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Abstraci—This paper introduces the design and imple-
mentation of a plug-in free online 3-D interactive laboratory
based on networked control system laboratory (NCSLab)
framework. The system relying only on HTML5 provides
full supports for control engineering experimentation. The
users are allowed to design their own control algorithms
and apply them to the remote test rigs. Using the web-based
interface, multiple widgets such as real-time charts, virtual
gauges, and live images are available to customize the mon-
itoring interfaces. To enhance the sense of immersion, 3-D
animations which are synchronized with the remote exper-
imental processes are also provided. The users can watch
and interact with the remote experiments through the 3-
D replicas. Various HTML5 based toolkits are integrated
seamlessly under the NCSLab framework. NCSLab provides
visualized services for the whole process of control exper-
imentation including remote monitoring, tuning, configura-
tion, and control algorithm implementation. As the network
delay could disturb the 3-D representation, a communica-
tion scheme using web protocols is also implemented. The
feedback from teaching shows the general acceptance and
effectiveness of NCSLab is notably high. As most existing
online laboratories adopt either native applications or plug-
ins, the methodologies and technologies used in NCSLab
could be insightful for other online laboratories toward web-
based cross-platform systems.

Index Terms—Control engineering education, laborato-
ries, online services, remote monitoring, virtual reality.

|. INTRODUCTION

XPERIMENTATION which relates the theories and con-
I i:cepts to the real-world observation plays the same im-
portant role as lectures in the engineering education. However,
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many educational institutions may not be able to afford all the
costly equipment and related maintenance costs. To address the
problem, online laboratories which allow the users to access
laboratory resources and carry out experiments through Internet
have appeared. Online laboratories include the remote laborato-
ries [1]-[4] which use practical equipment, virtual laboratories
[51, [6] which use simulated equipment, and hybrid laboratories
[7]1, [8] which support both of them. As experimentation be-
comes online services, laboratory resources are shared among
educational institutions [9], [10].

Encouraged by the advantages of the online experimentation,
many online experimental systems have been established world-
wide in the last decades. These systems almost cover all the areas
of engineering education, including control engineering [11]-
[13], electric and electronic engineering [14]-[17], mechanical
engineering [18], industrial electronics [19], [20], and biomed-
ical engineering [21], [22].

Currently, the client sides of most online laboratories are de-
ployed with either native applications [23], [24] or web-based
solutions with requirement of plug-ins such as Easy Java Sim-
ulations Applets [11], [25], [26], Adobe Flash [27], LabVIEW
runtime engine [12], [28] or other specialized third-party soft-
ware [16], [29]. The native applications are flexible, powerful.
It is easy to develop experimental systems with rich graphical
interactivities. However, the drawback is the universality as they
are always bound to certain hardware or software architectures.

The web applications offer the possibility of cross-platform
accessibility with more portability and less intrusiveness [30].
Theoretically, web applications are compatible with all the exist-
ing and even future terminal devices with web browsers. How-
ever, due to the limitation of old hypertext markup language
(HTML) framework, traditional web-based solutions have less
competitive advantages over native applications. Visual compo-
nents such as real-time charts, virtual gauges, and 3-D animation
cannot be embedded into the web interfaces without the help of
plug-ins. As a compromise, plug-ins which enhance the power
of web applications could also cause unexpected compatibility
and security problems.

Despite the limitation and difficulties, building fully web-
based, plug-in free cross-platform and powerful online labora-
tory architectures with rich graphically interactive features has
been a major trend for years [2], [30]-[32]. It has only been
recently possible as HTMLS5 standard was finalized in late 2014
and most of the mainstream web browsers started to provide
full support for the new standard. HTMLS enhances the support
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for building more powerful web applications previously only
possible for native applications and plug-ins.

There are already attempts for HTMLS5-based online labora-
tory recently. In the area of electronic education, remote pan-
els in LabVIEW for a bipolar junction transistor amplifier are
converted to HTMLS5 [33]. Labicom [34] is a commercial ar-
chitecture which provides APIs for online laboratories to be
built on top of its infrastructure. GOLDi [35] provides fixed
2-D graphical interfaces using HTMLS. The 3-D visualiza-
tion has not been implemented so far. The client side of the
system introduced in [36] is realized based on web technolo-
gies. The source codes were initially designed in Java and then
compiled into JavaScript using Google Web Toolkit. WebLab-
field-programmable gate array (FPGA)-WaterTank [31] dis-
cusses the possibility of a universal hybrid model. The new idea
is verified by an example of a 3-D virtual water tank controlled
by a real FPGA controller. The client side of iSES Remote Lab
SDK [37] is also implemented using web technologies. How-
ever, iSES concentrates on the modular hardware architecture
for the quick deployment. For the software part, there is little
particular information on the 2-D widgets for the developers
and 3-D is not yet supported.

All of these literatures claim the supports for web technolo-
gies HTMLS, but lack of information regarding the systematic
implementation. As HTMLS is still a relatively new concept,
there is no full picture on how a fully functioning cross-platform
online laboratory is developed using HTMLS so far. In this
paper, the detailed design and implementation for networked
control system laboratory (NCSLab) framework [38]-[40] are
introduced. NCSLab is a complex plug-in free online 3-D con-
trol laboratory relying only on HTMLS. It provides full supports
for the whole process of control engineering experimentation
including remote monitoring, tuning, measurement, visual con-
figuration, and control algorithm implementation.

Based on HTMLS, NCSLab has brought in various interac-
tive features including 3-D interactivity, virtual gauges, real-
time charts, and client side camera. To enhance the sense of
presence, 3-D replicas of the remote control processes are syn-
chronized with the experimental processes so that users are able
to “monitor” and even “interact” with the remote experiments.

In order to achieve complex functionalities with rich 2-D
and 3-D graphical interactive features, NCSLab adopts modu-
lar software architecture. Many HTML5-based technologies are
integrated together seamlessly. The real-time communication
scheme based on web protocols is also designed to maintain the
synchronization between the web interfaces and remote experi-
mental processes with minimum latency.

Il. FEATURES AND ARCHITECTURE OF WEB-BASED 3-D
LABORATORY—NCSLAB

NCSLab was first established in University of Glamorgan
(now known as University of South Wales) in 2006. It adopted
the web technologies from the very beginning. One of the main
objectives of NCSLab is to build a service-oriented, plug-in free
and cross-platform laboratory which offers complex online ex-
perimental services for university students covering every aspect
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TABLE |
EVOLVEMENT OF NCSLAB FRAMEWORK
Year Features Toolkits Plug-ins
2007  Fixed monitoring interface with charts and Java Applet, iframe  Java
[38] real-time videos Applet
2009  User customized algorithms, visual configurable  Flash, Ajax, YUI, Flash
[39] monitoring interface, virtual gauges, charts, Dojo
real-time videos

2012 3-D animation synchronized with remote Flash, Away 3-D, Flash
[40] experiments was added Stage 3-D, YUI,

Dojo, FusionCharts

(Flash version)
2016 Interactive 3-D animation and web-side camera ~ HTMLS5, WebGL, None

were added. All plug-ins were eliminated by
using HTMLS5

Three.js, YUI,
FusionCharts
(HTMLS), Canvas.js
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Fig. 1. Current NCSLab architecture in Wuhan University.

of control engineering experimentation with enhanced graphical
interactivities and sense of presence.

During the ten-year intensive development, it has evolved
through four major versions as summarized in Table I. New
features and new supporting technologies were gradually added
into the NCSLab framework which made it more powerful and
reliable. However, the objective toward plug-in free has only
been recently possible with the help of HTMLS.

A. Current Architecture of NCSLab

Fig. 1 shows the architecture of the deployment of NCSLab
in Wuhan University. It has a multitier structure which allows
the test rigs distributed in different places to be integrated and
accessed through a single web address. Users are allowed to
carry out online experiments anytime anywhere using their web
browsers.

As a hybrid online laboratory framework, both remote and
virtual experiments can be integrated into NCSLab simulta-
neously. If the remote controller is connected to the physi-
cal test rigs through the hardware interface such as A/D and
D/A converters, it is in the remote experiment mode. If the
practical devices are replaced by the mathematical models, the
controller actually “controls” the mathematical representation
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Fig. 2.

Visual configuration interface.

of the practical test rigs. In that case, virtual experimental de-
vices are created to simulate the behaviors of practical ones.

B. Customized Control Algorithms Using
MATLAB/Simulink Real-Time Workshop (RTW)

All the control algorithms are generated from Simulink block
diagrams using MATLAB/Simulink RTW. The block diagrams
designed in Simulink are converted into C codes automatically
and compiled into executable programs using C compilers. Us-
ing the web interface provided by NCSLab, these executable
programs are uploaded to the NCSLab server database.

For each test rig, NCSLab allows the teachers to set up sev-
eral default control algorithms which are shared with everyone.
These algorithms can be some classic control schemes such as
PID and LQG. The users can download these algorithms to the
remote controller and perform the experiments.

For advanced users, they are also encouraged to design their
own control algorithms. They can download the templates of
default control algorithms in the form of Simulink block dia-
gram. Based on these default control algorithms provided by the
teachers, they can also create their own control schemes.

C. Interactive Features of NCSLab

The web-based remote experimentation interface of NCSLab
provides multiple widgets (charts, virtual gauges, sliders, etc.)
for the users to customize their user interface as shown in Fig. 2.
The users are allowed to drag the widgets from the toolbar and
place them into the workplace. These widgets can be relocated
and resized freely. The internal signals and parameters of the
RTW-generated algorithms are normally organized as a tree
structure as shown in Fig. 2. They can be selected to establish
the interconnections with the widgets placed in the workplace.

The real-time interaction with the remote experimental pro-
cess is also an important feature of NCSLab. Users are able
to monitor the remote experiments, tune the parameters in real
time through the widgets. Fig. 3 shows a typical web-based
experimental interface for a dual tank test rig. The PI control
parameters can be changed by typing the new values into the

textboxes. By dragging the virtual slider using the mouse, the
water level set point for the remote control algorithms can also
be updated automatically through the Internet datalink.

D. Three-Dimensional Interactivities of NCSLab

In remote experiments, web cameras are deployed in front of
the test rigs. The real-time images of the experimental processes
can be transferred to the users through Internet. However, this
is no longer the case for virtual experiments. Without observing
the practical experimental process, it could be difficult for the
users to get the basic concepts of the experiments, especially for
the beginners.

To address this issue, the 3-D replicas of the test rigs are
rendered in the users’ web-based interface instead of the real-
time videos. Through the datalink between the user interface and
remote experimental processes, the 3-D models on the client
side are synchronized with the internal signals of the remote
virtual experiments. By monitoring the real-time animation on
the web-based interface, the users are able to “observe” how the
experiments are going on similar as they watch the live videos
in remote experiments.

Moreover, the users are also allowed to interact with the
virtual 3-D replicas. For example, they can change the valve
positions, set point cursors, etc.; the corresponding parameters
would also be updated through the network automatically.

Even for the remote experimentation with practical test rigs,
the 3-D animations can also benefit the users. The web cameras
can only provide the images from a fixed angle, but the 3-D
models can be rendered and displayed from any perspective as
the users are able to rotate, zoom in/out freely.

[ll. DESIGN OF PLUG-IN FREE WEB-BASED
3-D LABORATORY

Plug-ins could induce security and compatibility problems.
However, the use of them was inevitable for the early version
of NCSLab and some other online platforms. The first version
of NCSLab required users to install Java Applet, which was
switched to Flash in 2009. However, plug-ins cannot be elimi-
nated at that time due to the limitation of HTML4 framework.

The finalization of HTMLS standard in late 2014 had changed
the situation. As an important part of HTMLS5, web graphics
library (WebGL) provides strong support for both 2-D and 3-D
computer graphics. Some interactive features, which can only be
achieved by plug-ins previously, are able to be realized directly
using JavaScript, which makes it possible to build a plug-in free
online laboratory.

A. Structure of Plug-in Free Web Interface for
Remote Experiments

In order to achieve plug-in free web interface, various sup-
porting toolkits (such as Three.js, Fusioncharts, and Canvas.js)
have been integrated together. A modular software architecture
is created as illustrated in Fig. 4. Each module serves a certain
function and is replaceable in case more advanced or convenient
frameworks emerge in the future.
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The kernel part of the web-based interface is Yahoo UI (YUI),
which is a free, open-source JavaScript and CSS library for
building richly interactive web applications. Using YUI, the
developers can easily create dynamical document object model
(DOM) objects, which are draggable and resizable inside the
web pages.

The main task of YUI is to manage the various widgets such
as 3-D animation, charts, and virtual gauges in NCSLab. YUI
creates a DOM object called widget container in which all the
widgets are laid out. Each widget is also realized inside a dedi-
cated DOM object created by YUI The users can create, move,
and resize the DOM objects freely, and the contents inside of
the DOM objects are also changed correspondingly.

Under the YUI framework, various JavaScript toolkits are
integrated as follows.

1) Three.js is adopted to render the 3-D animations, which
are synchronized with the remote test rigs.

2) CanvasJS is used to create dynamic charts to display the
real-time data.

Fig. 5. JSON files for web-based monitoring interface.

3) Fusioncharts are integrated to build virtual gauges.

4) The real-time videos are embedded inside iframe make-
ups, which displays the images collected from separate
video servers.

5) Moreover, the client-side images are also collected using
Camera API. The images of the users are also sent back
to the central server. Therefore, the teachers are able to
“see” who are actually conducting the experiments.

B. Configuration of Monitoring Interface

As a feature of NCSLab, the users are allowed to customize
their own monitoring interface. Fig. 5 shows an example of the
customized interface. There is a toolbar with all the widgets
listed on the top. The users can drag them to the workplace
freely to build the customized monitoring interface.

YUI library supports resizable and movable panel object.
Each widget is assigned a panel rendered inside it. The users
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Fig. 6. Structure of web-based monitoring interface. in which gauge is the JavaScript object for the angular gauge

can resize and change the positions of the panels. The layout of
the customized interface can be set up.

All the widgets are connected to the internal signals and
parameters of the remote control algorithms. To build the con-
nections, the users can double click the widget panel. A pop-up
overlay with a full tree structure listing all the signals and pa-
rameters will appear. The users can click the mouse on the tree
structure to select the signal/parameters they want to monitor.
Then, the interconnection between the given widget and selected
signal/parameters is established.

After the users finish the configuration of monitoring inter-
face, the actual configuration data are organized in JSON format.
They are transferred to the server and stored into the database.

C. Construction of Monitoring Interface

Fig. 5 shows an example of the monitoring interface during the
experimental process. It is constructed according to the JSON
files which are retrieved from the server database.

For each kind of widget, there is a corresponding JavaScript
class designed for them. For example, the 3-D widget for the
ball and plate test rig is called “ballplatesystem.” As shown in
Fig. 5, all the widgets used in the customized monitoring inter-
face are listed in JSON format including their types, positions,
and related signal/parameters. By parsing the JSON configura-
tion, all the widgets are built inside the workspace one by one
and the web-based monitoring interface is established.

As shown in Fig. 6, all the 2-D and 3-D widgets are laid out
inside the widget container. For each widget, there is a YUI
panel created and placed at the specified position. No matter the
types of the widgets, they can always be embedded inside web
interface by rendering themselves inside the dedicated panels.
For example, the following code renders an angular gauge inside
a YUI panel:

gauge.render(GaugeDom);

and GaugeDom is the DOM object representing the main body
of the corresponding YUI panel.

IV. PLUG-IN FREE WEB-BASED 3-D VISUALIZATION

Apart from the real-time video, widgets for 3-D visualization
are also provided in NCSLab. The 3-D models of the exper-
imental test rigs are rendered inside the monitoring interface.
It is synchronized with a remote experimental process through
Internet datalink.

As a major feature of HTMLS standard, WebGL is a
JavaScript API, which supports the rendering of interactive 3-D
computer graphics within web browsers directly. It requires no
plug-ins and allows the GPU accelerated 3-D rendering, which
makes it possible for 3-D applications inside the web browsers.

Based on WebGL, there are many HTMLS 3-D engines
available in the market such as Unity, Unreal, Three.js, and
Babylon.js. Among them, Three.js which is a popular open-
source engine is adopted by the NCSLab.

A. Three-Dimensional Modeling

All the 3-D models are constructed according to the real di-
mensions. There are many commercial software tools available
for the 3-D model design, such as 3ds Max, Solid Works, and
Pro/E. In this paper, 3ds Max is selected as the 3-D model devel-
opment tool. The models designed in the 3ds Max are exported
into the Wavefront OBJ format which can be parsed by Three.js.
Fig. 7 is an example which shows the 3-D model of a ball and
plate test rig being designed in 3ds Max environment.

Three-dimensional models with a lot of details always result
in big size of the target files, which could cost long time for
downloading these files in the Internet environment. Therefore,
it is necessary to carefully balance the quality and complexity
of the 3-D models. Normally, the size of the target files should
not exceed 1 MB.

B. Rendering Inside the Web-Based Interface

The 3-D models are rendered inside the DOM objects created
by YUI As shown in Fig. 6, each widget has a dedicated panel
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in which there is a DOM object for the main body created by
the YUI toolkit. Using the following codes, a renderer created
for the 3-D animation is inserted into the corresponding YUI
panel:

var renderer = newT HREE.WebG LRenderer();

Dom3D.appendChild(renderer.domElement);

in which renderer is created for rendering the 3-D models and
Dom3D represents the DOM object for 3-D widget.

V. DATA COMMUNICATION AND 3-D ANIMATION

To build a web-based 3-D interactive laboratory, reliable data
communication schemes among the client side, server, and re-
mote controllers are of great importance. In order to enhance
the security, HTTPS which provides encrypted secure sockets
layer is implemented instead of HTTP.

A. Data Communication Schemes

The Internet communication for NCSLab is bidirectional.
On one hand, widgets (both 3-D replicas and 2-D modules)
in the web browser are synchronized with the data collected
from remote experimental processes. On the other hand, the
users’ instructions (tuning parameters and changing algorithms,
etc.) need to be transmitted to the remote controller. From the
communication point of view, three kinds of communication
schemes are required to deal with the widgets in NCSLab.

1) Scheme for 2-D Widgets: The examples of 2-D wid-
gets are virtual angular gauges, sliders, thermometers, etc. The
status of 2-D widgets is updated every second. Therefore, they
only need to request data using a timer and the continuous data
stream is not necessary. However, the bidirectional communi-
cation is required as the user may trigger instructions through
these widgets any time.

2) Scheme for Charts: The chart modules display the
trend of specified signals in real time. Therefore, a unidirectional
data stream which retrieves all the continuous data without any
interruption is necessary.

3) Scheme for 3-D Models: The 3-D models are syn-
chronized with the remote experimental processes according to
the data from the datalinks. In order to construct the real-time
animation without any distortion, a continuous data stream with-
out data loss is required. As the users are allowed to interact with
the remote experiments through the 3-D virtual models (such
as the change of a valve position and the turn ON/OFF of a
switch), the instructions trigged by the users’ interactions should
also be sent to the remote controller through the datalinks.

B. Data Communication Channels

Fig. 8 illustrates the data communication channels for the
multitier NCSLab architecture. For each test rig, there is a cor-
responding experiment engine deployed in one of the Tomcat
Experiment Server. The experiment execution module is the in-
terface to the test rig. When a control algorithm is downloaded

and executed in the controller, a TCP communication is estab-
lished automatically between the experiment execution module
and the SCADA server running inside the controller. The ex-
periment execution module collects the real-time data from the
controller and temporarily stores them into a real-time data pool.

When a user starts to monitor the experimental process, the
web page for the experimental interface is loaded by the web
browser. After the loading process, an HTTPS communication
between the widgets in the web interface and the corresponding
data exchange servlet is created automatically. On one hand, the
servlet transmits the latest data from the real-time data pool to
the client side. On the other hand, it also processes the users’
instructions received from the HTTPS channels.

On the client side, the HTML web pages are rendered and the
JavaScript codes are executed. The widgets are constructed and
placed according to the user’s configuration organized in JSON
format. These widgets are synchronized with the real-time data
collected from the remote experimental process through HTTPS
connections.

To cope with the three kinds of widgets, two kinds of com-
munication objects in JavaScript are designed. All the widgets
exchange the real-time data with the server side through the two
objects as the block diagram shown in Fig. 8.

1) DataExchanger: 1t is a bidirectional communication
object. It requests the latest data from the server and updates
the status of the 2-D widgets. If the user interacts with a certain
widget, their instructions are also transmitted to the server side
through the DataExchanger.

2) DataStream: The DataStream also requests the data
from the server every half-second. Different from the DataEx-
changer, it retrieves all the data generated after the previous
request. Even though the data transmission is discrete, the frac-
tional data are assembled to form a continuous data stream
without any loss. For each chart or 3-D model, there is a ded-
icated DataStream object created. They retrieve and assemble
the data into buffers, so the continuous data are always available
for widgets.

C. Data Buffering for 3-D Visualization

The multitier communication channels can guarantee the re-
liable data exchange among the client side, server, and remote
experimental process. However, in order to achieve a vivid 3-D
synchronization without any distortion, there are two issues to
be considered.

1) Network Delay: As the real-time data are transferred
through the three-tier network structure, the network delay is
inevitable and prominent, especially in the Internet environment.
The network delay could be random and unpredictable, which
distorts the 3-D replay greatly.

2) Packed Data: The advantage of the network commu-
nication is that a packet of data can be transmitted simultane-
ously. Normally, the Internet communication prefers relatively
large packets as they are more efficient. Frequent communica-
tion with small packets of data may increase the traffic load and
result in a bigger time delay.

In order to get a vivid 3-D replay, minimum 25 frames per sec-
ond must be guaranteed, which means the interval between two
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frames should be no more than 40 ms. However, normally the
DataStream object retrieves data every half-second. Therefore,
there is a contradiction between the rates of communication and
3-D replay.

To cope with the problem, a proper buffering algorithm is de-
signed as shown in Fig. 9. All the real-time data are packed with
timestamps. The timestamps and data are transmitted together
to the client side browsers via the experiment server.

To properly buffer the data, there are two timelines adopted on
the client side. One is the remote timeline, which represents the
timestamps packed with the real-time data. The other is the local
timeline which represents the internal client side time retrieved
from the JavaScript getTime() method.

The two timelines are artificially misaligned for a small mar-
gin (normally 1 s) at the initialization. The local timeline always

the motion control of the virtual models. A render loop under
Three.js toolkit is created to update the 3-D scene up to 60 times
per second. A callback function called Animate() is defined to
manipulate the animations. There are various motion control
APIs provided by Three.js toolkit. Using these resources, the
3-D models can be easily moved, rotated, and scaled by the
motion control modules of the 3-D widgets.

For example, the 3-D animation for the ball and beam sys-
tem is achieved by the following way. When the 3-D widget
initiates, the models of the base, beam, lever arm, and ball are
loaded separately and placed at the initial positions. During the
experiment, the motion control module retrieves the current lo-
cal time using JavaScript method getTime() every cycle of the
render loop. It requires the data of the “current time” from the
DataStream object. The position of the ball and the angle of
the lever arm are modified dynamically inside each render loop
correspondingly as shown in Fig. 10.

As the data are retrieved from the buffer which is properly
managed by the DataStream object, it is always available without
the disturbance of the network uncertainty. From the user’s point
of view, it looks like that the 3-D animation of the ball and
beam always changes following the practical test rig without
any interruption and distortion.

Apart from “watching” the remote processes, the users are
also allowed to interact with the 3-D replicas. For example,
by moving the cursor under the beam in Fig. 10, the set
point of the ball position can be changed any time during the
experiment.
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Fig. 10. Demonstration using the ball and beam system.

VI. TEACHING PRACTICE USING NCSLAB IN
WUHAN UNIVERSITY

Online experimentation by NCSLab has been set up since
2011 in Wuhan University. In 2015, with dedicated laboratory
space assigned, more experimental test rigs had been brought
in. Currently, there are six practical test rigs and 20 virtual ones
setup in the NCSLab of Wuhan University.

The application of online experimentation has been expanded
to a large number of students since 2015. It has been used
in three modules: classic control theory (CCT), control sys-
tem simulation and computer-aided design (CSS&CAD), and
system identification (SI) by around 200 students per year.
For each teaching module, the students are required to con-
duct several related experiments such as PID control, LQG
control and SI on the remote and virtual test rigs. Ded-
icated discussion groups using instant messaging software
were set up to offer any help in case the students encounter
difficulties.

A. Survey Data Analysis

As a regulation, all teaching modules are assessed online by
the students. Their marks are important criteria for the university
to judge the effectiveness of the modules. The general average
marks for the three related modules are shown in Fig. 11. It can
be seen that there was a strong boost on the student marks in
2015, as NCSLab was widely brought in that year.

Apart from the university survey, students were also invited
to complete questionnaires by the NCSLab team. There are
mainly eight questions related to usability, educational values,
and stability. The results are shown in Table II.

Generally, the acceptance of NCSLab is notably high. Vast
majority of the students thought it was able to help them un-
derstand the course content and also improve their laboratory
skills. The stability could be improved. Even though the overall
system is capable of working for months without any interrupt,
some students did feedback the temporary malfunctioning of
individual test rigs.

2013
el CCT

2014 2015 2016
=g CSS&CAD SI

Fig. 11.  Students’ assessment (out of 100) for each module from 2013
to 2016. There was a boost in 2015 as NCSLab was brought in.

TABLE I
RESULTS OF SURVEY (SCALES 1-5)

Question 2015(n = 75) 2016 (n = 78)
Mean  S.D. Mean S.D.
Usability Q1. NCSLab was easy to use? 4.84 0717 4.56 1.191
Q2. I was satisfied with the 4.55 0963 4.69 0.726
NCSLab system?
Q3. I would recommend NCSLab  4.47  0.890 4.44 1.064
to other people?
Educational Q4. NCSLab was able to inspire ~ 4.65  0.830 4.62 0.856
Value my learning interest?
Q5. NCSLab helped me to 4.84  0.638 4.56 0.831
understand the course contents?
Q6. NCSLab helped me to 4.76  0.803 4.38 1.131
improve the laboratory skill?
Stability Q7. NCSLab was working stable  4.20  1.395 4.64 0.897
with no software bugs?
Q8. There was no sense of time 423 1467 4.59 1.086

delay?

B. Traceable Data Analysis

NCSLab is able to trace and store the students’ information
during the experiments. The information includes when the stu-
dents finish the online experiments, how much time they spend
on the remote test rigs, and their images captured by the web
cameras. This information is valuable for the assessment of the
students’ assignments.

Interesting phenomenon has been found according to the data.
For each module, students were given plenty of time (normally
one month). However, most of them chose to complete the exper-
iments very close to deadline as shown in Fig. 12. The average
time spending is listed in Table III. Regardless of the prepara-
tion, only the time the students actually spent on the specific
test rigs manipulating the devices is counted. The average time
spending had increased in 2016, which can be explained by
two reasons. First, there were more complex experiments which
requires the students to apply their own control algorithms in
2016. The second reason might be the deployment of HTMLS5
camera API which is able to record the experimenter’ images. It
was no longer possible for some students to invite their skilled
classmates to do the experiments instead of them.
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45 real-time synchronization among the remote controllers,
» 40 servers and client sides.
E 35 7) Secured communication: Only HTTP and HTTPS pro-
g 30 tocols are required for NCSLab. HTTPS is implemented
225 with higher security level for the communication during
; 20 .- the online experiments.
-g 15 ’,—’1'1 8) Nonintrusive access: There is no installation required
3 lg a ’—',g—’ . and the users do not have to give special permissions
o -’ — suc.h as lf)cal.ﬁle system acc.ess anq privileged executlor}.
9) Client-side image capture: The images of the experi-
30days 20days 10days  lday deadline menters are captured using the HTMLS5 Camera API,
before  before  before  before day which can be used to verify the students’ identities.
deadline deadline deadline deadline 10) Services for every aspect of control experimentation:
Experiment date Online services are provided for the whole process of
Fig. 12.  Distribution of experiment date for module CSS&CAD in 2016. control experiments including remote monitoring, tun-

TABLE Il
AVERAGE TIME SPENDING OF STUDENTS

Module Number of experiments ~ Time spending

2015 2016
CCT 2 (4in 2016) 69 min 191 min
CSS&CAD 5 215min 230 min
SI 1 49 min 56 min

VIl. TECHNICAL SUMMARY

The objective of the proposed NCSLab architecture is to build
a powerful, secured, reliable, and web-based 3-D online labo-
ratory without any plug-ins. A technical analysis has been con-
ducted and the characteristics of the system are summarized.

1) Cross-platform and universality: NCSLab platform re-
lies only on HTMLS technologies and no plug-in is
required. Modern web browsers on both PC and mobile
platforms, such as Google Chrome, Microsoft Edge,
Internet Explorer, Mozilla Firefox, and Safari are sup-
ported.

2) Graphical interactivity: The experimental processes are
presented to the users using virtual widgets such as real-
time charts, gauges, and sliders.

3) Three-dimensional interactivity: WebGL-based 3-D vi-
sualization is also supported. The user is able to interact
with the remote experimental processes through 3-D
replicas.

4) User customized monitoring interface: NCSLab frame-
work allows the user to customize their own monitoring
interface using the 2-D and 3-D widgets.

5) Userdesigned control algorithm: The system allows the
users to upload their control algorithms and apply them
to the remote controllers. The users are also allowed to
customize the monitoring interface for their uploaded
control algorithms.

6) Real-time communication schemes under web proto-
cols: A buffered communication scheme based on
HTTPS protocol is implemented to maintain the

ing, configuration and algorithm implementation.

By the creation of modular structure, multiple HTMLS5 toolk-
its with different functions have been successfully integrated
seamless into the software architecture, which makes the cross-
platform NCSLab capable of delivering equally powerful func-
tionalities matching the level of plat-dependent applications.

VIIl. CONCLUSION

This paper introduced the architecture of NCSLab which is
a universal, powerful, secured, reliable, and plug-in free web-
based 3-D online laboratory for control engineering education.
The proposed system is able to deliver complex experimental
services for university students covering the whole process of
control engineering experimentation. Great flexibilities are pro-
vided to users as they are allowed to design and implement their
own control algorithms, and also customize the remote moni-
toring interface. Various graphically interactive features such as
virtual gauges, visual configuration of monitoring interface, and
real-time chart display are all achieved relying on HTMLS only.
To enhance the sense of presence, NCSLab also reconstructs
the experimental scenes in the form of 3-D visualization, which
are synchronized with remote control processes through the In-
ternet datalink. In order to get secured, reliable data exchange
between the web interfaces and remote experimental processes,
a multilevel real-time communication scheme based on HTTPS
is also implemented. The new NCSLab system has been used in
the teaching practice in Wuhan University. The feedbacks from
both the survey and database data have verified the notably high
effectiveness and general acceptance of NCSLab. This paper
reveals the full detailed design and implementation of NCSLab
architecture. Actually, the methodologies and technologies used
for NCSLab could also be insightful for online laboratories in
other areas to migrate toward universal and service-oriented
systems.

REFERENCES

[1] A. Maiti, A. Kist, and A. Maxwell, “Real-time remote access laboratory
with distributed and modular design,” IEEE Trans. Ind. Electron., vol. 62,
no. 6, pp. 3607-3618, Jun. 2015.

[2] A. Melkonyan, A. Gampe, M. Pontual, G. Huang, and D. Akopian,
“Facilitating remote laboratory deployments using a relay gateway server
architecture,” IEEE Trans. Ind. Electron., vol. 61, no. 1, pp. 477485, Jan.
2014.



HU et al.: PLUG-IN FREE WEB-BASED 3-D INTERACTIVE LABORATORY FOR CONTROL ENGINEERING EDUCATION

3817

[3]

[5]

[6]

[7]

[9]

[10]

(11]

(12]

[13]

[14]

[15]

[16]
[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

L. Gomes and S. Bogosyan, “Current trends in remote laboratories,” IEEE
Trans. Ind. Electron., vol. 56, no. 12, pp. 4744-4756, Dec. 2009.

T. de Jong, S. Sotiriou, and D. Gillet, “Innovations in STEM education:
The Go-Lab federation of online labs,” Smart Learn. Environ., vol. 1,
no. 1, pp. 1-16, Dec. 2014.

M. J. Callaghan, K. McCusker, J. L. Losada, J. Harkin, and S. Wilson,
“Using game-based learning in virtual worlds to teach electronic and
electrical engineering,” IEEE Trans. Ind. Informat., vol. 9, no. 1, pp. 575—
584, Feb. 2013.

V. Potkonjak et al., “Virtual laboratories for education in science, tech-
nology, and engineering: A review,” Comput. Educ., vol. 95, pp. 309-327,
Apr. 2016.

L. Rodriguez-Gil, P. Orduna, J. Garcia-Zubia, I. Angulo, and D. Lopez-de-
Ipina, “Graphic technologies for virtual, remote and hybrid laboratories:
WebLab-FPGA hybrid lab,” in Proc. 2014 11th Int. Conf. Remote Eng.
Virtual Instrum., 2014, pp. 163-166.

K. Henke, S. Ostendorff, H. Wuttke, and S. Simon, “Fields of applications
for hybrid online labs,” in Proc. 2013 10th Int. Conf. Remote Eng. Virtual
Instrum., 2013, pp. 1-8.

P. Orduna, P. H. Bailey, K. DeLong, D. Lopez-de-Ipina, and J. Garcia-
Zubia, “Towards federated interoperable bridges for sharing educational
remote laboratories,” Comput. Human Behav., vol. 30, pp. 389-395, Jan.
2014.

D. Lowe et al., “Interoperating remote laboratory management systems
(RLMSs) for more efficient sharing of laboratory resources,” Comput.
Stand. Interfaces, vol. 43, pp. 21-29, 2016.

J. Saenz, J. Chacon, L. De La Torre, A. Visioli, and S. Dormido, “Open and
low-cost virtual and remote labs on control engineering,” IEEE Access,
vol. 3, pp. 805-814, Jun. 2015.

C. S. Peek, O. D. Crisalle, S. Depraz, and D. Gillet, “The virtual con-
trol laboratory paradigm: Architectural design requirements and realiza-
tion through a DC-motor example,” Int. J. Eng. Educ., vol. 21, no. 6,
pp. 1134-1147, 2005.

J. Sanchez, S. Dormido, R. Pastor, and F. Morilla, “A Java/Matlab-based
environment for remote control system laboratories: Illustrated with an
inverted pendulum,” IEEE Trans. Educ., vol. 47, no. 3, pp. 321-329,
Aug. 2004.

A. Barchowsky, B. M. Grainger, P. T. Lewis, A. D. Cardoza, G. F. Reed,
and D. J. Carnovale, “Design and realization of an innovative workbench
for electric power systems laboratories,” IEEE Trans. Power Syst., vol. 30,
no. 6, pp. 2894-2901, Nov. 2015.

P. N. A. Barata, M. R. Filho, and M. V. A. Nunes, “Consolidating learn-
ing in power systems: Virtual reality applied to the study of the opera-
tion of electric power transformers,” IEEE Trans. Educ., vol. 58, no. 4,
pp- 255-261, Nov. 2015.

D. Ponta and G. Donzellini, “A virtual laboratory for digital design,” Int.
J. Online Eng., vol. 8, pp. 5-11, 2008.

Z. Nedic, “Demonstration of collaborative features of remote laboratory
Netlab,” Int. J. Online Eng., vol. 9, pp. 10-12, 2013.

P. T. Goeser, W. M. Johnson, F. G. Hamza-Lup, and D. Schaefer, “View—
A virtual interactive web-based learning environment for engineering,”
Adv. Eng. Educ., vol. 2, no. 3, pp. 1-24,2011.

J. J. Rodriguez-Andina, L. Gomes, and S. Bogosyan, “Current trends
in industrial electronics education,” IEEE Trans. Ind. Electron., vol. 57,
no. 10, pp. 3245-3252, Oct. 2010.

T. Richter et al., “The WebLabs of the University of Cambridge: A study
of securing remote instrumentation,” in Proc. 9th Int. Conf. Remote Eng.
Virtual Instrum., 2012, pp. 1-5.

A. Cardoso, D. Osoério, J. Leitdo, V. Sousa, and C. Teixeira, “A remote
lab to simulate the physiological process of ingestion and excretion of a
drug,” Int. J. Online Eng., vol. 12, no. 4, pp. 74-76, Apr. 2016.

H. Valdivieso, A. Mauricio, M. B. S. Séanchez, D. A. U. Higuita,
R. C. Castell, and M. A. M. Villanueva, “Virtual laboratory for simu-
lation and learning of cardiovascular system function in biomedical en-
gineering studies,” Rev. Fac. Ing. Univ. Antioquia, no. 60, pp. 194-201,
2011.

C. Martin-Villalba, A. Urquia, Y. Senichenkov, and Y. Kolesov, “Two
approaches to facilitate virtual lab implementation,” Comput. Sci. Eng.,
vol. 16, no. 1, pp. 78-86, 2014.

B. Scheucher, P. H. Bailey, C. Gutl, and V. J. Harward, “Collaborative
virtual 3d environment for internet-accessible physics experiments,” Int.
J. Online Eng., vol. 5, pp. 65-71, Aug. 2009.

D. Chaos, J. Chacén, J. Lopez-Orozco, and S. Dormido, “Virtual and
remote robotic laboratory using EJS, MATLAB and LabVIEW,” Sensors,
vol. 13, no. 2, pp. 2595-2612, Feb. 2013.

[26]

[27]

(28]

[29]

[30]

[31]

[32]

(33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

E. Besada-Portas, J. A. Lopez-Orozco, L. De La Torre, and J. M. de 1a Cruz,
“Remote control laboratory using EJS applets and twinCAT programmable
logic controllers,” IEEE Trans. Educ., vol. 56, no. 2, pp. 156-164, May
2013.

M. Tawfik ef al., “Virtual instrument systems in reality (VISIR) for re-
mote wiring and measurement of electronic circuits on breadboard,” IEEE
Trans. Learn. Technol., vol. 6, no. 1, pp. 60-72, Jan.—Mar. 2013.

K. Bauer and L. A. Mendes, “Weblab of a control experiment in a newborn
baby incubator,” in Proc. 12th Int. Conf. Remote Eng. Virtual Instrum.,
2015, pp. 163-171.

A. Yazidi, H. Henao, G.-A. Capolino, F. Betin, and F. Filippetti, “A web-
based remote laboratory for monitoring and diagnosis of AC electrical
machines,” IEEE Trans. Ind. Electron., vol. 58, no. 10, pp. 4950-4959,
Oct. 2011.

J. Garcia-Zubia, P. Orduna, D. Lopez-de-Ipina, and G. R. Alves, “Address-
ing software impact in the design of remote laboratories,” I[EEE Trans. Ind.
Electron., vol. 56, no. 12, pp. 4757-4767, Dec. 2009.

L. Rodriguez-Gil, J. Garcia-Zubia, P. Orduna, and D. Lopez-de-Ipina, “To-
wards new multiplatform hybrid online laboratory models,” IEEE Trans.
Learn. Technol., to be published, doi 10.1109/TLT.2016.2591953.

M. Tawfik, D. Lowe, C. Salzmann, D. Gillet, E. Sancristoba, and
M. Castro, “Defining the critical factors in the architectural design of
remote laboratories,” IEEE Rev. Iberoamer. Tecnol. Aprendizaje, vol. 10,
no. 4, pp. 269-279, Nov. 2015.

D. A. H. Samuelsen, J. Bjgrk, and O. H. Graven, “Converting a remote
laboratory back end from remote panels in LabVIEW to HTMLS,” in
Proc. 12th Int. Conf. Remote Eng. Virtual Instrum., 2015, pp. 220-222.
1. Titov, A. Glotov, 1. Vlasov, and J. Mikolnikov, “Labicom labs 2015:
Remote laser virtual and remote lab, global navigation satellite systems
virtual and remote lab, microwave amplifier remote lab,” Int. J. Online
Eng., vol. 12, no. 4, pp. 17-19, Apr. 2016.

K. Henke, T. Vietzke, H.-D. Wuttke, and S. Ostendorff, “GOLDi—Grid of
online lab devices [lmenau,” Int. J. Online Eng., vol. 12, no. 4, pp. 11-13,
Apr. 2016.

M. Kaluz, J. Garcia-Zubia, M. Fikar, and L. Cirka, “A flexible and con-
figurable architecture for automatic control remote laboratories,” IEEE
Trans. Learn. Technol., vol. 8, no. 3, pp. 299-310, Jul.—Sep. 2015.

F. Lustig, J. Dvorak, P. Kuriscak, and P. Brom, “Open modular hardware
and softwarekit for creations of remote experiments accessible from PC
and mobile platform,” Int. J. Online Eng., vol. 12, no. 7, pp. 30-36,
Jul. 2016.

W. Hu, G.-P. Liu, D. Rees, and Y. Qiao, “Design and implementation
of web-based control laboratory for test rigs in geographically diverse
locations,” IEEE Trans. Ind. Electron., vol. 55, no. 6, pp. 2343-2354,
Jun. 2008.

Y. Qiao, G. -P. Liu, G. Zheng, and W. Hu, “NCSLab: A web-based global-
scale control laboratory with rich interactive features,” IEEE Trans. Ind.
Electron., vol. 57, no. 10, pp. 3253-3265, Oct. 2010.

W. Hu, G. -P. Liu, and H. Zhou, “Web-based 3-D control laboratory for
remote real-time experimentation,” /EEE Trans. Ind. Electron., vol. 60,
no. 10, pp. 4673-4682, Oct. 2013.

Wenshan Hu received the B.S. and M.Sc. de-
grees in control theory and applications from
Wuhan University, Wuhan, China, in 2002 and
2004, respectively, and the Ph.D. degree in con-
trol engineering from the University of Glamor-
gan, Pontypridd, U.K., in 2008.

In June 2010, he joined Wuhan University as
an Associate Professor. His research interests
include network-based control laboratories and
wireless power transfer.

Zhongcheng Lei received the B.S. degree
in automation from Wuhan University, Wuhan,
China, in 2014, where is currently working to-
ward the Ph.D. degree in the Department of Au-
tomation.

His current research interests include net-
worked control systems and web-based remote
laboratories.



3818

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 64, NO. 5, MAY 2017

Hong Zhou received the B.S. degree in au-
tomation from the Central South University of
Technology, Changsha, China, in 1982, the
M.Sc. degree in control theory and applications
from Chonggqing University, Chongqing, China,
in 1988, and the Ph.D. degree in mechani-
cal engineering from Wuhan University, Wuhan,
China, in 2006.

He has been a Professor in the Department of
Automation, Wuhan University, since 2000. His
research interests include wireless power trans-

fer, smart grid, and networked control systems.

-
e

Guo-Ping Liu (M'97-SM’99-F’11) received the
B.Eng. and M.Eng. degrees in automation from
the Central South University of Technology,
Changsha, China, in 1982 and 1985, respec-
tively, and the Ph.D. degree in control engineer-
ing from the University of Manchester Institute
of Science and Technology, Manchester, U.K.,
in 1992.

He is the Chair of Control Engineering at the
University of South Wales, Pontypridd, U.K. He
has been a Professor at the University of South

Wales (formerly University of Glamorgan) since 2004. His research inter-
ests include networked control systems, nonlinear system identification
and control, advanced control of industrial systems, and multi-objective
optimization and control.

Qijun Deng received the B.S. and M.Sc. de-
grees in mechanical engineering and the Ph.D.
degree in computer application technology from
Wouhan University, Wuhan, China, in 1999, 2002,
and 2005, respectively.

In June 2005, he joined the Department
of Automation, Wuhan University, where he
is currently an Associate Professor. His re-
search interests include wireless power trans-
fer, distribution automation, and electrical power
informatization.

Dongguo Zhou received the B.S. degree in
measurement-control technology and instru-
mentation and the Ph.D. degree in instrument
science and technology from the College of
Opto-electronic Engineering, Chongging Univer-
sity, Chongging, China, in 2008 and 2013, re-
spectively.

He has been a Lecturer in the Department of
Automation, Wuhan University, Wuhan, China,
since 2014. His research interests include con-
trol applications and signal processing.

Zhi-Wei Liu (M’14) received the B.S. degree
in information science from Southwest Jiaotong
University, Chengdu, China, in 2004, and the
Ph.D. degree in control theory and applications
from Huazhong University of Science and Tech-
nology, Wuhan, China, in 2011.

He is currently an Associate Professor in
the Department of Automation, School of Power
and Mechanical Engineering, Wuhan University,
Wuhan. His research interests include coopera-
tive control of networked control systems.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


