test): p < 0.05.

For a suggestive visualization we have calculated the centroids, the equation
of the plane defined by these three centroids, and we projected each individual
on this plane. This step has been realized with MATLAB because the adopted
application for the rest of the calculations (SPSS ver.21) has not got this
function. Thus the data from SPSS has been exported to EXCEL and from there
imported to MATLAB ([4], [12]) for processing.

Thus we obtained Fig. 1 where the green spots correspond to the socializing
category, the blue ones to the consumers and the yellow spots to the
pragmatists. The red circles mark the centroids.

These categories generate an avalanche of problems related to future
research: how can these individuals’ opinions be used to create a psychological
index of the contents based on “face recognition” and “voice recognition”
concerning the extraction of the users’ reactions? Is it true that the pragmatists
first choose the content and only afterwards the form of the service?

Concerning the possibility of identifying the age and sex categories we
analyzed the cluster categorization, too, on the following subcategories: women
aged 19-20 (21), women aged 21-22 (22), men aged 19-20 (11) and men 21-22
(12). For the first two categories we had to eliminate some data in order to
obtain substantial categories. So for category 21 we excluded 11 persons, from
category 22 we excluded 6 persons.

Figure 1: Projection of each individual on the plane defined by the three centroids.
Values are coordinates in this plane.
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Both classifications (with two classes) show that on subcategory level two
behaviours can be identified (compared with the three behaviors identified for the
whole population). At subcategory 21 a more emphatic socializing behavior can
be identified for a part of the population and the rest of the population (including
a part of the socializing category, all pragmatics and all consumers from this
subcategory) can be considered as a separate category. At subcategory 22 the
emphatic socializing group becomes more significant and includes a part (small)
of the consumers and the other part is formed by a significant nucleus of
pragmatists, a part of consumers and a negligible part of the socializing category.

It can be noticed with the women a radical change as regards the structure of
the population even at this slight age difference.

Analyzing from the same point of view the subpopulation composed of men
we have noticed that it is not necessary to exclude any data (without individuals
with exaggerated “individualism”) and it cannot be noticed the change of the
structure either. Certainly these results raise a series of questions: how this
structure of usage of services evolves in time, which are the external parameters
the evolution depends upon, what kind of relations exist between this structure
and other social characteristics (for example whether one is involved in a
relationship or not) etc.

3. Discriminant analysis of the classification obtained from cluster
analysis using psychological factors

The discriminant analysis between the factors of the psychological tests and
of the results of the cluster analysis obtained in the previous paragraph offers a
model which shows the explicative power of the psychological factors in the
classification obtained from the usage of the media. From Table 2 results that
two functions are sufficient and these have a relatively big explanatory power in
case of the target variable (59% respectively 41%).

Table 2: Eigenvalues.

Function | Eigenvalue % of Variance | Cumulative % |Canonical Correlation
1 .370a 59.0 59.0 520
2 .257a 41.0 100.0 452

Note: First 2 canonical discriminant functions were used in the analysis.

The values obtained with the Wilks’ Lambda test (Table 3) show that there
are significant differences between the constructed functions. We applied the
Box test also for the equality of the covariance matrices and the results show
that the discriminant analysis can be applied.



New Approaches Analyzing Usage of the Telecommunication Services 29

Table 3: Wilks” Lambda

Test of Function(s) | Wilks’ Lambda | Chi-square df Sig.
1 through 2 .580 86.492 54 .003
2 795 36.400 26 .085

The following two tables contain discriminant function coefficients and
correlated coefficients of the initial variables (psychological factors) and values
created through discriminant functions.

Table 4: Standardized Canonical Discriminant Function Coefficients.

Coefficients of the functions
1 2
STAIL S -114 .188
STAL T -.099 .504
BECK_DEPR -.150 JA11
SBQ .083 -.183

.048
PISI_05 -116 -.182
PISI_06 173 010
PISI_07 198 -536
PISI_08 -240 673
PISI_09 287 -.366
PISI_10 027 -068
PISI_12 .003 -104
PISI_13 -008 107
PISI_14 -170 -628
PISI_16 047 -132
EPQ P -196 147
EPQ E 134 -151
EPQ N 226 -084
EPQ L -096 463

The functions are in fact the linear combinations from the explicative
variables values, and the values in the tables are the coefficients of these
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combinations. The values of these functions will give us a categorization based
on the explicative variables and this categorization will be compared with the
initial one defined through the target variable. Table 4 also shows the impact of
the initial variables on the two discriminant functions. The green color marks
the factors with raised share in the discriminant function 1, and the yellow
marks the high share in the discriminant function 2.

Table 5 contains the correlated coefficients between the psychological
factors and the discriminant functions.

Table 5: Structure Matrix.

Function

1 2
COP_AVOID 558" -018
PISI 11 4907 .140
PISI 14 -390 -.341
COP_EMOTION 361" 111
PISI 16 -.336" -114
EPQ E 319 -.148
PISI 07 282" -.241
EPQ N 239 .090
PISI 12 -237 -.190
EPQ L -.230" 149
PISI_10 216 -.092
PISI_15 -216" .001
PISI_13 -181 -.085
PISI_06 179 135
SBQ 143" .003
PISI_04 -133 031
PISI_09 066" -.056
BECK_DEPR .108 227
STAI S -.003 208"
PISI_05 -173 -.205"
PISI_08 199 203"
STAI T .092 196"
COP_PROBLEM -.017 -1747
PISI_03 -.084 -.140"
EPQ P 027 1227
PISI_02 .028 -.098"
PISI 01 -.028 065"

The calculated discriminant function values on the mean of the three
categories (Table 6) show that these have different comportment (these types of
comportment can be identified with plane vectors having different directions,
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the first being in the first quadrant, the second in the fourth one and the third in
the second one).

Table 6: Functions at Group Centroids.

Function
Cluster 1 3
1.00 AT73 454
2.00 124 -.646
3.00 -1.107 244

Fig. 2 shows the values of the discriminant functions and the classification
obtained based on them. The discriminant function values for each member of
the population: each circle represents an individual of the population, the two
coordinates are the values of the two discriminant functions, and the color is
obtained by categorizing based on these functions.

Canonical Discriminant Functions

n

oz

3
101 M Group Centroid

o

Function 2

T T T T T T T
-15 -10 -5 o 5 10 15

Function 1

Figure 2: Discriminant function values for each member of the population.

Table 7 shows the fact that on the basis of the calculated factors of the
psychological tests we can correctly classify 55.7 % of the whole population.

Studying the structure of the discriminant functions we can see that not all
the psychological factors are relevant in this analysis.
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For this we construct two more models, the first based on the PISI test and
COPING and the second on just some factors selected from these.

Certainly through selecting these variables we will lose from the explanatory
power but we will get a correct classification for 48.5% of the population based
on only 4 psychological factors instead of 27.

Table 7: Classification Results.

Predicted Group Membership

Cluster 100 200 3.00 Total

1.00 70 24 8 102

Count | 2.00 35 47 15 97

Original 3.00 18 16 29 63
1.00 68.6 23.5 7.8 100.0
% 2.00 36.1 48.5 15.5 100.0
3.00 28.6 25.4 46.0 100.0

Note: 55.7% of original grouped cases correctly classified

4. Discriminant analysis, Model based on PISI and COPING factors

The Wilks’ Lambda, Chi-square and Box gave positive results. Coefficients
calculated (Table 8):

Table 8: Standardized Canonical Discriminant Function Coefficients.

Function
1 2
COP_PROBLEM -.299 .316
PISI_01 -.249 -.410
PISI_02 .028 .278
PISI_03 .304 79
PISI_04 -.346 .062
PISI_05 -.237 .262
PISI_06 .169 -.048
PISI_07 -.016 .612
PISI_08 .031 -578
PISI_09 .293 -.018
PISI_10 .254 -114
PISI 12 -.021 .347
PISI 13 .032 .038
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Function
1 2
PISI 14 -.330 .342
PISI_15 .558 -.311
PISI_16 -.156 .203

From this table we can extract the factors with relatively high contribution
(green colour). The next model will be constructed on these four factors.
Also in this case the calculated discriminant functions in the centroids of the

three categories separated out into 3 quadrants (Table 9):

Table 9: Functions at Group Centroids.

Function
Cluster 1 3
1 527 -.288
2 -.033 A71
3 -.821 -.341

Each circle in Fig. 3 represents an individual of the population.

Canonical Discriminant Functions

O
2
504
3
M Group Centroid

254

0.07

Function 2

-257

T T T T T
-a0 -25 0o 25 a0

Function 1

Figure 3: Discriminant function values, COPING and PISI models.

The 2 coordinates are the values of the 2 discriminant functions, and the
colors are obtained by categorizing based on these functions.

In the previous model where 55.7% could be classified, in this situation still
54.6% of the cases can be classified (Table 10).
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Table 10: Classification results.

L. Molnér, Sz. Andras, I. Kotta, I. Székely

Predicted Group Membership

Cluster 100 200 3.00 Total
1.00 57 36 9 102
Count 2.00 27 57 13 97
Original 3.00 10 24 29 63
1.00 55.9 35.3 8.8 100.0
% 2.00 27.8 58.8 13.4 100.0
3.00 15.9 38.1 46.0 100.0

5. Discriminant analysis, M odel based on the 4 most relevant factors

e COP_EMOTION- Coping centered on emotions (Coping is an active process
through which an individual can deal successfully with a stressful

situation and succeeds in controlling it [19]).
e COP_AVOID-coping centered on avoiding
e PISI_11 - The power of social creation
e PISI_15 - Controlling sentiments

Similarly the previous steps were remade starting just from the four most

relevant factors.

In this case too, the discriminant function values calculated in the centre of

centroids of those three categories separated into 3 quadrants (Table 11).

Table 11: Functions at Group Centroids

Each circle in Fig. 4 represents an individual of the population, the 2
coordinates are the values of the 2 discriminant functions, and the color is

Function
Cluster T 3
1.00 .350 .136
2.00 .100 -172
3.00 -722 .066

obtained by categorizing based on these functions.
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Figure 4: Discriminant function values, model with 4 factors.

In the previous model 54.6% could be classified. In this situation 48.5% of
the cases can be classified (Table 12):

Table 12: Classification results.

Predicted Group Membership

Cluster 750 2.00 3.00 Total

1.00 47 42 13 102

Count 2.00 32 52 13 97

Original 3.00 12 23 28 63
1.00 46.1 41.2 12.7 100.0
% 2.00 33.0 53.6 13.4 100.0
3.00 19.0 36.5 44.4 100.0

Note: 48.5% of original grouped cases correctly classified

Consequently by reducing the psychological factors from 27 to 4 we lose
only 7.2% from the explanatory power.
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6. Principal component analysis

The value for the Bartlett test and Kaiser-Meyer-Olkin measure show that
the correlation matrix is significantly different from the identity matrix and that
the correlative coefficients can be explained relatively well through partial
correlates, so there is no need for Anti-Image Correlation Matrix and the
factorial analysis can be used.

The table of the communalities (not included) shows how much per cent of
each variant of the initial variable can be explained by using the 6 factors drawn
out through the PCA method (and the rotation of these using the Varimax
process).

Table 13, contains the global explanation of the factors and shows the factors
extracted on the bases of Cattell criterion (Scree test).

The graph obtained from eigenvalues (Scree plot) explains 50.65% of the
total variants.

Table 13: Eigenvalues for extracted components (fragment).

Component Initial Eigenvalues
Total % of Variance Cumulative %
1 15.706 25.748 25.748
2 4.170 6.837 32.584
3 3.736 6.124 38.709
4 2.722 4.463 43.171
5 2.672 4.381 47.552
6 1.892 3.101 50.653
7 1.766 2.895 53.548
8 1.504 2.466 56.014
9 1.434 2.351 58.365
10 1.376 2.256 60.621
11 ..

Certainly the analysis can be repeated to extract more factors, but in this case
we will have two problems: we are either notable to explain the factors or the
methods of calculating the optimal rotations are not convergent.

For this reason we kept just 6 factors and in the annexed table we included
just the first 36 values (which are necessary to be able to explain 90% of the
total variant).

The Cattell (scree test) is a pseudo-empirical test to establish the number of
relevant factors. Consequently the eigenvalues, which line up along a straight
line, will not be taken into consideration.
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In this case, after the 6th eigenvalue the others are practically on a straight
line, so according to the Cattell criterion the extraction of 6 values is
recommended (Fig. 5).

Scree Plot
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Figure 5: Eigenvalues for Cattel test.

To obtain a more suggestive correlation between the initial variables and
obtained components, and to point out the possible interpretations of gained
factors we rotated them using the Varimax process (we took just the relevant
parts where the coefficient of correlation is at least 0.6).

We obtained 6 new components (Table 14).

The first factor includes the usage of cultural services on a large scale
(culture, plays, films, music etc.).

The second factor is mainly linked to information (information, politics,
science, sport, news).

The third factor refers to the information accessed electronically.

The fourth factor refers to Internet usage for mail, chatting, searching, the
fifth one is related to action and horror films and the sixth to socializing.
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Table 14: Rotated Component Matrix, relations between components and initial
variables.

Component

1 2 3 4 5

Mobile

Internet browsing 778

Internet chat .758

Internet e-mail .720

Radio

Information .719

News .697

Politics .621

Culture 711

Science .699

Sports .633

TV

Culture .602

Music .693

Video clips .692

Movie serials .708

Comedies 746

Plays .604

Romance films 747

Reality show .661

Internet

E-mail .654

Socialization sites (e.g.
Facebook)

.635

E-books, e-textbooks .720

Encyclopedia (e.g. .686
Wikipedia)

Culture .625

Action films 725

Horror .689

Notes: Extraction Method: Principal Component Analysis
Rotation Method: Varimax with Kaiser Normalization
Rotation converged in 8 iterations
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7. Model based on coincidences (ssmultaneous bur sts)

To increase the explanatory power of the initiative classification we
constructed for each pair of initial variables (Kx.y in Table 15) a new variable
which measures the simultaneous bursts of the two initial variables.

So the new variable can take the values of -2, -1, 0, 1 or 2 depending on the
values of the initial variables according to the following rules:

e The value is 2 if the initial variables have the same value;

e The value is 1 if the modulus of the difference between the initial variables
is 1;

e The value is -1 if the modulus of the difference between the initial variables
is one unit smaller than the possible maximal value;

e The value is -2 if the modulus of the difference between the initial variables
is maximum possible;

e The value is 0 in all the other cases.

So of the 61 initial variables we constructed 61x60/2 = 1830 new variables
(using the syntactic programming of SPSS - [11]) to which we attached the
factors too, obtained from evaluating the psychological tests.

After this by constructing some successive regressive models we eliminated
the variables which did not present a significant contribution to the explanatory
power of the module.

As a consequence of this interactive process (after 9 steps) we obtained a set
of 21 significant variables which together have an explanatory power of 85%.
These variables being numbered in order of their automatic generation we
decoded them and we obtained the decoding table (Table 15):

To select from these variables those which have a significant contribution in
the explanation of categorization it was calculated the coefficient of correlation
among these variables and the target variable and the significance of each test
was tested.

Thus 9 variables were eliminated from the model and it was obtained a
model of linear regression which has an explanatory power of 74% based on 2
psychological factors (PISI_11, COP_EMOTION) and 10 coincidences to the
guestions referring to the usage of telecommunication services.

To select from these variables those which have a significant contribution in
the explanation of categorization it was calculated the coefficient of correlation
among these variables and the target variable and the significance of each test
was tested.
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Table 15: Decoding table for the new variables.

NewVar i j
384 7
422 8
423 8
429 8
579 11
646 13
739 15
757 15
767 15
806 16
1463 35
1492 36
1502 37
1508 37
957 20
961 20
978 20
993 21
1628 43

After this analysis Table 16 was obtained and thus in the decoding table the
significant variables were marked with green.

Thus 9 variables were eliminated from the model and it was obtained a
model of linear regression which has an explanatory power of 74% based on 2
psychological factors (PISI_11, COP_EMOTION) and 10 coincidences to the
questions referring to the usage of telecommunication services.

For the rest of the variables the significance level (Sig) is bigger than 0.05,
so we omitted these variables.

These results can be used for both designing a new questionnaire and for
identifying the belonging of some individuals to the identified categories.

Beside these practical aspects the above described process raises a series of
theoretical questions related to the possibility of generalizing this process to
obtain factors based on creating variables of coincidences in general,
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respectively the a priori testing of the possibility of some improvement by
creating variables of coincidence type.

Table 16: Correlation among significant variables and the target variable.

Unstandardized | Stand-ized 95.0% Confidence
Model Coefficients Coeffic ¢ sig. Interval for B
B | Std. Error Beta Egﬁvﬁé ggﬁﬁé
(Constant) 4.108 435 9.435 | .000 3.248 | 4.967
NewVar423 -.291 .068 -.273 -4.279 | .000 -.425 -.157
PISI_11 -.036 .009 -.187 -3.798 | .000 -.055 -.017
NewVar422 .198 .055 191 3.621 | .000 .090 .307
NewVar757 -.194 .056 -.212 -3.490 | .001 -.303 -.084
NewVar1463 -.169 .054 -173 -3.119 | .002 -.276 -.062
NewVar993 -.151 .054 -.162 -2.778 | .006 -.258 -.044
NewVar429 .158 .060 .158 2.651 | .009 .040 .276
NewVar384 -115 .044 -119 -2.581 | .011 -.203 -.027
NewVar961 -172 .068 -.185 -2.516 | .013 -.306 -.037
NewVar767 -111 .044 -.119 -2.507 | .013 -.199 -.024
NewVar978 -.139 .056 -119 -2.493 | .014 -.250 -.029
NewVar579 -122 .053 -123 -2.289 | .023 -.228 -.017
NewVar1492 -135 .063 -.154 -2.150 | .033 -.260 -.011
NewVar1628 .098 .046 .098 2.124 | .035 .007 .189
NewVar739 122 .059 127 2.056 | .041 .005 .238
COP_EMOTION| -.009 .005 -.135 -2.043 [ .043 -.019 .000
NewVar957 -112 .057 -114 -1.971 | .050 -.224 .000

3. Conclusion

The majority of the psychological factors (from clinical tests) do not have a
significant relevance for the usage of telecommunication services apart from
COP_EMOTION, PISI_11 factors. For further research the identification of
other psychological factors is needed.

In the usage of telecommunication services three big categories of users can
be identified: the socializing, the all-consuming and the pragmatic. These
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categories represent a quite interesting dynamics if we analyze the different
subcategories (women-men, age categories). A more detailed study of this
phenomenon would deserve a supplemental attention.

To construct content filters it is advisable to exclude the pragmatists (or to
start working with them in an alternative, more conscientious way).
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Abstract: In this study a sensor fusion technique was developed for indoor
localization of omnidirectional mobile robots. The proposed sensor fusion method
combines the measurements made by an indoor localization system (e.g. ultrasound
based localization) with the measurements that comes from an IMU (Inertial
Measurement Unit). It was taken into consideration that the measurements made by the
ultrasonic sensor are available with lower measurement rate than the IMU
measurements. To tackle this problem a two-stage Kalman filter was developed. The
first stage estimates the orientation of the robot at the measurement rate of the IMU
using a linear Kalman filter. The second stage estimates the position and velocity of the
robot. The prediction of the robot’s position is performed based on the robot model at
the update rate of the IMU. The correction phase is performed at the update rate of the
external localization system using nonlinear Kalman filtering techniques. All the
measurements were considered noisy and in the case of the IMU the measurement
biases were also taken into consideration. For the implementation of the nonlinear
Kalman filter, a discretized nonlinear omnidirectional robot model was developed. It
was necessary as the classic unicycle model cannot be directly applied in the case of the
omnidirectional robot. Simulation measurements were performed to evaluate the
performances of the proposed two-stage filter. For the implementation of the second
stage, two approaches were tested namely the Extended Kalman Filter and the
Unscented Kalman Filter.

Keywords. Robot sensing systems, Motion estimation, Kalman filtering, Sensor
Fusion.

1. Introduction

The sensor fusion is an effective method to solve the precise localization
problem of mobile robots. According to this technique more than one sensor are
applied to obtain the position of the robot and to combine effectively the
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different measurements to generate the estimated system states. The sensor
fusion allows the mitigation of the limitations of different sensor, obtaining a
more accurate position of the robot.

The Kalman Filtering technique is an efficient way for sensor fusion in
robotic applications [1]. When the measurement model of the robot is linear the
Linear Kalman Filter is suitable to solve the sensor fusion problem. In the case
of nonlinear robot models Extended Kalman Filtering techniques of the
Unscented Kalman Filtering can be applied. An alternative to the Kalman Filter
can be the Particle Filter based robot state estimation [2].

There are several ways to solve the indoor localization of the robot; the most
common is the vision based localization [3]. Another promising approach is
based on ultrasonic signal receiver - emitter pairs. The emitters or receivers are
placed over the robot’s workspace and its pair is placed on the robot. These
systems measure the Time of Flight of the signals traveling between the
synchronized receivers and transmitters. By assuming that the spatial positions
of the receivers are known, multiple measurements can be combined with
trilateration to find the location of the robot [4].

The orientation of a mobile robot related to a given axis can be determined
using dedicated sensors such as magnetometers [5].

If precise time synchronization and effective signal detection is provided, a
well calibrated ultrasound based localization system can provide sub-centimeter
position accuracy. However the standard Time of Flight ultrasonic range finders
are only able to provide tens of readings per second. This update rate is not
enough for fast robot control applications. To handle this problem, the Time of
Flight measurement based position computation can be fused with inertial
measurements to provide much faster position estimation. These sensor fusion
methods use the model of the robot and measurements from accelerometers and
gyroscope sensors [6].

The goal of the current work is to develop a sensor fusion technique for
omnidirectional mobile robots which combines the measurements of a robot
localization system having low measurement update rate with the measurements
of the Inertial Measurement Unit (magnetometer, accelerometer, gyroscope).
The two-stage Kalman filter introduced in this work is similar to the quadrotor
helicopter localization method presented in [7].
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2. Robot Modeling for Sensor Fusion

2.1. Unicycle robots

Consider a unicycle-type robot that moves in a horizontal plane. The
coordinates of the robot’s position (X, y) are given in an inertial reference frame
(xwOyw), see Fig. 1. Another frame is attached to the robot’s body (xz0yr) which
origin is in the center of gravity of the robot. The orientation of the robot in the
reference frame is defined as the angle between the x axes of the reference
frame and robot’s frame (6).

A Ny

Y

Y

Figure 1: Unicycle robot.

Due to the kinematic constraint in the unicycle-type robot’s motion, the robot
cannot generate velocity along the Oyg axis. The direction of the robot’s velocity
vector always corresponds to the x axis of the robot’s frame. The motion of the
mobile robot in a two dimensional reference frame is described by:

X =cos(f)-v,

y =sin(6)-v,
=0 1)
v=a

Here v is the velocity of the mobile robot, w denotes the angular velocity of
it. The notations x and y stand for the robot’s coordinates in the reference frame
and the angle 0 denotes the robot’s orientation. The acceleration of the robot
along the Oxg axis (@) is the first order derivative of v.
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2.2. Omnidirectional robots

In the case of the omnidirectional robot model it has to be considered that
this type of robot can generate angular velocity and linear velocity
independently. This fact makes the control design of the omnidirectional robot
simpler. However, during the model development for sensor fusion the inter-
influence of the independent linear and rotational motions has to be taken into
consideration.

Consider an omnidirectional robot that moves in a horizontal plane. The
coordinates of the robot’s position (X, y) are given in an inertial reference frame
(X.0yw), see Fig. 2. Another frame is attached to the body (xz0yr) of the robot.
The orientation of the robot in the reference frame is defined as the angle
between the x axes of the reference frame and robot’s frame («).

The robot can generate velocity along both Oxz and Oyr axes, i.e. the
direction of the robot’s velocity vector does not necessarily correspond to the x
axis of the robot’s frame. The motion of the mobile robot in a two dimensional
reference frame is described by:

X =c0s(6) -V,
y =sin(6)-v, 2

a=o.

Ve

@ L

Figure 2: Omnidirectional robot.

Here 6 is the angle between the velocity vector and the x axis of the
reference frame.

In the robot’s frame the components of the velocity vector are denoted by v,
and vy. The relation between 6 and a is:
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O=a+pf=a+ arctan(vy] 3)
VX

The kinematic relationship between acceleration measurements and velocity
components can generally be formulated as [9]:

(4)

{\'/X =a,+o-V,

Vy =a, —@-Vy

Consider an Inertial Measurement Unit (IMU) mounted in the robot’s center
which contains accelerometer, gyroscope and a magnetometer. The magneto-
meter is applied for orientation measurement. Using the IMU acceleration of the
robot along the x and y axes (a., &), the angular velocity around the axis
perpendicular to the robot’s frame (w) and the orientation of the robot (a) is
measured. The IMU measurements are corrupted by noise:

A veasurep = Ax T bax + Wy,

b, =0,

Q veasurep = @y T bay T Wy (5)
b, =0,

Oyeasoren = @+ 0, +W,,

b, =0,

*yeasurep 4 TW,

where ba, b and b, are constant unknown biases and the stochastic noise
components Wa, Way, W, and w, are assumed zero mean with normal
distribution: Way, Way~ N(0, 02), W,, ~ N(0, 2), W, ~ N(0, 03).

The coordinates x and y are measured by a localization system and the
measurements are also considered to be affected by zero mean value stochastic
noise with normal distribution (N(0, oy)).

2.3. Discretized Two-Stage Model for Sensor Fusion

Consider that the IMU provides the measurements with T measurement
period and the external localization system has a measurement period KT, where
k is a strictly positive integer. To deal with multiple measurement rates a two-
stage discrete time modeling is proposed. For the numerical approximation of
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the continuous time model, the Euler integration method can be applied, i.e.
a ~ (a[K]-alk-1])/T.

Sage 1. The angular position and the bias of the velocity offset are
estimated:

{a[k]=a[k—1]+T-(a)[k—l]+bw[k—1]) ©)

b{u[k] = bw[k _1]

As measured output, the orientation of the robot is considered; the input is
the angular velocity.

Sage 2. Based on the estimated orientation in Stage 1, from the model and
measurement equations the position yields the model for robot pose estimation

B vy[k—l] > >
X[k]—X[k—1]+T~cos[a[k—l]+arctan(vx[k_ﬂD-\/Vx[k—l] +vy[k-1]%,

Vx[ _1]

yikl = y[k-1]+T -sin(a[k -1+ arctan(vy[:z _1]D : \/vx[k ~ 1P +vy[k-11%,

(7
VK] = Vi [k =11+ T - (@, [k — 1] + by [k — 1+ @k — 1 -v, [k ~1]),

v [K] = vy [k =11+ T - (a [k 1] + by, [k —1] — o[k —1] - vy [k —1]),
b [K] = by, [k 1],
by [K] = by [k —1].

The measured outputs are the coordinates Xx[k], y[Kk] the inputs are the
acceleration components of the robot (aJfk], a[k]) and the orientation and
angular velocity measurements (w[k], a[k]). As the position measurement
update rate is lower than the IMU measurement update rate, between two
position measurements the model above is used for prediction. When a new
position measurement is available, the update phase of the estimation is
executed.

In the case of the localization task the states, outputs and inputs are defined
as:

X= (x Y Vi Vy by by)T
Y=(xy) (8)
U= (ax ay)T

Note that the proposed modeling technique presented here for
omnidirectional robots can also be applied to the unicycle robots introduced in
subsection 2.1.
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3. A short review of the Linear, Extended and Unscented Kalman
Filter

The general framework for nonlinear state estimation methods is based on a
nonlinear discrete time state space model

{X[k]: f(X[k -1, ULk —1]) + Wk —1]

- 9)
Y[k] = h(X[k],U[k]) + VK]

where X[K] is the n-dimensional state vector, U[K] is the m-dimensional input
vector and Y[K] is the noisy output vector (p-dimensional) of the system. The f
and h are nonlinear continuous functions. The w[K] is an n dimensional process
noise sequence and V[K] is a p dimensional observation (measurement) noise
sequence. Both noises (vectors) are Gaussian (normal distribution), independent
random processes with zero means and known time invariant covariance
matrices:

w~N(0,5,) coviw}=Q E{w}=0

v~N(0,0,) cov{}=Q E{\}=0 (10)

The objective of the estimation process is to calculate the X[k] recursively
from the output measurements Y[k]. In accordance with Bayesian theory this
means to determine recursively the estimation of X[k] if the following data is
given: Y[1], ..., Y[K] (up to time k). We consider that the initial probability
distribution function (pdf)) of the state vector pdf(X[0]]|Y[Q]) is known and the
pdf(X[K]| Y[1:K]) is obtained recursively in two steps: prediction step and update
(correction) step.

The linear Kalman filter (KF) can be used just for linear dynamic systems
and this method propagates the mean and covariance of the pdf of the model
states in an optimal way.

The Extended Kalman filter (EKF) in many ways is similar with simple
Kalman filter. In this case the state distribution is propagated analytically
through a linear approximation of the system around the working point. The
linear approximation of the nonlinearities may introduce errors in the estimated
states. The state matrix of the linear approximation is computable as:

of (X[K],U[K])

FXIKLUIKD = ==

(11)

The Unscented Kalman Filter (UKF) is a derivative free method, and it
resolves the estimation problem using a deterministic sampling approach [8].
The state distribution is also represented by Gaussian random variables, but this
algorithm is using a minimal set of sample points, called sigma points. The
sigma points are calculated in each step and they completely capture the true
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mean and covariance of the states and are propagated through the nonlinearity.
For calculating the statistics of a random variable which undergoes a nonlinear
transformation we can use the unscented transformation.

4, Simulation measur ements
4.1. Smulation environment

The proposed sensor fusion algorithm was tested in a simulation
environment that was developed in Matlab environment. The Matlab
implementation of the omnidirectional robot model has the form:

T = 0.01; %sec

time = 1:T:20;

% robot acceleration

ps = 0.5;

a_xr = —cos(ps*time)*ps”2;

a_.yr = —sin(ps*time)*ps~2;

% robot orientation

omega.r = —0.1572;

alpha_r = alphar + Tsomega_r;

% robot motion

V_Xr = V_Xr + T*(a_xXr + omega r*v_yr);

V.yr = V_.yr + Tx(a_yr — omega_r*v_Xr);

X.r = Xx.r + T » cos{alpha_r + atan2(v_yr, V_Xr)) =
.osgrb({v_xr®2 + v.yr~2);

y.r = y.r + T * sin(alpha_r + atan2(v_yr, V_Xr)) =*
.osqro(voXr™2 + voyr~2);

The measurement update period of the IMU was chosen T = 10ms. The
inputs of the robot were the acceleration signals, which were generated as
sinusoidal both along the x and y axis. As the two accelerations are shifted with
a phase /2 the robot motion is almost circular. A constant angular velocity was
assumed during the robot’s motion.

The measurement noises were assumed in the form:
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[

% Orientation measurement
offset_omega = 0.2;

noise_alpha = 0.1« (rand(1,1) — 0.5)/2;
alpha = alpha_r + noise_alpha;
noise omega = 0.3x(rand(1,1) — 0.5)/2;

omega = omega.r + noise_omega + offset_omega;
% Acceleration measurements

offset_ax = 0.2;

noise_ax = 0.5« (rand(1,1) — 0.5)/2;
a_X = a_Xr + noise_ax + offset_ax;
offset_ay = 0.2;

noise_ay = 0.5« (rand(1,1) — 0.5)/2;
a.y = a_yr + noise_ay + offset_ay;

As it can be seen, both on the acceleration and on the angular velocity
measurements high frequency noises and measurement biases were assumed.

The position measurements that come from the ultrasonic measurement
system were taken with an update rate which is ten times smaller than the
IMU’s update rate, i.e. 100ms. The X, y position measurements were also
assumed to be affected by high frequency noises.

noise x = 0.025«(rand(1,1) — 0.5)/2;
noise.y = 0.025«(rand(1,1) — 0.5)/2;
p_Xx = X_.r + nolse_x;
p-y = y-¥ + noise.y;

Firstly, the angular position and the bias of the angular velocity were
estimated, these were taken as system states in the first stage of the sensor
fusion: (a b,). For the implementation of this first stage a linear Kalman filter
was applied in which the Q, Rand Py 0] matrices were chosen as:

% stage 1

fi omega = 1;

Q.1 = fi_omegaxeye(2); % covariance matrix of the states
fi_theta = 10;

R.1 = fi theta”2xeye(l); % covariance of the output

L = 1;

Pkk_1 = Lxeye(2); % covariance of the initial estimation error

According to the equation (6) the matrices for the linear system to be
estimated can be written as:

F.1 = [1T; 01];
[T; 01;
_ [1 0];

=
=
non
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For the implementation of stage 2 in the prediction phase of the Extended
Kalman Filter the model (7) was directly applied. The states of the estimator for
the second stage are (X y Vi Vv, by by), the measured outputs are (x y), the inputs
are (ax a,). The angular position (¢) estimated in stage 1 and the angular
velocity (w) of the robot were also considered known parameters for stage 2. In
the update phase the nonlinear system was linearized around the current
estimated state. The linearized state matrix has been implemented as (see
equation (11)):

F2(l,:) = [1 0 T«d_f_x_per.d_v_x T+xd_f_x_per_d_v_y 0 0];
F_2(2,:) = [0 1 T+«d_f_y_per_.dv_x T+xd_f_y_per_d_v_y 0 0];
F.2(3,:) = [0 0 1 T+xomega T 0];

F.2(4,:) = [0 0 —Txomega 1 0 T];

F2(5,:) = [00 001 0];

F_2(6,:) = [0 0 000 11;

The partial derivatives in the first two lines of the system matrix F, were
obtained using symbolic derivation for the first two lines of the model (7):

syms Vv_X Vv_.y alpha
X = T#sgrt(v_x™2 + v_.y"2)+sin(alpha + atan(v_y/v_x));
= T#sgrt(vx"2 + v_.y 2)*cos alpha + atan(v_y/v_x));
x_per.dv.x = diff(f
x_per.dv.y = diff(f
_y_per.d.v.x = diff(f
_y_per_d_v_y = dAiff(f

(
(
X);
Al
_YJ )
¥, y)i

'

'

For the implementation of this second stage the Q, R and P,J0] matrices
were chosen as:

% covariance matrix of the state noises

fia = .5;

0.2 = fi_axeye(s);

% covariance matrix of the output noises
fip = 0.025;

R2 = fip~2+eye(2);

% covariance of the initial estimation error
L =1;

Pkk_2 = Lwxeye(§);

These values were chosen both in the case of the Extended Kalman Filter
and the Unscented Kalman Filter.
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4.2. Smulation results

For sensor fusion the simulation ran for 2000 IMU measurement periods, i.e.
20s.

Fig. 3 shows the behavior of stage 1 of the estimation. As the figure shows,
the Linear Kalman Kilter can offer a precise estimate of the angular position
and angular velocity bias in spite of noisy measurements.

Stage 1

Signals

I T ] S s
8/2*m (rad) : :
—04f----- Best.l'E“.'t{rad}______f_______..._......; .................
off (rad/s) : :
est . .
05k .- o (radis) .................
06 ; ; ;
0 5 10 15 20

Time (s)
Figure 3: Stage 1: Inputs, measured outputs, estimated states.

Fig. 4 shows the estimated states generated by the Extended Kalman filter.
These measurements also show that the EKF can cope with measurement noises
of the accelerometer. Between the measurements the model based prediction
can offer a good estimate of the robot’s motion for the time intervals between
the measurement update.

The resulting motion of the robot is presented in Fig. 5. During the
localization measurements the robot moved on an almost circular trajectory,
which assures that all the states of the system change in time.

The performances of the Extended Kalman Filter were compared with the
performances of the Unscented Kalman Filter applying the same Q and R
matrices during the simulation. The Fig. 6 and 7 show that the UKF approach
has longer transients in the estimation errors. On the other hand, when the
estimation transients lapse, the average of the estimation errors are smaller in
the case of the UKF, see Fig. 8. The measurements shown in this figure take
into account the last 1000 measurement iterations to get rid of the estimation
transients.
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Stage 2 - EKF
T

Signals

0 2 4 6 8 10 12 14 16 18 20
Time (g}

Figure 4: Stage 2: Inputs, measured outputs, estimated states.

Robot motion — EKF — Measured and estimated position
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Figure 5: Robot’s motion in plane during the simulation experiments.

The beneficial effects of the UKF can also be seen in Fig. 9 and 10. The
UKF has a much pronounced filtering capability as the EKF and it mitigates the
effect of the measurements noises more efficiently.
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Companson of the estimated states EKF -UKF
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Figure 6: Comparison of UKF and EKF

: estimated states.
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Comparison of the estimated states EKF -UKF
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Figure 7: Comparison of UKF and EKF: estimation errors.
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Summed absolute estimation errors: 1 - EKF, 2 - UKF
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Figure 8: Comparison of UKF and EKF after the transients: sum of the normalized

absolute values of estimation errors.
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Figure 9: Position estimation with EKF.
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Figure 10: Position estimation with UKF.

5. Conclusions
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In this work a sensor fusion method was introduced to improve the
performances of indoor mobile robot localization systems (such as ultrasonic,
radio signal based). To handle the slow measurement update rate of the
localization system the position measurements are extended with a position
predictor that applies the robot sensor model which input is given by IMU
measurements. The obtained solution is a combination of a linear and an
Extended Kalman filter, a two-stage Kalman filter. The Linear Kalman Filter
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works with the update rate of the IMU and it provides the orientation of the
robot. The second stage is an Extended Kalman Filter provides the planar
position and the linear velocity components of the omnidirectional robot. The
effectiveness of the method is shown through simulation examples. The
simulation experiments show that applying Unscented Kalman Filter instead of
Extended Kalman Filter could lead to more accurate position estimation.
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Abstract: Over the last few years a Direct Current Plasma Nitriding (DCPN)
equipment has been built at the Sapientia-University. This equipment was built on the
basis of an older linear plasma reactor. Over the years the vacuum-system and vacuum-
measurement, gas feeding system was upgraded and a brand new modern voltage
supply was developed to generate and sustain the plasma discharge. Using the upgraded
DCPN equipment we treated 16MnCr steel pieces at 530 degrees Celsius, for one, two,
three, four and 6 hours long, respectively. We present optical- and electron microscopy
investigation and the Vickers-hardness study of the prepared treated pieces. The results
of the DCPN experiments reported in this paper serve as comparison basis for the
following ASPN (Active Screen Plasma Nitriding) experiments, which will be
performed at the same sample temperature and time-span conditions.

Keywords: plasma, nitriding, heat treatment, coating.

1. Introduction

Plasma nitriding is one of the most efficient, environment and health-
friendly coating and hardening techniques.

Plasma nitriding is widely used in case of industrial applications and it is
also object of many developments and plasma physics studies [1-6]. There are
two different plasma nitriding methods, the DCPN (Direct Current Plasma
Nitriding) and the ASPN (Active Screen Plasma Nitriding) method. In case of
the DCPN method the nitrided pieces represent the cathode of the plasma
discharge, thus the pieces are heated directly by the discharge. In case of the
ASPN method there is a separate metallic screen which plays the role of the
cathode, the screen is heated by the discharge while the nitrided pieces are

61
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heated by heat transfer. Starting from the basis of a linear plasma reactor, we
developed a modern DCPN equipment which is suitable for heat treatment of
different steels in nitrogen-hydrogen plasma. Steels are treated at 530 degrees
Celsius, for about 1-6 hours, at working pressure 2 torr, depending on the
industrial requirements. The equipment is also suitable for dedicated local
plasma diagnostics research, involving different types of electrostatic
(Langmuir) probes such as cylindrical-, double- and emitting probes. In the
present paper the construction of the equipment is presented, along with detailed
description of the constructing modules, first nitriding experiments involving
16MnCr steel pieces, optical- and electron microscopy investigations and
Vickers hardness study of the adequately prepared samples.

2. General presentation of the Direct Current Plasma Nitriding
(DCPN) equipment

The present DCPN equipment is based on an older DCPN machine called
NITRION-10 [7]. We discarded the vacuum-system, electrical-system and gas
feeding lines, and retained the discharge chamber which is the anode of the
discharge (grounded) and the cathode which holds the pieces to be treated too
(the cathode in Fig.1 is a solid metallic cylinder mounted coaxially with the
chamber axis).

The experimental equipment is presented in Fig.1. The upper flange and the
body of the vacuum-chamber is water cooled. The upper flange is provided with
gas-inlet hole, electrical feed-through and the cathode of the plasma discharge is
also mounted in the top flange. There is a motion feed-through on the side of
the chamber which is used to introduce a Langmuir-probe for plasma
diagnostics research. Optionally, a heat shielding metallic cylinder can be
coaxially positioned inside the plasma chamber.

We adopted a reasonable vacuum line involving an Alcatel 2105 type fore-
vacuum pump and an absolute pressure gauge for pressure measurement. We
can reach pressure in the range of 1-0,02 torr, which is by far sufficiently low
for plasma nitriding. The working pressure for plasma nitriding is about 3,5 torr
which is obtained mixing and introducing gaseous nitrogen and hydrogen.

It is very important to ensure proper and safe gas feeding system for the heat
treatment. For this purpose hydrogen and nitrogen is needed, which are
provided by a combined nitrogen-hydrogen generator. We provided the nitrogen
and the hydrogen outlets of the generator with precision valves to set the proper
gas flows. After the valves, the hoses are introduced into a mixing chamber
which is connected to the plasma chamber.
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anode

vacuum pump _
Pirani gauge gas outlet

Figure 1: DCPN equipment.

Due to the low pressure obtained by pumping the plasma and mixing
chambers, nitrogen and hydrogen can be mixed as ideal gases in the mixing
chamber, and can be introduced as perfect mixture suitable for plasma nitriding.

3. Development of a Regulated Direct Current plasma discharge
Power Supply (RDC-PS)

A new DC power supply was developed in order to obtain accurate output
voltage and current, with 1% precision compared to the setvalues. The new
digitally controlled power supply has several benefits, namely programmable
arc management, fast protections, and communication interface with higher
level control system. The main characteristics of the power supply are described
in Table 1.
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Table 1: Specifications of the DC power supply.

AC input: 230Vac, 10A
DC Output: 0-1000VDC, 0-2A controllable.
Control: Fast, DSP based voltage and current control.

PLC for process control and external communication.
Interface to PC via PLC.

Mode of operation:

Voltage control with current limitation or vice versa.
Programmable restart in case of arc discharge (arc
management).

Protections:

Fast overcurrent and di/dt protection.
Overvoltage protection.
Cooling water flow monitoring.

Human-Machine Interf.

Siemens OP3.

According to Fig.2 the DC power supply consists of an input rectifier and a
filter circuit, an inverter unit feeding the voltage transformer followed by the
rectifier and the output filter. Due to the single-phase mains input voltage, the
DC-link has an important role on smoothing the rectified voltage, but the filter
has to block also the high frequency noise coming from the inverter.

Rectifier

Umains

DC-Link

Step-Up and High-Voltage Output
Inverter Isolation Rectifier Filter

Transformer o) —

X

KE 3t | |-

A

Electronic Control Board with DSP Ql Q4

Univ_rer Gate Impulse

W

Generator

lhv._ref Arc
Z Management

i
\

Figure 2: Schematic diagram of the DC power supply.

The inverter and the high-voltage rectifier have been realized with the state
of the art semiconductors. In the inverter, two pairs of 40 Amps IGBTs are
used, working at 100 kHz. The high-voltage rectifier has been built with Silicon
Carbide (SiC) diodes, thus the switching losses can be neglected. With this
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technology the cooling demand of the converter is reduced and the size of the
reactive elements, mainly the output transformer, is reduced. The output filter
has the role of reduction of the HV voltage ripple, but the energy stored in the
capacitor has to be considered when the load is a vacuum chamber with plasma
discharge. In case of electric arc, the energy of the capacitor (Cp) will be
discharged on the surface of the treated part by a DC arc, having a strong
erosion effect on the surface. The higher the energy stored in the capacitor, the
higher the evaporated metal quantity. In our case a good compromise was to use
a capacitor of 1 pF.

The control of the power supply is based on an inverter control board
containing all necessary signal conditioning circuits, a dsPIC30F6010 digital
signal controller for all the measurements and control functions, and finally a
Lattice type CPLD for gate impulse generation and fast error handling. The
control board communicates with a VIPA PLC, where the setvalues are entered
and the mode of operation is selected. The user can select between two modes
of operation, namely voltage control with current limitation, or vice versa.
Beside of these, the arc management can be enabled or disabled from the PLC.
In case of enabled arc management, the restart time is programmable. In case if
the arc management is disabled, when overcurrent occurs on the output, the
power supply stops, reporting overcurrent error. Simulations and practical
measurements regarding the power supply operation are presented in [8].

4. Graphic User Interface - Control from PC

The nitriding process is controlled from a process computer, where a
LabWindows CVI based software is running.

The process control software has been developed to offer an easy interface
for data visualization and logging, controlling of the different process
parameters. The most important control problem is the temperature control.
Based on a simplified model of the system, a PI controller with anti-windup has
been implemented to control the temperature of the treated part. The actual
temperature can be seen on the main screen of the GUI and the temperature can
be logged for further data processing. The main variable from the DC power
supply are displayed (voltage, current, power), the power supply can be
controlled through the PC in manual mode or closed loop temperature control
mode.
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Figure 3: The graphic user interface (GUI) of the process control software.

The startup of the process is an important technological task, namely the
temperature of the part has to be increased to the nitriding temperature with a
well-defined ramp. The ramp can be set from the GUI of the process control
software.

5. Piece holder system —material selection of the treated pieces

For test experiments, we selected a material whose properties are well-
known with respect to plasma-nitriding heat treatment. This material is a
16MnCr steel. We planned to perform a series of heat treatments using the same
material, same plasma conditions, and same geometry varying only the time-
span of the heat treatment. The cathode arrangement used for heat treatment is
presented in Fig. 3.

Two identical pieces are shown, which are positioned symmetrically with
respect to the plasma chamber axis. This is important to have the same plasma
conditions in the vicinity of each piece; hence the pieces reach the same
temperature during heat treatment. We measure the temperature of the pieces
using a K-type 1,5 mm diameter thermocouple, positioned inside a ceramic
insulator tube to ensure galvanic isolation and introduced in Piece “B” through a
hole. Piece “A” is changeable; we manufactured 4 identical pieces for this
experiment.
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thermocouple inlet hole

iece "A"
piece to be treated
piece "B" identical with piece "A"
temperature measurement

g

Figure 3: Experimental arrangement. Piece “A” is the piece to be treated;
Piece “B” is an identical piece with Piece ”A” located in symmetrical
position with respect to the chamber axis.

6. Sample preparation for different investigations

It is very important to perform different investigations of the treated pieces,
such as optical microscopy, electron microscopy and hardness measurements.
For this reason the pieces must be properly prepared.

Figure 4: Heat treated steel piece
a. deposition caused by cathode evaporation
b. edge-effect due to DCPN heat treatment
c. sample preparation for optical and electron microscopy.
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At first all treated pieces must be cut perpendicularly to the plane side
presented in Fig. 3. After cutting the treated pieces the samples were locked
between two copper plates. After that the surfaces of the samples must be
grinded, and polished in many steps involving different water resistant SC
abrasive papers with different grades of granulation, e.g. 100, 250, 500, 1000
until the surface become buff. After polishing, all surfaces were etched using
3% nital solution (solution of alcohol and nitric acid).

7. Conclusions

7.1. Visual observations

Visual observations of the samples provide important information. One can
see, that the heat treatment of the pieces is not uniform. The bottom region of
the piece in Fig.4a is covered by deposition of the evaporated cathode material.
This is inevitable, because in DCPN treatment, the piece to be treated is the
cathode of the discharge, so it must be in galvanic contact with some piece
holder.

One other thing can be seen in Fig.4b namely the edge-effect. Also due to
the fact that the treated piece is the cathode of the discharge, the appearance of
the pieces is not uniform. The electric field distribution in the surroundings of
the treated pieces is influenced by the shape of the piece. Of course the electric
field is inhomogeneous; it becomes high at the edges of the pieces, leading to
higher charge carrier transport to these regions.

7.2. Optical and electron microscopy

The prepared samples were observed using an optical microscope, than
photographed. Such photo involving 60x10 optical zoom is presented in Fig.5.
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Figure 5: Heat treatment temperature 530°C, time-span 1 hour, magnification of the
optical microscope 60x10.

Fig.6 presents a further magnified scanning electron microscope picture of
the same sample.

N"""""
‘ ' '.1. &
“l o \
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Figure 6: SEM picture using secondary electrons; 2-3 um thick compound layer-
magnification of the electron microscope x5000.

We prepared all our samples as described in Section 5 and investigated them
according Section 6. We measured in each case the thickness of the diffusion
layer and obtained the curve presented in Fig. 8. One can conclude, that the

diffusion layer thickness (d ) is proportional to Jt.
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7.3. Micro-hardness profile measurement (Vickers-hardness)

Another method to measure the thickness of the diffusion layer is to
determine the hardness-profile of the cross section of the treated pieces. We
applied the Wickers-hardness test using standard 25 gram weight pushed
perpendicular to the sectioned surface. The first point to be tested was located
10mm away from the edge of the piece and continued with 25mm steps along a
line perpendicular to the edge of the piece toward the inner regions. Usually the
distance measured form the edge of the piece to the inflexion point of the micro-
hardness profile is used as layer thickness. In case of the steel used in our
experiments this point is at about 400MHv, hence we consider as layer
thickness the distance measured from the edge of the piece where the hardness
of the piece drops to the 400MHV value.

Fig. 7. represents the micro-hardness profile of the piece treated for one hour
at 530°C temperature. Similar micro hardness profiles are shown in [9].

0
700 1 hour/530°C

600

500 \\\

400 \

300 2

200 M—&W

100

Vickers-hardness, HV0,025

0 0.1 0.2 0.3 0.4
Distance from the surface (mm)

Figure 7: Micro-hardness profile of the piece treated for one hour at 530°C.

The layer thickness values determined using micro-harness test are 10%
higher than the ones determined using optical microscopy (Fig. 8.). The micro-
hardness test is much more reliable than the optical measurements, because the
optical ones are influenced by the sample preparation and the time-span of the
etching. Evidently the micro-hardness measurements are also loaded by errors
caused by inhomogeneous structure of the sample.
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Abstract: This paper presents a novel method of synthesis of cylindrical gears
having opposite curvatures on the contacting flanks. The method is an improved variant
of cylindrical gears having Archimedean spiral curved toothline — developed by the
author [3, 4]. Due to the increased cutting capacity of the milling head used in the
technological variant that will be presented the kinematics of the meshing results more
sophisticated like in the simplest case where a single radial feed is applied. Due to the
fact that the present technology uses a cutter head with three cutter groups that executes
a tangential feed motion the meshing process can be discussed in three variants: single
parameter meshing, bi-parametric meshing and a novel method developed by the author
— the double meshing model. This paper discusses the most widely used method in the
theory of gear meshing, the single parametric method.

The model of the improved cutting tool, the kinematics of meshing, and the
mathematical model of gearing are presented in detail.

Keywords: cylindrical gear, curved toothline, spiral, gearing, meshing.

1. Why cylindrical gearswith Archimedean spiral shaped toothline?

The improvement of the contact between the tooth flanks and the increase of
the load capacity remains a permanent challenge in the world of gear science.
The development of cylindrical gears with curved teeth represents one of the
possible ways in this direction. Cylindrical gears represent a class of machine
elements present in most mechanical power transmission applications. In order
to improve their load capacity by given dimensions there exist two tasks that
must be fulfilled: the modification of the tooth profile consisting in addendum
chamfering and sometimes in admissible dedendum undercut, and the
localization of the theoretical contact in a point instead of the theoretical line —
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modification defined as localization of the contact patch. This last task is very
important to be fulfilled in case of high performance gears of all types. In the
case of cylindrical gears there exist two basic types assisted by well suited and
robust manufacturing technologies: right teethed and helical teethed cylindrical
gears. The localization of the contact patch is realized here by applying high
performance but expensive grinding or shaving technologies. By external
cylindrical gears —both spur or helical — always convex tooth-surfaces contact.

It is mathematically proved by Hertz’s contact theory that better load
capacity is reached if the contact occurs between surfaces having opposite
curvatures. The idea was applied for the beginning by the bevel gears of
automotive power transmission where the flank line of the teeth is a looped
epicycloid.

The most famous development regarding the improvement of the load
capacity of a cylindrical gear pair is known as the Wildhaber-Novikov teething.
This is realized using a set of complementary racks with circular arc shaped
tooth profile. As a consequence one of the gears results with convex while the
other with concave tooth profile. Despite of the thorough study and research
(realized almost in the ’60-s) the achieved results weren’t reach the expected
parameters. It was also remarked that the form and the position of the contact
patch modifies intensely with the modification of the axis distance [1], [2].

In order to avoid the disadvantage occurred by Wildhaber-Novikov gear
teeth the sense of curvature should be — in the vision of the author — set along
the tooth length. In this case the generating element of the gear pair is a self-
moving rack with Archimedean spiral curved toothline. The kinematic geometry
of the gear pair meshing fulfills Olivier’s second principle as it is shown in the
right sketch of Fig. 1. This represents a plain section through the axis of the
milling head. The left sketch of Fig. 1 present the structure of the milling head.
A defined number of profiled cutters are suited on an Archimedean spiral whose
pitch is equal to the pitch of the generating rack. The profile of each cutter is
corresponding to the profile of the rack defined by DIN 3972. These plain
trapezoidal symmetric profiles are included in axial planes of the milling head.
As a consequence of the cutter placement defined before, if the milling head
rotates, a sliding rack profile appears in the axial plane that slides along a radial
direction. If two gears are positioned correspondently to the moving rack, the
same geometric dependencies will be reached as in the case of spur gears.
However, in parallel sections there eexist some delays that lead to the curvature
of the generating tooth and finally to the curving of the generated toothline.
Finally, the effect consists in the cutting of tooth spaces limited by a concave
and a convex surface.
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Figure 1: The sketch of the rack generating milling head and the coupling gear pair.

It is proven [3] that one single milling head body is sufficient for the
generating of both elements of the gear pair. The problem consists in the changing
of the sense of the leading spiral by positioning the cutters on the opposite side as
shown in Fig. 2. Due to this a head with symmetric cutter positioning slots solves
the problem. This will constitute another advantage versus the Wildhaber-
Novikov variant where two distinct cutting tools are necessary to generate the
gear-pair. The curvatures on the coupling flanks can be easily adjusted using the
tangential shifting parametersq,,q,. The localization of the contact and the

relative sliding of the coupling surfaces can be optimized by the rational selection
of the profile shifting parameters &, &, .

2. The principle of meshing using tangential feed

The gear meshing kinematics presented above uses the radial feed to achieve
the complete depth of cut. The cutting process based on this is estimated to be
slow. In order to increase the productivity, radial feed will be replaced with
tangential feed, and the structure of the milling head will be improved, by
considering Z, groups of cutters, each of them containing 3 up to 5 cutters.
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Figure 2: The meshing of the elements of the gear pair using a single cutter head
with symmetrical positioning of the inserts.

The sketch of the cutter head and the principle of work is presented in Fig. 3.
The cutter groups angularly equidistant positioned in the cutter head. Here
cutters with a single edge are used, each of them meshing one surface of the
generating rack tooth or gap. The cutters are fitted on equiangular distanced
Archimedean spirals with the spiral pitch given by

Figure 3: The cutter head and the principle of tangential feed.
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)

The magnitude of teeth’s curvature is the reference radius R, of the spiral.

The reference edge is the central edge e.g. the 3" in each group. Denoting
with z_the angular distance between two consecutive edges, the limit radius
values of the leading spiral are

-1 -1
Rs—lospzs2 rSSpSRS+pspZSZ . @)

The kinematics of the meshing is shown on Fig. 4. A number of 3 frames are
used as follows: frame (x,y,z,) of the machine body, considered stationary;
frame (x.y.z,) of the milling head; finally, frame (x y,z)bound to the

machined gear. The chosen leading parameter in this kinematic model is the
rotation angle of the milling head about its own axis ¢, .

s
%
Zs
A S Yo
S Yo 0
RN )\\( 2]
RN z
~ >SS - (2]
Xs & ) h g

Figure 4: The kinematics of meshing.
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The tangential feed can be defined considering the tangential velocity v or
in dependence with the rotation angle ¢_, meaning in this case the length of
tangential sliding. This last definition is more adequate for the next purposes.
Finally, the rotation angle ¢, of the machined gear depends on the rotation
angle of the milling head and the corresponding tangential displacement of the
milling head Ax(g,) . The geometric condition is that of slideless rolling of the
pitch circle on the pitch line of the imaginary rack.

In order to prime the function AX(g,) let’s suppose that cutting velocity v,
and tangential feed length pro minute s, are known or determined with analogy

to other similar cutting processes. In this case, the rotation n of the milling head
can be computed with the well-known formula

10°v,
n=
2 R,

Considering that the tangential displacement during one complete rotation
amounts s /n the sought dependence can be primed as

®)

s ¢, Rs
Ax=27s _ - 4
n2r  10%, P =Y @ (4)

The rotation of the machined gear, considering equation (4) and the pitch of
the spiral given by (1) became

PPy TYQs Py +W
¢ = = Ps (®)
1 R, R,
Using dependences (4) and (5) the model of the single parametric meshing
can be built up.

3. The equations of the single parametric mesching

A. The equations of the generating surfaces

Generating surfaces in the theory of meshing are considered — both one and
two parametric cases — the support surfaces of the cutting edges, which can take
very variate forms; their definition stats from the presumption that the cutting
tool possesses an infinity of edges e.g. a grinding wheel [5], [6], [7]. In the case
described in this paper the generating surfaces are the support of the cutting
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edges. Generatrix is the straight segment of cutting edge while the directory is
the Archimedean spiral. The equations can be easily written using Fig. 5.

Figure 5: The built-up of the generating surfaces.

Here is to remark that generating surfaces are meshed by the cutting edges
when frame (x.y,z,) moves counterclockwise with origin O, on the
Archimedean spiral while axis Oz, is still contained in plane(x,z,). Notation

“KX” denotes the convex toothspace generating edge. By analogy, notation “Kx”
is used for the concave surface. Using the matrix transformation between the
involved frames
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x

(RS + pspu)cow .
(RS + p,_,pu)sinu A

X cosv —sinv
A sino  cosv

o O O

rS = M se re <:> = (6)
z, 0 0 0 z,
1 0 0 1 1
the generalized equations of the generating surfaces result as follows:
x,(u0)=(i (a+utga,)+ R + pv)cosv
y,(u0)=(i(a+utga,)+ R + pyo)sino, ie{-11} @

z,(u)=u

B. The equation of gearing

The equation of gearing will be written using the kinematic model developed
by Litvin [8]. First the equations of the generating surface families must be
written. This is accessible using geometric dependences emphasized on Fig. 4.

The equation of the transformation is
n=M,r ©))

1s's

where the transformation matrix has the following expression:

COS@, COS@, COS@,Sing, —Sing, —(B+AS—(//¢S)COS(01 — Asing,
| —sing, COS @, 0 0
® | sing,cosp, singsing, cosg, —(B+As—ywp, )cosp, + Asing,
0 0 0 1

9)

The relative velocity can be written with help of Fig. 6. First, the tangential
velocity component of the milling head is

S = l//ws I 0 (10)

Adding this to the component resulted from the superposition of rotations the
relative velocity can be computed as follows:

Vel =vE - =p,i, + of) xr, - b xr, =

o (11)
=y, (cosp,i, +singj, )+ (més) - mg>)x r,-A,xob

s

The normal vectors of the generating surfaces are computed using the
classical formula n=r;xr’. With all partial results, after a long calculus,
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equation of gearing can be transformed in an algebraic equation of 2nd degree
in parameter u:

a'u*+2ku+c'=0 (12)

The coefficients of the equation have the following expressions:

X1

Figure 6: The relative velocity.
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ar — - tg ao COS((DS — U)

cos’
2k’ = p,sin(p, —v) - [(R fa+ p$uX1+ 2tg? a0)+ Atg ao]cos(gos —v)+

+y Pptga, + (B+AS -y )tg’ o (13)
¢'=Ap,sin(p, —v)- (pspu +R + a)[A+ (pspu +R+ a)tg ao]COS(qoS —v)+
+[isi P, +1ga,(B+AS- l//gos)](pspu +R + a)

1 R
ils psp +l//

lg =

C. The computing of the meshed surface

The equation of gearing returns solutions of type

u="fe), i=12 (14)

for both toothspace limiting surfaces. Due to the fact that equation of gearing
returns all solutions, it is necessary to separate only those that contribute to
build up the real materialized part of the machined gear. As a conclusion, some
parameter limiting conditions must be defined.

If the width of the machined gear is B, then y coordinate of the generating

surfaces must fulfill the condition:
~0.5B, <y, <0.5B, (15)

Considering the start position of the frames involved in the mathematical
model, it can be easily established the limits of the rolling angle ¢, considering

an analogy with the coupling of a spur involute gear and a rack. After some
calculus it results

(- -R )L+ (a-metga,)

COS«x
Q== R, ° (16)
Dy = 0 0 (17)

R,

Finally, the value of the edge parameter moves within the interval
e[-a,,b,], while the spiral parameter v e [-7/Z,,71Z,].
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Considering two sets of N, respectively N,equidistant values on the
intervals mentioned before, the generating surface can be approximated as a
system of nodes ({7, y{"/, 2)"). Now the equation of gearing will be brought
on the following particular form:

u - f(l)j,pi(/)l(i’j)JZO (18)

otV

The angle ¢1(i'j) results numerically for each (ui,uj) parameter combination.

If the solution meets the interval defined by the limit values given through
expressions (16) and (17) a real point results on the meshed surface.

Another possible way to compute the points of the meshed surface consists
in the determination of the contact curve on the generating surface. In this case,
the gear’s rolling parameter ¢, will be represented as a set of N, values on the

rolling interval. For each ¢, and each v, a correspondent value u, ; is obtained

through solving equation (12). With this, the contact curve on the generating
surfaces are written using equations (7). The meshing surface results with the
transposing of the contact curve in the frame (x,,y,,z) using the matrix

transformation (8).
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Unspecified notations

o, — the rack profile angle
m — the module
R, - the radius of the pitch circle

r, — the radius of the addendum circle
r, — the radius of the dedendum circle

r, — the radius of the involute basic circle
a - the half width of the generating rack profile on the pitch line
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& — profile shifting coefficient
. — angular velocity vector of the milling head
o, — angular velocity vector of the machined gear
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Abstract: This paper presents a micro positioning plain mechanism with two
degrees of freedom. The mechanism is compliant with rectangular joints for profile
sections. The actuation of the mechanism is performed using two piezoelectric
actuators. The limit positions of the final effector mechanism are determined by two
experimental methods. The first method is an optical method that uses a CNC and
CMM Aberlink program. The second method uses the same CNC probing, but the
equipment is completed with the Aberlink 3D program and a testing head. At the end of
the paper the comparison of the results obtained by the above methods are analyzed.

Keywords: compliant mechanisms for positioning, displacement, CNC, Aberlink
CMM, Aberlink 3D.

1. Introduction

Plan positioning mechanisms have been studied in different variants [9],
[15], [16]. For micro and nano positioning systems made with joints and/or
flexible elements having limited motions but suitable for miniaturization are
used [1], [2], [7], [8]. Their actuation is effected by the use of unconventional
actuators [5], [6], [17], [18].

This paper presents the design of a positioning mechanism with flexible
joints created of one single piece. The characterization of the compliant
mechanism is performed by a piezoelectric drive activated through two
methods: the first is optical using a CNC and CMM Aberlink program; the
second method uses the palpation and is assisted by the same CNC with the 3D
Aberlink program.
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2. Design and implementation of the micro positioning mechanism

The compliant micro positioning mechanism is actuated by two linear
piezoelectric actuators each capable of a 9,1 xm maximum stroke. The structure
constituent elements are represented in Fig. 1, [3], [4]. The projections on axes
X, y of the motions of the “ P” - end effector are calculated separately for each
actuator and finally totalized. The 3D model of the micro positioning system
design is shown in Fig. 1.

a) 3D Model

The end effector P(x,y)

Linear
Actuator

Linear |
Actuator

Flexible joints

b) Model made practical

Figure 1: Description of structure.
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Finite element analysis is performed for 1, 3, 5, 7 and 9 um stroke values
admitting the following constants of the mechanism constituting material:
Poisson’s ratio v = 0,39 and Young’s modulus E = 0,39 MPa.

The obtained results are presented in Table 1.

Table 1.
FEM Analysis
Forceon | Displacement Displacement of
-I;ﬁSt Ac‘?liae;?)r 1 A((:géﬁ; 2 actuator | of the actuator endpoint “ P”
' (N) (um) (um)
X Y comp

1. X - 0,038 1 1,3 04 14
2. X - 0,116 3 4,0 15 4,1
3. X - 0,194 5 6,5 2,6 7,0
4. X - 0,272 7 8,7 3.9 9,6
5. X - 0,350 9 12 4,8 13
6. - X 0,07 1 0,5 0,8 0,9
7. - X 0,210 3 15 2,4 2,9
8. - X 0,350 5 2,6 4,1 4,8
9. - X 0,490 7 3,7 5,7 6,8
10. - X 0,650 9 4,9 7,6 9,1

3. The control of the micro positioning mechanism

Micro positioning mechanism control is achieved through an MDTG693A
controller that has the ability to interact and control through a Master Scan
screen. Here the desired settings can be made for controlling the motions of the
actuators. Fig. 2a presents the arrangement of the buttons. Fig. 2b, shows the

function generator window [12].
T N _ (=

Chernd ¥ Cranrel ¥ Chamngl £
180.0- Rl i 180- 50— 1500~ 1500 -
Imﬂ-I\W*"Nﬂ- Wﬂn-l 1= - 1000- I‘Wﬂ*i |W.I]-|
w- 10| wo- snn-‘l ‘m'I )= - ‘““'I’ -
nn_] o= o0 [P L ITUL T BT |

Gan  Phaze  Ofieel GEn Pnasa GTrae Gan Phaze  OTagt

Sean Functions
Tty - iRl —
i TIAYE

ok-|  Gen
- Sl R
Puce - 000 1000 (277 Rex )

a) Master Scan screen b) The window function generator
Figure 2: MDT693A controller Interface.
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4. The characterization of the micro positioning mechanism

The characterization of the mechanism is performed using the following two
investigative methods:
- measurements on a stand using the Aberlink CNC and CMM software
(method 1);
- measurements on a CNC machine using the 3D Aberlink program
(method 2).

4.1 Therealization of the measurement on stand Aberlink with CNC and CMM
software (method 1)

The measurements using the experimental stand were realized with the help
of an image acquisition camera designed for this type of machine and a special
program called “Aberlink color CMM Camera”. With this equipment small or
dedicated parts can be measured, acquiring two-coordinate data (2D). The use
of this method provides high-resolution and non-contact control. The camera
disposes of light setting, edge detection and optical scanning tools, which are
fully programmable, having the possibility to use also the tactile method within
the program, [10].

The infrastructural characteristics of this method are:

- Fully compatible with Aberlink’s easy-to-use measurement software;

- Swap between touch probe and CMM camera in seconds;

- Use touch and vision technology within the same inspection program;

- Unique duel light ring with UV LED’s to back light parts on the CMM;

- High speed optical scanning - up to 5000 points/second;

- High precision edge detection for feature inspection;

- Thread measurement - min/max/mean pitch, left/right angles, effective
diameter;

- Screen overlays - XY/angular crosshairs, align to mouse, align to edge;

- Large stand-off for measuring over tall features;

- Fully programmable digital zoom (no need to change lens);

- Directional overhead lights and back light for profile and surface feature
inspection;

- Telecentric lens measures accurately even when the feature is out of focus
[10].
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Fig. 3 shows the stand built for these types of measurements. The main
components that act in the main experiment are also detailed.

Program "Aberlink colour
CMM Camera" Camera CMM 2D

Machine "Axiom too"

Figure 3: CMM 2D camera measurement stand.

Fig. 4 presents a screen capture obtained during the measurement. The end
effector appears black colored due to the contrast (between rear view and track
measured) needed for performing the measurements. After the measurement
area is delimited, (2 mm from the outer edge of the end effector, in this case),
the program allows 342 points of measurement in which it computes the motion
from the displacement between the scanned images.

T ) O] ] it

Figure 4: Computing of the displacement.
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Fig. 5 shows the measurement points detected by the program after scanning
and calculating the motions from the area of interest. The radial lines that start
from the circumference of the blue semicircle represent the motions of the
measuring points scored by the program. Quite large deviations between the
measurement points appear.

Figure 5: Displacement points made by the mechanism.

4.2 The measuring stand with CNC and Aberlink 3D (Method 2)

For this set of measurements the CNC machine from AXIOM and the 3D
Aberlink program was used. Aberlink 3D is an innovative software package for
manual designing, CNC and CMMs. This program is one of the favorites for
producers of measurement devices. Aberlink provides a complex and easy
explorable interface for the user [11].

The characteristics of the second method are the followings:

- Reliable high accuracy 3D inspection;

- Aberlink’s easy-to-use measurement software (now standard on many
OEM systems);

- Individual locks and fine adjust hand wheels on each axis;

- Suitable for the workshop environment;

- Anti-vibration protection from local machine tools as standard;

- Temperature compensation and other correction options for workshop
environments.
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Fig. 6 shows the main acting elements of the experimental stand during the
measurements. Before starting the measuring process the machine must be
calibrated. This procedure uses particular specimens. The 3D Aberlink software
starts while the reference specimens are inserted on the X, y and z directions for
the compliant mechanism.

Initially 6 measuring points situated on the circumference of the end effector
were chosen. After a few attempts, 20 other measurement points are added in
order to obtain the best possible measurement accuracy. The measuring points
are placed manually, and then the machine memorizes them automatically.
After the palpation process is complete in each of the 20 points situated on the
circumference of the end effector, the program automatically calculates the
center of the circle that defines the area of interest.

Program Aberlink 3D Palpation head

=

Machine "Axiom too"

: 4 Compliant mechanism

rE

Figure 6: The stand equipped with the specimen.

5. The obtained resultsand their experimental comparison

5.1. Theresults

The results obtained through the two experiments performed with the
equipment described in the previous chapter are presented in Table 2.
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Table 2.
Voltage Actuator Disp!‘algt,arr‘nent Disp!‘algt,arr‘nent
to | v ot | ol | e | s | s
™) (um) (um) (um)
X y X y
1 X - 13 1 39 29 14 8
2. X - 40 3 49 36 11 11
3. X - 66 5 64 52 19 13
4. X - 93 7 71 52 17 14
5. X - 120 9 95 66 16 15
6. - X 13 1 39 29 14 13
7. - X 40 3 49 36 14 15
8. - X 66 5 64 52 15 17
9. - X 93 7 71 52 16 18
10. - X 120 9 95 66 16 19

5.2. The symmetrical joints micro positioning mechanism with rectangular
section (rectangular symmetry)

The comparative data are shown in the four graphs presented in Fig. 7. Here
a smaller measurement error for the y-axis can be observed: when the
displacement of the actuator reaches 6 microns, the experimenting part has a
slight increase, compared to the numerical FEM.

Calculation displacement pm
N e om o m
e 3 & & &
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e

Actuator | for Px

Displacement actuator pm

&

CNC Aberlink 3D

== CNC Aberlink CMM
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o o

&
=1

o
-1

Calculation displacement ym
& ]

o

2

Actuator| for Py

a 6 8
Displacement actuator pm

CNC Aberlink 30

——CNC Aberlink CMM

10

a)

b)
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Actuator ITfor Px - Actuator |l for Py

80 7 £
E 80 + / 35u
-— c
T 70 @ sp
2 £
nE: 60 /_/ 3 40
] 5
a2 07 “——CNC Aberlink 30 a —— CNC Aberlink 3D
& =30
T 40 ——CNC AberlinkcMM| | 2 —— CNC Aberlink CMM|
§ 20 201 P ——
5 o
5 20 1 EED
3 =]
= o
w10 +
S O g — .

0 T o o 1 2 3 4 5 6 7 B 8

o 1 2 3 4 5 6 7 B 9 i
- Sctuator pm Displacement actuator pm

c) d)

Figure 7: The graph with the results of the “Px” and “Py” end-effectors
for actuator no. 1 and 2.

5.3. CNC and CN praobe optical linearization method

If linearizing the curves, presented in Fig. 7, a better operable instrument
will be gained. Results of the linearization are shown in Fig. 8.

Actuator| for Px Actuator| for Py

o
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£ o0 2 4 3 8 ™) 3 cMM)
© 20 O 0 . . . . .
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Figure 8: The linearization for the CNC optical and the probe CN methods.
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5.4. The errors for the two measurement methods using the error bars with the
standard error

As well as knowing the standard error (SE) is the standard deviation of the
sampling distribution of a statistic. The term may also be used to refer to an
estimate of that standard deviation, derived from a particular sample used to
compute the estimate, [13].

Error bars express potential error amounts that are graphically relative to
each data point or data marker in a data series. The error bars displayed were
realized using the MS Excel admitting a standard significance level of 95% for
both experiments. Standard Error and Standard Deviation are figured on the
charts below (Fig. 9), [14].

Actuator| for sz .

Actuatorlfor Py
I
CNC Aberlink 30 CNC Aberlink 30

—— CNC Aberlink CMM ——CNC Aberlink CMM

Calculation displacement pm

15

o
Calculation displacement pm

Displacement actuator pm Displacement actuator pm

a) b)

Actuator Il for Px | a0 - Actuator Il for Py

70 1
60
50
40 7
30
20
10

CNC Aberlink 3D CNC Aberlink 3D

—— CNC Aberlink EMM i =1 CNC Aberlink CMM

-10
20 4

.30 Displacement actuator pm
Displacement actuator pm

c) d)

Figure 9: The standard error of the four statistics regarding the positions x, y
of the actuators no. 1 and 2.

Calculation displacement ym
Calculation displacement pm

6. Conclusion

Regarding the facts and experiments presented above several conclusions
can be stated:

The compliant micro-positioning mechanism subject of the study above is
able to ensure a greater number positions of required accuracy than classical
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jointed mechanism. It results in the same simplicity of structure positions
characterized by higher accuracy.

The micro-positioning mechanism presented in this paper may be used easily
to realize without any difficulties the imposed displacements according to
directions x, y in the functional plane. This is available due to the work of the
compliant joints and the linear piezoelectrical actuators.

Comparing the two experimental methods presented in this paper it can be
concluded that palpation method ensures a higher accuracy of displacements
due to the direct measuring realized on the periphery of the final effector (a
circle).

The advantage of the optical method accompanied by image processing
offers the advantage of a larger number of measuring points. In spite of this the
measuring errors are larger leading to a bigger value of the dispersion.

From this can be concluded that the optical method is recommended when a
short time experiment is needed for rapid data acquisition or estimating the
working space of the mechanism. High precision measurements or control are
recommended to be realized using the palpation method.
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Abstract: The purpose of this paper is to analyze a set of developed gripper
prototypes operated by bellow actuators that can be utilized in biomedical engineering.
The main role of these grippers is catching small and big objects, their main advantage
being to remove the complexity of structures using flexible couplings. Experimental
results will be compared with numerical results obtained by finite element method.

Keywords: compliant mechanisms, bellows actuators, grippers, finite element
analysis.

1. Introduction

Nature is areal and inexhaustible source of optimal solutions for a variety of
technical problems of great interest. Trends of miniaturization of compatible
products with modern technology open new perspectives for micro grippers, for
the manipulation of samples in mechatronics, robotics, biomedical engineering
and other technical fields, where the required force is provided by micro
actuators[1], [2].

This paper presents a structured set of grippers that can be miniaturized in
the future, which highlights the multiple possibilities offered by compliant
elements operated by corrugated tubular elements (bellows). The first part
presents a few concepts about compliant mechanisms, followed by presenting
flexible couplings which are having a major importance for the functionality of
compliant structures. The importance of using bellow actuators in
mechatronics/robotics and biomedical engineering is covered in chapter three,
while chapter four is dedicated to the CAD model of proposed prototypes,
which have two, three respectively four fingers (fasteners). The finite element
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method for the developed models is presented in the next chapter and finaly,
the comparing results obtained by numerical and practica methods are
submitted.

Mini grippers are covered in various articles pertaining to speciaty
literature, such as[2], [3] and [4]. The authors create models and present aspects
regarding robotic micro-manipulation systems, an artificial finger from polymer
and metal composite used for micro gripping and debate about the control and
the driver system for the proposed actuators.

2. Synthesis of mechanismswith elastic elements

Due to technological progress and the miniaturization of structure
mechanisms that tend to get the best possible performance in terms of motion
control, positioning systems were also part of the ongoing development and
change. Transition from a positioning system based on mechanisms using
couplings and classical elements to in one piece mechanisms with flexible joints
IS due to different material characteristics and related studies. Compliant
mechanisms are those mechanisms that transmit the motion or force due to
material elagticity, as shown Fig. 1[5].

Elastic Deformations

Mechanism
Compliant

Parameter Input

Elastic Deformations

Figure 1: Principle of compliant motion mechanisms.
The eladticity of the material is exerted on the flexible coupling. A flexible

coupling consists of athin member that provides rotation between two members
through bending, likein Fig. 2 [6], [13].

— T\

Rotation Joint Flexure hinge

Figure 2: Classical coupling (a), Flexure hinges (b).
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The compliant mechanisms use elastic displacements due to forward
movement, are reversible and remain within the validity limit of Hooke's law
[12]. These mechanisms are designed for miniaturization and are accurate
systems because they contain elements of rigid solid character, the connection
between them being made by elastic type links which provide a certain
unequivocally relative movement between elements [14].

Since the performance of compliant mechanisms is highly dependent on the
characteristics of the materials from which they are made, the analysis of these
unconventional mechanisms requires knowledge from severa fields. Motions
allowed by these mechanisms are more restrictive and highly dependent on the
topology of the mechanism. Mechanisms with dagtic joints have recently
experienced a spectacular devel opment due to advances in micro-technologies[7].

3. Bellows based actuators

Bellow elements are also called corrugated-tubes with thin walled shells of
revolution, which are precision engineering constructive elements, frequently
used as sensorial elements. They falls into the energy accumulation and signal
trandation categories. Bellows are curved on the side and can €longate or
compress under axia force or interna/external pressure. Their activation is
based on elastic deformation of corrugated elements, having high performances
versus weight and they have a ssmple design and low cost [8].

Bellows are frequently used in pneumatics and hydraulics, their geometrical
dimension, shape and material determining a clear dependency between the
inside or outside installed pressure and deformation produced by it [9].

The performances of different mechatronic systems are influenced by their
actuators which convert the input energy into controllable motion. The actuation
effect is achievable by: induced limited strains, interactions of the magnetic
fied, eectrica current and electrical charges, respectively, mechanical
interaction. The last one involves the presence of aliquid or gas, whose pressure
or flow determines the movement and/or deformation of the active elements.
The actuators based on inflatable elements may be classified as. variable
stiffness actuators, actuators with asymmetrical pressurization, artificial muscles
and other types, including bellow actuators[10].

The bellows which will activate the grippers are made from nickel aloy with
20 mm length in normal state and 0.08 mm wall thickness, a number of 24
convolutions powered with pneumatic pressure at a maximum value of 20 bar
for the FC-1 bellow (Fig. 3) and 27bar for the FC-9 bellow. Tensile Strength for
these types of bellows is 930 MPa and Yield strength is 910 MPa, according to
Servometer manufacturer’s catalog [11].
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Figure 3: FC-1 bellow.

4. Constructive variants of grippersused in biomedical engineering

Fig. 4 presents CAD gripper models, each one being operated by only one
bellow. For the constructive models presented in Fig. 4 @), ¢) and d), the role of
the corrugated tube element is to spread the clamps of the gripper. Their return
into the initial position is achieved by releasing the pressure from the
transducer. Fig. 4 c) presents the structure of a gripper with three arms disposed
at 120° from each other, which are operated simultaneously by one bellow
disposed along the axis of the structure. In Fig. 4 d) the fingers are disposed at
an angle of 90° for bigger objects and better grasping.

a)

Figure 4: @) Normal gripper, b) Reverse operated gripper,
c) Gripper with three fingers, d) Gripper with four fingers.
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The model from Fig. 4 b) differs from the previous one by introducing an
element between the bellows and the gripping claw. Introducing an internal
pressure inside the bellow will lead to the closure of the gripping claws.

5. Finite element analysisfor the compliant mechanisms

FEA begins with CAD modding within the Design Module of the Ansys
software. Ansys offers a suite of arithmetical and logica operations with the
purpose of obtaining fast, efficient and approximate results and provides access to
amost any field of engineering simulation which requires adesign process [15].

The main advantage of FEM is reducing the complexity of the studied
problem, making possible different types of analyses (linear and nonlinear
static, dynamic, buckling, and fatigue). Also the shape and material
optimization can be studied.

Analysis starts with establishing of the boundary condition and the material
properties of the parts and is continued with the discretization of the models
using different specific methods for each obtained element. Fig. 5 shows the
discretization of the normal gripper. Within this meshing the hex dominant
method was used for the gripping claw. Size of the used elements does not
exceed 2 mm for the gripping claw (exception: maximum size of the joints is
0.5 mm) and 0.2 mm shell elements for the corrugated tube.

Figure 5: Discretization of the: @) normal gripper, b) FC-1 bellow.

Fig. 6. Presents the discretization for grippers with four fingers and details
about FC-9 meshing with shell elements.

The discretization of the other structures was done in the same manner, the
total number of obtained nodes and elements being shown in Table 1.



102 V.S. Jisa, D. Lates

Table 1: Number of Nodes and Elements obtained by FEM method.

Reverse . . Gripper

Nr(i)rm:: actuating Gg?f’:grvéth with 4

anpp gripper g fingers

Number of Nodes | 240786 346016 226214 269707

Number of 83575 107400 75110 83393
Elements

a) b)

Figure 6: @) Mesh of the gripper with four fingers; b) Detail view regarding
discretization of the FC-9 bellow.

All models have been tested using pressures between 0.1 and 0.7 MPa, with
the purpose of studying joints and bellows behavior, total displacements,
equivalent elastic strain and equivalent stress, of the model’ s structures.

Fig. 7 a) presents the total displacement of the normal gripper’'s claw, the
bellow being pressurized with 0.2 MPa. The value of the equivalent elastic
strain of the gripper joint can be observed in Fig. 7 b). Details regarding values
of equivalent stress of the FC-1 bellow are in Fig. 7 ¢). Fig. 7 d) presents a
comparison between the initial position and the total displacement of the
gripping elements at the pressure of 0.7 MPa. 7 €) and 7 f) show the values
obtained for the equivalent elastic strain of al four fingers of the gripper and
aso for the equivalent stress of the FC-9 bellow which activates the gripper.
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€)

Figure 7: @) Total deformation of the normal gripper; b) Equivalent elastic strain of the
joint; c) Equivalent stress for the FC-1 bellow; d) Normal vs. Total deformation of the
gripper with three fingers; €) Equivaent elastic strain of the gripper with four fingers
joints; f) Equivalent stress for the FC-9 bellow.



104 V. S. Jisa, D. Lates

6. Experimental results

Compliant grippers made of PMMA, with aid of a CNC 3 axis mill (ISEL —
CPM 2018) are presented in Fig. 8.

a)

Figure 8: Compliant grippers. @) Normal and reverse actuating grippers
b) Gripper with three and four fingers.

Fig. 9 shows the components of the experimental stand where the
measurements were performed on each gripper with a high speed camera and
with VEDDAC software used for digital images correlation. The points of
reference and arrows that show the starting and the final position of the fingers
free ends can be observed in Fig. 10.

High Speed Camera

Clamping System
and gripper

Air Compressor

Figure 9: Experimental stand for displacement measurements.
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Figure 10: Correlated images from VEDDAC software with the resultsin the left
side of the image. 8) Normal gripper; b) Reverse actuating gripper; ) Gripper with
three fingers; d) Gripper with four fingers.

Table 2: Experimental results obtained using Veddac software.

. Pressure Maximum
Gripper Type Test No. [MP4] displacement [mm]
Normal gripper 1 0.2 0.62
Normal gripper 2 0.3 0.93
Normal gripper 3 0.6 124
Reverse gripper 4 0.2 244x107°
Gripper with 3 fingers 5 0.2 7.8
Gripper with 3 fingers 6 0.3 13
Gripper with 3 fingers 7 0.4 14.52
Gripper with 3 fingers 8 0.5 15.44
Gripper with 3 fingers 9 0.6 18.16
Gripper with 3 fingers 10 0.7 20.4
Gripper with 4 fingers 11 0.2 15
Gripper with 4 fingers 12 0.3 35
Gripper with 4 fingers 13 0.4 8.5
Gripper with 4 fingers 14 0.5 9.5
Gripper with 4 fingers 15 0.6 11
Gripper with 4 fingers 16 0.7 13
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In order to determine the values for the displacements, one must know the
pressure corresponding to each gripper type, the size of the flexible couplings
and the limits within which it moves its active elements. Table 2 presents the
experimental results for each gripper, having applied pressures between 2 and 7
bars by taking into account the gripper’s structure.

Table 3 shows the total displacement, equivalent elastic strain and equivalent
stress obtained using the FEM method for each gripper a 0.6 MPa The 10 mm
thick PMMA has the following properties. Young's Modulus 1920 MPa and
Poisson’s Ratio 0.39, while the 8 mm thick one is characterized by: Young's
Modulus 1811 MPa and Poisson’s Ratio 0.38. These were determined by
performing measurements on PMMA check bars on a servo hydraulic tensile
testing machine.

Table 3: Results obtained by using FEM method.

Normal Reverse Gripper with | Gripper with

gripper | actuating gripper 3fingers 4 fingers
Total displacement [mm] 1,80 0,325 21 20,038
Equivalent elastic strain 0,005 0,016 0,038 0,036
Equivalent Stress[MPa] | 230,68 120,24 682,08 657,28

7. Conclusions

The authors were able to combine and develop a set of grippers with elastic
joints operated by bellow actuators and they made a comparison between the
results obtained using the numerical method with FEM and experimental
method with precise measuring. For the first types of grippers, actuated by FC-1
bellows, the difference between the obtained results are due to underestimating
the stiffness of the elastic joints (the actuators start bending from the middle
when being pressurized with more than 0.2MPa). Instead, the numeric results
obtained for the grippers actuated by the FC-9 bellow can be improved by
modifying the quality of the mesh elements.

One can dtate that the designed and tested prototypes present certain
advantages in comparison with classical grippers, as they are more compact, do
not require lubrication and the friction from couplings is missing. Due to
miniaturization, they can work in special environments requiring high precision,
accuracy reliability and small workspaces.

Gripper operation through elastic dements like bellows provides the desired
control of the structure over the manipulated object, depending on input and
output parameters of the bellow and the compliant mechanisms.
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