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Abstract

Software-In-the-Loop simulations are used while developing and testing em-
bedded control software in Océ. Currently, the most used method for print-
ing device behaviour analysis is examination of plain text log files of simula-
tion runs. Previous projects have identified the usefulness of visualizations
for device behaviour analysis and use for inter-disciplinary communication.

In this thesis, a design for a visualization framework tailored to the needs
of Océ is proposed. To keep the visualization concepts close to the do-
main language used at Océ, a toolkit implementing Océ-specific visualiza-
tion primitives is introduced. The framework considers data handling, an
object-oriented data model, and translations from machine information to
visualization primitives. In addition to visualization aspects, the framework
provides hooks to support a future computational steering extension which
allows influencing the simulation through the visualization by interacting
with visual elements.

To evaluate the framework, a demonstrator was created which visualizes
a virtual printing device. Components from the paper transport module
and the printing process module are included in the device. The current
Software-In-the-Loop simulations for these modules are used for the demon-
strator. While it is not an end product, the demonstrator shows the potential
of using visualization for embedded software testing.
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Chapter 1

Introduction

Océ is a multinational company which develops and produces high perfor-
mance printing solutions for businesses. Océ has document printing system
product families as well as wide format printing systems product families.
Document printing systems (see Figure 1.1) are usually multifunctional de-
vices which provide scanning, printing, and copying functionality. Wide for-
mat printing solutions are commonly used for printing blueprints or adver-
tisements.

Printers are complex mechanical systems which are developed by a mul-
tidisciplinary team. Mechanical engineering, electrical engineering, com-
puter science, physics and chemistry are found at the company. The three
primary disciplines involved in the mechatronic development process are
mechanical engineering, electrical engineering, and computer science.

A traditional scenario in such an environment is that engineers make their
own models, but only keep a local copy of it. While this enables them to do
their individual specialistic work, communication and collaboration is hard
since engineers have different images in mind when reasoning about the
device and its behaviour. This problem already exists between engineers
in the same discipline and the mismatch in reasoning becomes even more
apparent when engineers from different disciplines communicate.

In Océ, there is much detailed numerical data on the device available. To
reason about device behaviour, domain experts often need to relate this
data to the physical device. In order to do this, Océ engineers often make
graphical representations of the device and relate the numerical data to the
picture. To connect to the current way of working, but supporting Océ en-
gineers with communication and behaviour analysis, our goal in this project
is to create a graphical presentation (visualization) of device information
which is focused on device behaviour.

To achieve these goals, we create a visualization framework which is spe-
cific to the domain of Océ, but not specific to one discipline. The visualiza-
tion is mainly centered around the physical device, but some abstractions
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Figure 1.1: Océ VarioPrint 6250 document printing system

from the Océ domain are applied.

Important aspects to the visualization framework are maintainability and
extensibility. Océ domain experts will be extending and maintaining the
visualization. Domain experts are experts at their domain, but not at com-
puter graphics. For this reason we have to take care that the abstractions
which domain experts use are also applied in our product. In this way, de-
velopers can reason in the Océ domain while having to worry as little as
possible about low level computer graphics primitives.

One of the main applications of the visualization is software testing. Dur-
ing development, a Software in the Loop simulation is used for testing (and
debugging) the embedded software. Traditionally, simulation log files are
used by Océ engineers to examine device behaviour. These files contain
much detailed numerical information and are useful to examine a small as-
pect in great detail. However, if a user is interested in global behaviour, the
amount of detail data found here can be overwhelming.

The visualization which was created in this project provides users with a
virtual printer which can be controlled by a simulation. In this way the
embedded control software running on the software-in-the-loop simulation
can be confronted with an observable model of a printer. In addition to dis-
playing physical parts, the visualization can be augmented with a display of
intangible properties which cannot be observed on a real device. Having
such a virtual printer is valuable during development, since the prototype
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hardware is rare and expensive to maintain. A virtual printer consists only
of software and can be easily duplicated and installed on the system of each
developer. In addition, the created visualization in conjunction with the
currently used software-in-the-loop simulation allows to observe an approx-
imation of machine behaviour before the actual hardware is available.

Interfacing the visualization with a real device to observe internals is also
an interesting scenario since a device is usually tightly packed and the view
on some parts is obstructed by other parts. An interface from the real ma-
chine to the visualization would enable observation of otherwise occluded
parts. Augmentation of the visualization with intangible properties would
also provide additional information to the domain experts analyzing the de-
vice.

In this project we will not work out all described scenarios. Our main focus
is to create an extensible and maintainable visualization framework which
enables Océ domain experts to create their own visualizations by using a
language that that is close to the Océ domain and abstracts from low level
computer graphics primitives. To confront the designed framework with a
real-world case we have created a demonstrator application which makes
use of the framework. The demonstrator application is a visualization of the
software-in-the-loop simulation used at Océ during development of the em-
bedded control software. The demonstrator visualizes the paper and toner
transport simulations [16].
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Chapter 2

Problem analysis

When engineers reason about devices during Océ projects often numerical
values are used and mapped to a mental image of the physical device. Some-
times these images are also drawn out by the engineers to communicate and
retain this information. This process is a manual form of visualization. Of-
ten a physical view on the device is used to reason about the device and
its behaviour. We call this type of visualization where we have a graphical
representation of the physical device physical visualization.

Océ has identified domain formalization as a key for faster product develop-
ment and is formalizing more and more of their domain knowledge. We can
expect these formalized concepts to evolve due to innovations. Engineers
want their tools to evolve together with their domain concepts and for this
reason extensibility and maintainability play a big role for the visualization
framework.

The main goal of this project is to have a domain-specific (but not discipline-
specific) way for visualizing aspects of printers, which is reusable through-
out Océ projects. The language which is used should provide an abstraction
from low level computer graphics primitives and should be close to the lan-
guage of the Océ domain (a specialization of mechatronic design, focused
on printing devices).

This section explains some context and introduces terms which are used
throughout the rest of the thesis.

2.1 Domain language

This section describes the concepts found in the domain of Océ. Most of the
components described here map onto physical components in the device,
but sometimes abstractions are applied. We describe the domain concepts
used in Océ instead of the physical parts used in detailed mechanical design,
since the goal of our visualization is to assist domain experts in reasoning
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2.1. DOMAIN LANGUAGE

Figure 2.1: 1. Paper input module, 2. Paper transport module 3. Process module 4.
Finisher module

about device behaviour in a language that is as close to the Océ domain as
possible.

2.1.1 Top-level components

Figure 2.1 shows a decomposition of a printing device. The decomposition
identifies a set of device modules which fulfill a well defined task and can
be developed separately. The marked elements in the figure correspond
with the main modules. These modules and are described here (numbering
corresponds with picture):

1. Paper input Getting paper from the outside world into the system.

2. Paper transport Transporting the paper from the paper input module
to the printing process unit and then to the finisher, taking into ac-
count that the paper is at the right place at the right time during print
jobs.

3. Printing process unit Conditions the toner and transports it from the
toner stock to the paper.

4. Finishing Do post-printing operations like stapling and binding. Finish-
ers are usually attachable modules. Multiple finishers can be com-
posed to do multiple post-printing operations. After a finisher has
finished its operation it either passes the processed sheet to a next
finisher or moves the sheet to an output tray.

We will not give an in-depth description for each component, instead we
describe the paper transport and printing process unit in more detail since
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2.1. DOMAIN LANGUAGE

S5

S3
S6

S1
S3

S2

S4

Figure 2.2: A paper path topology of an example device with a graphical pre-
sentation close to the physical appearance. If the printing unit is located on seg-
ment S4 a single-sided printing scenario would move the paper through segments
S1 → S4 → S2 → S3. A double-sided printing scenario would move the paper like
this: S1 → S4 → S2 → S4 → S2 → S3. After S3 there is a choice between going
directly to an output tray (S5) or passing the sheet to an external finishing unit (S6)
which may staple the paper or do another post-printing operation.

they are visualized by our demonstrator. It is interesting to note that paper
input, paper transport and finishing units also have a paper transport as-
pect to them. This aspect is usually modeled in the same way as the paper
transport unit and can also be handled in the same way.

2.1.2 Paper transport unit

When paper is transported through a device, the paper is pulled through
mechanical paper guides by sets of rollers called pinches. Computer-Aided
Design (CAD) models of the detailed mechanical design have modeled the
device in full detail, all different types of mechanical paper guides are dis-
tinguished and modeled on the correct scale and with the correct shape. For
most other tasks, the details about the paper guides are not important and
an abstraction called paper path is used to model the paper transport as-
pect of a printer. The mechanical paper guides are abstracted to segments
which model the space in the device where sheets can be located.

Segment positions are chosen based on the nominal movement of the paper.
Thickness of segments is not considered, they are modeled as infinitely thin.
Even when parts of a paper path consist of multiple paper guides they are
modeled as a continuous segment. Segments are only split at places where
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2.1. DOMAIN LANGUAGE

there is a choice for the paper direction and at the borders of printer mod-
ules where connected modules can be exchanged. An example paper path
which supports most usual printing scenarios is shown in Figure 2.2.

The elements found in a paper path are:

Segment Building block of the paper path topology. Logically this is a part
of paper path through which a sheet can move. Segments can be con-
nected to each other to implement choices for paper routing. Physi-
cally, a segment consists of multiple mechanical paper guides.

Pinch Set of rubber rollers which are used to transport (pull) sheets through
the paper path. Pinches can rotate to pull sheets and some pinches can
open and close to grab and release sheets.

Paper sensor Light sensor which can detect the presence or absence of a
sheet at a point in the paper path.

Switch Choice point for paper routing. Switches control the routing direc-
tion of the paper at segment borders where a sheet can continue in
multiple directions.

Segment interval A segment interval is a part of a segment. Segment in-
tervals are mainly used to model a property for a part of a segment.
For example, a paper sheet in the system can be modeled by the pres-
ence of paper in one or more segment intervals.

2.1.3 Printing process unit

Figure 2.3 shows the printing process unit. The printing process unit condi-
tions the toner so it has the right properties before being applied to paper.
Basically the toner has to have the right stickyness in order to be trans-
ferred from the device parts onto paper. The printing process unit actually
consists of two sub-units. The cold process and the warm process.

The cold process gets toner from a bulk stock (flask) into a working stock
of the device and then onto an image roller. Toner from the image roller is
applied to a drum which carries the image to be printed in the form of elec-
trostatic charge. The charged parts of the drum pick up the toner particles
in the form of the image to be printed, we call this a toner image.

The image from the drum is applied to a rubber belt called the TTF (Transfer-
Transfuse) belt, which is part of the warm process. On this belt the toner
is heated and becomes sticky. After heating the toner image is applied to a
sheet of paper at the only contact point between printing process and paper
path called the fuse pinch. A small amount of toner keeps sticking to the
belt. This residue is called the rest image. Besides transferring toner from
the belt to the paper, paper dust is transferred from the paper onto the belt.
Paper dust and residual toner are cleaned off the belt by cleaners.
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2.1. DOMAIN LANGUAGE

Figure 2.3: A sketch of the printing process unit.

Another interesting aspect which exists in the printing process unit and not
in the paper path is that the topology of the process can be changed. For ex-
ample, the image drum together with some other components can be lifted
off the warm process. Drums, rollers and their contact points describe the
topology of the printing process. Due to movement of these parts, contact
between surfaces is established or broken resulting in an alteration of the
topology during a printer run.

A list of components found in the printing process is presented here:

Rotating surface Logically this is a surface on a belt or roller which can
contain a toner image. Toner and other substances can stick to a rotat-
ing surface and be transferred onto other rotating surfaces or a sheet
of paper. Physically a rotating surface is a roller or a belt.

Contact point A contact point models a connection between rotating sur-
faces. Contact points refer to two rotating surfaces and positions on
these surfaces and indicate whether or not these surfaces make con-
tact.

Temperature point A temperature point is a temperature sample point on
a rotating surface.

Temperature changer A temperature changer is a component which in-
fluences the temperature at nearby temperature points. This can be
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2.2. DEVELOPMENT AND TESTING

Figure 2.4: Simulation and design environments in Océ and the application of a
visualization. Dotted lines show scenarios which are not implemented during this
project, solid lines show the currently implemented demonstrator.

a heater, fan or any other component which produces or removes a
significant amount of heat.

Patch A patch is a part of a rotating surface. Patches are mainly used
to model a property for a part of a rotating surface. For example, a
toner image can be modeled by one or more patches of toner. Other
examples which can be modeled with patches are paper dust, toner
residue (called rest image) and other desirable or undesirable sub-
stances which can stick to a rotating surface.

2.2 Development and testing

One of the main uses of the visualization is examining behaviour of the em-
bedded control software in conjunction with a software-in-the-loop simu-
lation. This case is also chosen for the demonstrator to demonstrate the
created visualization framework. This section provides some context on the
simulation environment used in Océ.

A Software-In-the-Loop [23] simulation environment is used to examine the
behaviour of a device. The simulation runs the embedded software on simu-
lated, idealized hardware. The goal of the simulation environment is to test
the behaviour of the embedded control software. User-specified errors can
be injected into the simulation to test error detection and recovery. The sim-
ulation is not entirely realistic as mechanical and other real-world problems
do not occur unless simulated by error-injection. However, the simulation
does give a good indication of the general software behaviour in normal
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2.2. DEVELOPMENT AND TESTING

scenarios as well as scenarios requiring error recovery. A big advantage of
using the simulation is that all engineers can have a simulation setup, even
while there are only one or two physical prototype models available.

To test for problems which occur on a real-world system but not on ide-
alised hardware, tests are run regularly on a prototype model of the device.
The type of problems found with this are often mechanical or physical prob-
lems. For example, a part is not behaving as expected or toner is not fused
correctly onto the paper.

There are different approaches to behaviour analysis. Software engineers
are often interested in exact values and detailed information. Integrators
are more interested in the global behaviour of the device. The goal of our
demonstrator is to visualize the global behaviour of the device and interac-
tion of its parts, more detail can be added at a later point.

Currently a simulation for the paper path exists, and a simulation of the
printing process unit is under development.

We focus is on a visualization of the software-in-the-loop simulation, but
it is interesting to also examine the other simulation environments used
for testing the embedded software. Figure 2.4 shows an overview of the
environments that are currently used for embedded software testing.

A short summary of the different kinds of simulation environments and their
characteristics is described here:

Timing design environment The timing design environment is used in
the beginning stages and can calculate and animate paper flow. The
focus in this stage is on timing design. Hardware interaction is not
considered much in this stage. This environment does not test the
embedded software, but is still described here. The reason for this is
that the timing design model is used during the embedded software
development.

SIL simulation A Software-In-the-Loop simulation which simulates the elec-
tronics hardware as well as the mechanical parts. Idealized hardware
and mechanical components are simulated in software. Mechanical
failures which occur in real life will not occur by themselves in this
idealized model, but these errors can be simulated if explicitly speci-
fied. Besides the electronics hardware and mechanical parts, also the
clock is simulated in software, therefore realtime aspects are not con-
sidered in the SIL simulation. Despite the idealization, many logical
errors in the software can be detected and every developer can get a
copy of this simulation without additional cost.

HIL simulation A Hardware-in-the-Loop simulation [12] is a simulation
where the embedded control software is deployed on the target hard-
ware platform and realtime aspects are considered. A part of the me-
chanical components is real and another part of the components is
simulated in software. An important difference with SIL is that the ac-
tual I/O for the hardware is used. Entities like sheets are simulated in

10



2.3. DATA

the same way as the SIL simulation. A HIL setup is not as easily avail-
able or maintainable as a SIL setup, since actual hardware is used and
also needs to be updated in case of a change. It is common that these
setups are slightly outdated in comparison to the SIL simulation and
machine prototypes due to cost and effort to maintain.

Machine prototype A prototype of the real machine. The software is run
on the target platform and real hardware is used. These devices are
hand crafted and very costly to maintain. These devices are usually
not much available to software engineers since usually only one or
two of these devices exist in an Océ project. Besides testing software
and examining behaviour, a prototype allows determining the quality
of printed sheets and examining other physical aspects which cannot
be determined with the current SIL and HIL simulations.

Behaviour analysis for testing and development is currently done in two
ways, automatic testing of a set of test scenarios and manual (custom/interactive)
testing. Automatic testing is done by automatically checking whether nu-
merical output from a test run conforms with expected results. This type
of testing is usually integrated into the build process and used for detect-
ing whether there is an error present in the current system. This type of
testing is black box testing. Interactive testing is often used for debugging
by examining what exactly happened during a test run. Another use for
interactive testing is interactively specifying test scenarios while the sys-
tem is running instead of up-front specification of a scenario. This type of
behaviour analysis is used for white box testing.

2.3 Data

Our demonstrator case visualizes the printing process and paper transport.
This section describes the types of data and its sources.

Our first data source is a data model which contains the machine informa-
tion like topology and non-changing information about parts. We will call
this kind of data static data. The source of our static data is the MoBasE
data model. For more information see [21].

Information on changes of machine parts (e.g. pinches and sensors) and
other entities which are dynamically added and removed from the system
(e.g. paper sheets) is sent in regular intervals by a software-in-the-loop
simulation. The process simulation and the paper path simulation run si-
multaneously and provide their data to the visualization. We will call this
type of data dynamic data.

From the static data we get the information about the layout of the ma-
chine. From this data we can visualize a powered-off, factory default set-
tings printer. The simulation which is driven by the embedded control soft-
ware calculates the states of parts which are found in the layout and sends
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2.3. DATA

this information to the visualization. From static data, dynamic data and
some additional presentation information the visualization can create an
image of this data.

We distinguish between two types of information. The first type of informa-
tion is information about the physical objects of the device. From this in-
formation an image of a virtual device can be constructed. The second type
of information is about attributes of these objects or additional information
introduced by abstract models. Examples of the first type of information are
mechanical parts and their positions. Examples of the second type of infor-
mation are speed, acceleration, and status information. An example of the
second type of information related to a model is sample points temperature
information which is provided by a heat model.

We can further split the types of information we can visualize in the follow-
ing categories.

Physical Information on physical objects.

Physical Static Non-changing information about the printer layout
and physical parts. E.g. paper path and part locations.

Physical Dynamic Tangible state information about printer parts. E.g.
opening of pinches, movement of belts, turning of switches.

Physical Consumables Information about consumable items like toner
or paper. E.g. toner images, paper sheets, paper dust, pollution,
rest toner images.

Information Information on attributes or information provided by models.

Information Physical Information which normally can not be seen
from a snapshot of the device. For example, time dependent in-
formation. E.g. speed, position, exact (numerical) distances, tem-
perature.

Information Behavioral Information which comes from another source
like the embedded software or some custom model. E.g. erro-
neous sheets, hazards, constraints.

Information Administrative Information about the device that is nec-
essary to express relations, but often not useful on its own to do
behaviour analysis. For example, identifiers of objects which are
used in static data as well as dynamic data and allow combination
of these data items. Another example is the current timestamp of
the simulation.

Not all of the data mentioned in the examples is currently available. This
list is intended to give an impression of the types of data which can be
encountered. In the description of our demonstrator we will discuss the
data we will visualize in the demonstrator application.
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2.4. EXISTING APPROACHES

The data described here is the input for the visualization and this kind of
data can be shown in one image. Time dependent information like interac-
tion between parts can be either visualized by an animation which shows
an up-to date image during a simulation run or a different, more abstract
visualization which shows difference over time.

2.4 Existing approaches

We have done a literature survey on existing approaches to visualization of
interactive simulations. The result of the survey is that there exists almost
no published literature on visualizations of interactive Software-In-the-Loop
simulations.

Most of the material which described visualization of simulations was on
simulations which need long pre-calculations and were not interactive like
the Software-In-the-Loop simulation used at Océ. A large part of the visu-
alizations we have found in the literature use finite element methods and
are mostly focused on physical modeling rather than behavioural analysis
of devices or software testing. [13] [14]

One scenario which is closest to the system we want to create is the Im-
press [18] 3-D rigid body visualization. This method uses glyphs extensively.
Taking a similar approach may prove useful when more data is available
through the Océ simulations. Chapter 8 discusses applications of similar
methods.

2.5 Solution Sketch

Our goal is to support domain experts in analyzing machine test runs. The
type of data we are dealing with is detailed numerical information. Domain
experts often sketch (parts of) the physical appearance of the device and
connect the numerical information to the physical device in order to under-
stand device behaviour. In this project we focus on this type of behaviour
analysis.

To assist the domain experts with behaviour analysis in a way which inte-
grates with their current way of working we want to create a visualization
which shows machine behaviour and resembles the physical appearance of
the device. Currently most sketches are done in 2-D. This covers most of
the important aspects which are currently modeled in the project we cur-
rently work in, however there are some aspects of the device which take
place in 3-D. We have decided to do the visualization in 3-D because there
are already some components which have interesting behaviour in 3-D and
we expect that future projects may contain more of this type. If a 2-D ap-
pearance is desired, an orthographic projection can be used to emulate 2-D
appearance while still using 3-D.
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Chapter 3

Requirements/Expectations

This section discusses the requirements. First we describe the general idea
of the desired system in order to provide some context for the specific re-
quirements. After this we describe the requirements of the system we are
developing. Since we are creating a framework as well a demonstrator ap-
plication made with this framework we will discuss the requirements for
each part separately.

3.1 General requirements

In this project we want to design a 3-D visualization which supports domain
experts in examining device behaviour. The appearance of this visualiza-
tion should be similar to the appearance of the physical device. The level
of realism and detail should conform to the abstractions which are used
during development of the embedded control software. This means that
we will not consider the full detail that is found in the Computer-Aided De-
sign (CAD) models used during detailed mechanical design where also the
screws and part casings are relevant. Our visualization is focused on logi-
cal parts and their interaction and will not go deeper than logical parts like
motors, pinches and belts.

The main demonstrator and as for now the main use of the visualization is to
visualize the currently used Software-In-the-Loop simulations which run the
embedded control software. The two simulations which are currently used
cover the paper path and the printing process components. Although visu-
alizing these Software-In-the-Loop simulations is the main use, it is to be
expected that other dynamic data sources (simulations) will use this visual-
ization, either combined with the currently used simulations or stand-alone.
Other dynamic data sources can either provide a different simulation of the
same aspect (same type of data) or provide a different kind of data.

The visualization should not possess knowledge about interaction of parts
and calculate part properties based on this kind of knowledge, this is the
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3.2. VISUALIZATION FRAMEWORK

responsibility of a simulation. The responsibility of the visualization is map-
ping numerical data about part states to an image which resembles the
physical device. The visualization should also provide ways to present part
information which is normally not visible at a real machine, also this kind of
data should be provided by the simulation and only mapped to an image by
the visualization.

3.2 Visualization Framework

This section is about the requirements of a visualization framework and
describes mainly quality requirements. The requirements described here
do not describe concrete parts, these are described in Chapter 3.3.

Extensibility and maintainability requirements:

• Dynamic data describing the same information can be taken from dif-
ferent sources

• Different information types can be added

• Another visualization can be made from the same data

• Another low-level computer graphics library can be used in the future

• Hooks for interaction with visualization objects are provided

• Additional Océ specific primitives can be added

3.3 Demonstrator

One of the most interesting cases for visualization is currently paper path
and printing process unit behaviour analysis as the simulations for the paper
path and the printing process unit are being developed. During this project
we have implemented a demonstrator application which uses the created
visualization framework on this real-world case. The current paper path
and printing process unit simulations are used for this demonstrator and
the most important elements from these simulations are visualized.

The main product of this project is the framework and toolkit. The goal of
this demonstrator is to apply the framework in a real-world case and cov-
ering most different aspects. The demonstrator should not be considered a
complete or usable application. To obtain a complete application, we recom-
mend to either extend or re-implement the demonstrator application while
still using the proposed framework and visualization toolkit. See Chapter 4
for more information.

Requirements:
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3.4. INFORMATION VISUALIZATION

• Paper path components are visualized

– Segment appearance

– Pinch appearance, pinch speed, pinch open/halfopen/closed state

– Sensor appearance and sensor value

– Motor appearance

– Sheet positions (presence/absence of paper in segment intervals)

• Process components are visualized (see Figure 2.3)

– Rotating surface appearance, position and surface-relative marker
position

– Vane appearance, part position and part rotation

– Heat changer appearance, part position and current value

– Temperature point appearance, position and current temperature

– Toner image position (presence/absence of toner on rotating sur-
faces), toner density

3.4 Information visualization

Currently almost all data provided by the current simulations is Physical
data. The only exception are some values like speed, acceleration, values
of sensors, actuators and temperature points. Because we already have
some data which is not physical information, we need to consider this type
of visualization. However, we will not go into this in depth. Instead, we
describe our ideas on possible future extensions to facilitate such type of
data in a more generic way in Chapter 8.
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Chapter 4

Design

4.1 Visualization primitives

We have defined a set of visualization primitives that are close to the Océ
domain and abstract from low level computer graphics primitives to enable
Océ domain experts to create visualizations. This section describes these
primitives.

We distinguish two types of primitives, namely primitives which model phys-
ical objects (geometry of objects) and primitives which can express proper-
ties on (parts of) these physical objects.

4.1.1 Physical

We first list the primitives we have defined and then discuss them in the
next paragraphs. The primitives we have defined are:

Coordinate system A local coordinate system. (See Figure 4.1.)

Curve coordinate system A coordinate system which describes a set
of curves. Curves are defined by an ordered set of control points
and have a begin and an end. We refer to curves in the coordinate
system by their curve identifier. All curve identifiers within one
curve coordinate system are unique.

3D Coordinate system An orthogonal 3-D coordinate system which
describes 3 axes. We refer to these axes as the x, y and the z axes.

Coordinate A position described in a local coordinate system. All types of
local coordinates in their local coordinate system should implement a
conversion to global coordinates in the global 3-D coordinate system.
(See Figure 4.1.)
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4.1. VISUALIZATION PRIMITIVES

Figure 4.1: Local 3-D and curve coordinate systems and their conversion to the
global 3-D coordinate system. 3-D coordinates are defined by three coordinates cor-
responding with the x, y and z axes of the coordinate system. Curve coordinates
are defined by a curve identifier and a curve-relative position. All coordinates are
convertible to the global 3-D coordinate system.
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4.1. VISUALIZATION PRIMITIVES

Figure 4.2: Top: A sketch of rigid bodies and their transformations in 2-D, the rigid
bodies we will be implementing are 3-D. Bottom: MultiCurve bodies and their defini-
tions. The sketch is done in 2-D, in reality the curves will be 3-D curves. MultiCurve
bodies consist of sets of curve intervals. The used notation for each curve interval is
(CurveId, intervalbegin− intervalend)

CurveCoordinate A coordinate in a Curve Coordinate System which
is defined by a curve identifier and a curve-relative position. A
curve-relative position is the position interpolated between the
begin and end point of the curve (while following the control
points in the defined order).

3D Coordinate A coordinate defined in a 3-D coordinate system, de-
fined by x, y and z coordinates.

Bodies Objects which are defined by a set of parameters. Bodies should
implement a conversion from their parameters to low-level 3-D geom-
etry. The implementation of this conversion is specific to the low-level
rendering library. (See Figure 4.2)

MultiCurveBody A deformable body which takes on the shape of its
surrounding curve coordinate system. A MultiCurveBody is de-
fined by a set of curve intervals. Curve intervals are defined by
a curve identifier, a curve-relative position defining the start of
the interval and a curve-relative position defining the end of the
curve interval. Examples of this type of body are paper sheets,
toner images and segments (made visible).

Rigid body A non-deformable body which appearance is defined by a
3-D mesh. Rigid body transformations (move, rotate,scale) can be
applied to this type of body.

Bodies can be placed in 3-D space. The position of a body is described by
its origin (center) point. Position in 3-D is specified as a 3D Coordinate in
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4.1. VISUALIZATION PRIMITIVES

a local 3D coordinate system. The 3-D coordinates correspond with each of
the three orthogonal axes of the 3-D coordinate system. Besides position it
is also possible to set the orientation (rotation) of the object.

Besides being placed in 3-D space, bodies can also be placed curve-relative.
This is the case when for example the position of parts is defined segment
or rotating surface relative. Segment-relative position is defined by a curve
identifier and a curve-relative position. To add a degree of freedom for part
positioning, a curve-relative offset can be added. This offset describes the
distance to the curve (perpendicular to the curve). In addition to the curve-
perpendicular placement, a 3-D offset can be specified. Besides positioning
it is also possible to let bodies inherit the orientation of the position on the
curve at which they are placed. This orientation can be perpendicular to
the curve or along the curve.

The bodies should not implement all this placement functionality separately.
It should be possible to place a part by specifying a local coordinate from
any local coordinate system. This scenario can be realized by requiring all
local coordinates to provide their conversion to the global 3-D coordinate
system rather than putting this functionality into the bodies.

Currently we have defined two coordinate systems, 3-D coordinates and
curve coordinates, so far these are sufficient to implement a visualization
for the currently used simulations.

3-D coordinate systems are local 3-D coordinate systems which specify an
origin as a global 3-D coordinate. This origin describes a location and an
orientation. A local 3-D coordinate can be converted to a global 3-D coordi-
nate by applying the (location and orientation) offsets found in the local 3-D
coordinate system to the local 3-D coordinate.

Curve coordinate systems are defined by an offset as a global 3-D coordi-
nate and a set of control points (local 3-D coordinates) describing a curve.
Coordinates in a curve coordinate system are specified by a curve identifier
and a curve-relative position which is obtained by interpolating on the curve
from its starting point to its end point. The current specification of control
points which is obtained from an editing tool used in Océ contains enough
points for getting a fairly good shape with linear interpolation. Currently
points on curves are interpolated with Catmull-Rom [17] smooth splines be-
cause users found smooth curves more aesthetically appealing and easier
to track by eye. Figure 4.1 depicts the currently implemented coordinate
systems schematically.

The two types of objects which are used are Rigid bodies and MultiCurve
bodies. A rigid body is a non-deformable 3-D object. Rigid bodies are well
known types of objects in computer graphics. A rigid body is defined by
a center point (origin), a position of this center point (position), a rotation
(orientation) and a three dimensional mesh defining the shape of the object.
Rigid bodies can be moved, rotated and scaled. Examples of rigid bodies
in our demonstrator case are sensors, motors and pinches (set of 2 rollers).
Figure 4.2 shows an example sketch of rigid bodies.
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4.1. VISUALIZATION PRIMITIVES

MultiCurve bodies are objects which adapt their shape to a curve coordinate
system. A MultiCurve body is defined by a set of curve intervals. A curve
interval is specified by a curve identifier, a curve-relative start position and
a curve-relative end position. The specified curve intervals define the shape
of the body. Examples of MultiCurve bodies in our demonstrator case are
toner images and sheets. While sheets move through the paper path they
constantly deform and take on the shape of the curve coordinate system
encompassing the body. It is possible to define MultiCurve bodies which
consist of multiple non-connected parts. Examples of MultiCurve bodies are
a visualization of the paper path, sheets and toner images. Toner images are
examples of MultiCurve bodies which can consist of multiple non-connected
parts. Figure 4.2 shows an example sketch of MultiCurve bodies.

4.1.2 Information

Besides visualizing the physical objects themselves, it should be possible to
visualize properties that hold for (parts of) the physical objects defined in
the previous section. These properties should also be described with visual-
ization primitives. Implementation of the properties can be either introduc-
ing entirely new primitives or adding properties to existing primitives.

We propose to include the following set of visualization methods in the final
version of the visualization toolkit: (note that currently not all of these are
currently included in the toolkit)

Colour An entire object or part of an object is painted with a specified
colour. This can be done for rigid bodies by colouring the entire mesh
or a submesh. This method is also applicable to MultiCurve bodies,
where each defined CurveInterval can be given a different colour. This
method can be used for different kinds of enumerative information.
Colour does not add new objects to the visualization and therefore
results in less clutter than most other methods.

Colour gradient The same as Colour, but instead of only taking one spec-
ified colour, information about the minimum and maximum values of
a property together with the current value is mapped to a colour by
interpolation between colours which are associated with the minimal
and maximal values. This method can be used to express scalar values.

Text Text is be displayed next to an object. This is a generic way with which
many types of information can be displayed, since most information
can be encoded in text. This method is suitable for examining exact
values, but not suitable for overviews or very heavy use since heavy
use of text adds much clutter to the image.

Icon When displaying enumerative information, 2-D icons can be displayed
next to objects. Icons can also be generated to express scalar values.
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Glyph Small 2-D or 3-D objects are generated based on a combination of
one or more properties. Glyphs can be used to mark multiple sample
points on one object. They can be a compact presentation of multidi-
mensional data.

Physical property Visualize a property by adjusting one of the physical
properties (e.g. the scale) of a rigid body.

MultiCurve body thickness Visualize properties by adjusting the thick-
ness of (parts of) MultiCurve bodies.

Connecting lines Visualize relations between items by showing lines be-
tween them.

These methods change the picture in a way which can become quite chaotic
when they are used indiscriminately. We strongly recommend only enabling
the display of this information visualization when needed. Showing and
hiding this can also be done based on user interaction (for example only
showing when the mouse is over an object).

Note that only colour, colour gradient, text display and manipulation of
physical properties is currently implemented. In Chapter 8 we discuss a
possible implementation of the other methods. We propose to implement
these extensions when additional types of data becomes available.

The primitives defined here are intended for augmenting the current 3-D
view. Augmenting a view allows the information to be close to the items
it concerns, but can quickly result in a cluttered view. The information
visualization primitives here should be used for the most used information
which needs to be directly visible for a specific type of analysis. Other less
used information can often better be put into a separate view. In Chapter 8
we discuss some concrete applications of multiple views.

4.2 Architecture

This section describes the architecture of the visualization framework. First
we sketch some context and describe the environment of the system we are
creating. After that we describe the general architecture of our visualization
framework. Finally we discuss the current implementation of the system
and discuss the most important design decisions which were taken during
this project.

4.2.1 Environment

Figure 4.3 shows the environment of the visualization. The components
shown in this figure are:

Visualization The system we are creating in this project
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Figure 4.3: Environment of visualization

Static data source Non-changing information about the device layout and
available components within the device. We will be using the MoBasE [21]
data model as the static data source.

Dynamic data source State information about the parts and dynamically
added and removed objects (consumables). For example, a simulation
of the paper path which moves sheets through the device and provides
information on sensor values.

Feedback A component which allows the user to influence the dynamic
data sources (simulations) by interacting with visualization elements
(computational steering). This component is not part of the visualiza-
tion core, but still mentioned in this architecture since the visualiza-
tion should facilitate a computational steering extension by providing
hooks for object picking. An object picking mechanism facilitates in-
teraction with objects in the visualization and allows linking these ob-
jects back to elements from the data model. Development on this com-
ponent has already begun and more information can be found in [19]

Image The view of the simulation that was produced by the visualization.
The image is intended for analysis by humans and does not consist of
only one image, but a constantly changing view on the simulation.

One static data source and multiple dynamic data sources provide the vi-
sualization with information. The static data source contains non-changing
information like paper path topology information, geometry information and
part information. This data is read once at the startup of the visualization.

The dynamic data sources usually concern the elements which are known
from the static data source. Dynamic data sources (e.g. simulations) send
new state information to the visualization in regular time intervals. Besides
dynamic data about elements known from the static data, this source also
provides information about dynamically added and removed objects (con-
sumables).
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Figure 4.4: The visualization framework

For example, paper path layout information like pinch/motor locations and
segment locations would be provided by the static MoBasE data model. In-
formation on pinch and motor speeds would be provided by the Software-
in-the-Loop paper path simulation (dynamic data source). Sheets of paper
and toner are examples of consumables which are added and removed dy-
namically from the system.

4.2.2 Global architecture

Figure 4.4 shows the architecture that has been chosen to implement the
requirements. The architecture that was designed follows the visualization
pipeline [22]. The object-oriented design also shows this. In addition to tra-
ditional visualization methods, this framework features hooks for a compu-
tational steering [20] extension which allows interaction with visualization
elements to influence the simulation. The responsibilities of the components
found in the image are described here:

Read component Receive data from the simulation and put it into the data
model.

Data model Store machine information (static and dynamic information
from external sources combined) and notify the Visualization compo-
nent when a data element is changed.

Visualization Translates information from the data model (machine infor-
mation) to visualization primitives from the Visualization toolkit.

Visualization toolkit Translate visualization primitives (e.g. MultiCurve-
Bodies and local coordinates) to low-level computer graphics primitives
(vertices, edges, faces).

Renderer Convert the low-level computer graphics primitives to an actual
image, using the display hardware. This component will be an off-the-
shelf component.
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Computational steering Extension which allows interaction with visual-
ization elements to influence attached simulations. Development of
this component is not part of this project. More information on this
component can be found in [19].

GUI User interface which enables configuration of the visualization and
interaction with objects shown in the visualization. In this project a
very minimal user interface is created. Information on extensions of
the user interface can be found in [19].

In the data model we can observe that the Model-View-Controller [15] de-
sign pattern is used. However, instead of using the traditional implementa-
tion with “observables”, we have implemented notification through signals,
a style also used in the QT [1] toolkit, to allow more flexible use of the data
model also by other components than the visualization.

On startup, the visualization reads the static data and connects to the dy-
namic data sources. In regular intervals the dynamic data sources send
updates to the visualization. When information on an element arrives the
update is put into the data model and the visualization component is notified
of the change in the data model element.

The visualization component contains functionality to map an element from
the data model to a set of visualization primitives as described in Sec-
tion 4.1. The last translation from visualization primitives to low-level com-
puter graphics 3-D primitives is handled by the visualization toolkit when-
ever a primitive is updated. Developers of Océ specific visualizations should
not need to go deeper than visualization primitives, except when extending
the currently defined primitives or adding new types of primitives. For the
actual low-level rendering we will use an existing computer graphics library.

4.2.3 Used libraries

To implement our demonstrator which uses the proposed visualization frame-
work, the following existing components were used:

OGRE Object-Oriented Graphics Rendering Engine [2]. This library ab-
stracts from OpenGL and Direct3D and offers scene management and
object picking facilities.

Boost thread The boost thread [3] library allows for easier thread man-
agement and error handling than default low-level thread libraries
provided with the operating system for multi-threaded applications.

Boost signals Boost signals [4] is library for signal-based communication.
We use signals in the data model to notify handlers in the visualization
component of changes in the data model.

Boost ASIO Boost ASIO [5] is a library which is used for network commu-
nication. In our demonstrator the interfaces to the simulations are
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stream based socket interfaces. We have picked this library instead of
the winsock library because ASIO does a lot more error checking by
default and is easier to use.

wxWidgets wxWidgets [6] is a cross-platform GUI toolkit. This library is
used to create the user interface of the demonstrator application.

CEGUI CEGUI [7] is a GUI toolkit for integration into an OGRE render
window.

For graphics rendering we have chosen the OGRE (Object oriented Graphics
Rendering Engine) library because of the following features:

• Free (LGPL). No licensing cost or delay before it is available.

• Abstracts from OpenGL and Direct3D, user can choose at startup. This
can be useful since some display hardware works better with OpenGL
and some with Direct3D.

• Real time graphics rendering engine which makes use of the 3-D ca-
pabilities of the display hardware resulting in good performance.

• Object oriented library which better integrates with the rest of our
code.

• Scene management facilities.

• Resource management facilities. (textures, meshes, materials)

• Facilities for rigid body transformations.

• Declaration of objects, instead of calling render operations in a render
loop.

• Object picking mechanisms are provided.

Besides OGRE we have examined a list of 3D graphics rendering engines.
Many of them were not suitable for this project. There were however two
other libraries similar to OGRE which were considered: Panda3D [8] and
Irrlicht [9].

Panda3D seems to be a stable, well documented, mature library originat-
ing from Disney VR studio. OGRE and Panda3D have much functionality in
common, but it seems that Panda3D is a bit more tailored for game devel-
opment, not just graphics rendering.

The Irrlicht engine also has much overlap in capabilities with OGRE. It also
seems that this library is well developed. However, this library seems to be
less mature than the other two options.
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Figure 4.5: The classes in the visualization toolkit

4.2.4 Current implementation

Figure 4.5 shows the most important classes of the visualization toolkit (see
Figure 4.4). The visualization toolkit is an object-oriented implementation
of the primitives defined in Section 4.1

The classes that are related to coordinates and coordinate systems are the
following:

PhysicalCoordinate A global 3-D coordinate. All types of local coordinates
have to be convertible to this type of coordinate.

Coordinate An abstract class modeling a coordinate described in a local
coordinate system. This class contains a pure virtual function which
can convert the local coordinate to a global coordinate (PhysicalCoor-
dinate).

Coordinate3D A local 3-D coordinate which is described in a CoordinateSys-
tem3D. The coordinate has three values, one for each axis of the (or-
thogonal) local 3-D coordinate system. Conversion to the global (phys-
ical) coordinate is done by applying the origin position and rotation as
offsets to the local coordinate. See Section 4.1 for more information.

Curve A part of a curve coordinate system. Each curve should have an iden-
tifier which is unique in its CurveCoordinateSystem. See Section 4.1
for more information.
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CurveCoordinate A local coordinate which is described in a CurveCoordi-
nateSystem. The coordinate has two values for the base coordinate:
the identifier for a curve in the coordinate system and a curve-relative
position. As an additional degree of freedom, a curve-relative offset
perpendicular on the curve as well as a 3-D offset in terms of global
coordinates can be specified. Conversion to the global coordinate
(PhysicalCoordinate) for the curve coordinate is done by interpolat-
ing on the specified curve-relative position of the curve identified by
the curve identifier and applying the specified offsets afterwards. See
Section 4.1 for more information.

CurveInterval An interval on a curve which identifies a curve and specifies
a start and end position. The values between the start and end position
are considered to be inside the interval.

Body Simple base class for all body types.

MultiCurveBody An object which is specified by a set of curve intervals.
This models deforming objects which adapt to the CurveCoordinateSys-
tem that encompasses the body. For example, sheets, toner images
and the paper path. See Section 4.1 for more information.

RigidBody A non-deformable 3-D object. Appearance is specified by a
mesh. Rigid body transformations can be applied to this type of ob-
ject. See Section 4.1 for more information.

UpdatableObject Abstract class with a pure virtual method that updates
the object. In the current implementation this is used as a base class
for all types of bodies so an update of the presentation of the object
can be requested (either by internal implementation or externally).

VisualizationFrameListener A handler which is called before and after a
frame is rendered by OGRE. Dynamic data from the simulations can
come in over a thousand times per second. So many visual updates
are not supported by normal display hardware and not noticeable by
humans. To reduce unnecessary processing we only change the data
items and redraw in regular time intervals (approximately 60 times per
second). The performance gain of only updating object parameters in
the data model can be quite large since some objects like sheets need
to regenerate their geometry when they move.

ObjectChangeTracker A registry of objects which have been changed, but
not yet updated. This registry is used by the VisualizationFrameLis-
tener to determine which objects need updating.

4.3 Design decisions

This section discusses the most important decisions that were taken during
the design and implementation of the visualization framework.
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4.3.1 Visualization toolkit and abstractions

Our goal is to create a visualization with the physical appearance of the
device. The device is a three dimensional device and to support all aspects
now (and possible future aspects) we need 3-D geometry to realize this.
We could use 3-D geometry and keep all transformations in 3-D during the
entire process. However, due to some abstractions that are used in Océ like
the paper path we have concepts like segment-relative positioning and local
3-D coordinate systems for each device component.

We have chosen to model concepts like segment-relative positioning in lo-
cal coordinate systems that match the current way of reasoning about the
device than only keeping 3-D geometry and directly doing all translations
there. To accomplish this we have defined display primitives which general-
ize over the abstractions used during development of the different compo-
nents. These primitives consist of geometry definitions like the local coor-
dinate systems as well as objects which are defined by a set of parameters.
The custom coordinate systems which are sufficient for modeling all aspects
used in the current simulations are local 3-D coordinate systems and local
curve coordinate systems. The parametric objects we have defined are rigid
bodies and MultiCurve bodies, these primitives are sufficient to model all
aspects used in the current simulation.

Bodies like paper sheets, patches of toner, parts of the paper path and
patches of pollution are modeled as MultiCurve bodies. The behaviour of
these elements differs greatly, but to model paper or toner presence or ab-
sence on segments or rotating surfaces (our main goal of of toner/paper
visualization), the behaviour is irrelevant. Because we want to model state
(presence/absence of toner/paper) and not behaviour, we have decided to
take this abstraction. Note that we abstract from the underlying behaviour
model, but not from Océ concepts like segment-relative and currently used
representation of sheet positions.

The defined primitives are implemented in the visualization toolkit compo-
nent (Figure 4.4). The responsibility of this toolkit is to translate the defined
primitives to low-level computer graphics primitives. The current imple-
mentation of these primitives is object-oriented. Custom coordinate system,
coordinates in these systems and bodies are implemented as objects. The
currently implemented classes in the visualization toolkit can be found in
Figure 4.5.

We have chosen this approach because we think it fits the requirements
well: we stay close to the abstractions that are used in Océ and take the
low-level conversion out of the hands of domain experts. Furthermore the
current implementation takes extensibility and maintainability into account
by implementing the primitives as orthogonal as possible.
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4.3.2 Data model

We have introduced a data model instead of directly updating the visualiza-
tion with the newly arrived values from static and dynamic data sources.
The main reason for this choice is that it should be possible to exchange the
existing dynamic sources by different sources without affecting the visual-
ization component. The data model we have defined does not change when
the data is provided by another dynamic data source.

The reason to make the data model object-oriented (for each type of com-
ponent a new class should be defined) is because the current design of
the computational steering component depends on this. More information
about this component can be found in [19]

4.3.3 Visualization without knowledge of behaviour

Reasoning about device behaviour is intentionally left out of the visualiza-
tion. The reasons for this are that if we would not do this, the visualization
could not be generic for different kinds of simulations, since it would include
some kind of behavioural model. Besides being specific to a simulation,
there would be possible duplication of functionality where the visualization
does part of the job of a simulation.

Parts in the visualization are treated as separate entities with no knowledge
about each other. Information about these parts (state information) is pro-
vided by the simulations. Simulations know about interactions of the parts
and can update the information of each separate part. The responsibility of
the visualization is to translate the information on the (complete) state to a
presentation in the form of an image intended for analysis by humans.

4.3.4 Sheet and toner image representation

Originally sheets in the paper path simulation were specified by two segment-
relative positions. While this information was enough for analysis by experts
which have knowledge about how segments are connected and how the de-
vice behaves, this information is not enough to uniquely identify which parts
of segments hold paper and which do not in the case where a sheet of paper
spans over multiple segments.

It was possible to work around these problems in the current simulations,
by using history data to determine in which direction the paper moves and
which parts of the segments are filled with paper. However, this method
can still have problems when updates to the visualization are not sent often
enough. Engineers found preciseness in paper positions important, there-
fore a change proposal has been issued to the creators of the simulation and
during the course of this project the change was implemented. The proposal
uses segment intervals to model the presence of paper. One sheet can be de-
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fined by multiple segment intervals and in this way a unique representation
for sheets is possible.

The main reason for changing the representation instead of trying to solve
this problem at the visualization side is our requirement that states that the
visualization should have no information on the behaviour of a device. In the
new situation is is possible to generate a presentation for state information
about one state.

4.3.5 Data model

The responsibility of the visualization is to visualize the state information
of a state of the machine. Since there are multiple data sources (see Fig-
ure 2.4) which carry the same type of information but use different encod-
ings we have decided to introduce an intermediate format carrying machine
information allowing reuse of the visualization when using different infor-
mation sources.

We have decided to store this machine information in an object oriented
data model. The reasons for this are:

• Partial updates of the visualization are easier (if an object in the data
model changes, the visualization element should be updated)

• Interactions can be implemented for a data model object (hooks for
interaction are provided here)
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Chapter 5

Demonstrator Evaluation

The goal of this project is to design a visualization framework which is spe-
cific to the Océ domain and connects well to the software currently used
within Océ. It is important to note that the main product of this project is
a framework and that the implemented functionality should be considered
a demonstrator and not a final solution to printer visualization in Océ. In
this section we consider the demonstrator, since this is the only deliverable
which is used by end-users. More information on the created framework
and toolkit can be found in Chapters 4 and 6.

The demonstrator case that has been created is intended for aiding em-
bedded software developers and integrators in analyzing device behaviour.
Currently the numeric and textual output of the Software in the Loop sim-
ulation is used for analyzing device behaviour. The demonstrator makes
use of the same simulation as a data source, but uses the created visualiza-
tion as presentation method instead of the plain text output that was used
in the original situation. The demonstrator uses both currently available
simulations (paper path and process simulations). An image showing the
components used in our demonstrator is shown in Figure 5.1.

On startup of the application, the printer layout file is loaded. The printer
layout file contains information on all static parts found inside the device.
For more information on the data model containing the printer layout infor-
mation, see MoBasE [21]. As the device information is loaded, the internal
data model of the visualization is filled with initial values from the MoBasE
data model. Note that the information found in the MoBasE data model con-
tains printer design information and elements found in the device, where
the data model used in the visualization framework is a representation of
the current state of the printer elements.

Without any simulations attached, the visualization can show a virtual de-
vice that is the equivalent of a factory-default, powered off machine from
the MoBasE design information model. Note that the data model in our
visualization framework is also filled, but contains only default values that
represent the initial state. The visualization component maps the design
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Figure 5.1: The implemented demonstrator application. Note that implementation
of the feedback component is not part of this project, but that facilities to support this
extension were included.

information model and the (default) state information to a presentation of a
virtual device.

After the static part information is loaded, a simulation can be attached
to drive the virtual device. When the Software in the Loop simulation is
started, it is attached to the demonstrator application. State updates are
sent to the demonstrator in regular time intervals. The state updates are
immediately applied in the data model of the demonstrator. Currently paper
and toner transport and device parts which are relevant to paper and toner
transport are simulated. The current demonstrator also considers these
parts. Interactions between the two components can be examined in the
demonstrator application.

In regular time intervals, the presentation of the virtual device is updated.
While the simulation is running, state updates can be observed in the visual-
ization. As the visualization is always kept up-to-date against the simulation,
it is possible to use the visualization for interactive purposes. Interaction
with visualization elements and steering the simulation by manipulating vi-
sualization elements is not implemented in this project, but hooks for such
extensions were added. More information on the computational steering
extension can be found in [19].

If a printer run is simulated and the visualization is attached the user can
observe how the paper is put into the device and transported to the printing
process. Simultaneously the creation of the toner image can be seen and
how the toner image and paper come together (interaction between the
units). Afterwards, the paper is optionally turned and put a second time
through the process and finally it is put into the output tray. This entire
course can currently be observed with the demonstrator for single sheets
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Figure 5.2: Left correct plain text output, right incorrect plain text output. This
example shows highly condensed output, the actual output is much more verbose
and offers much additional information besides information about paper flow. The left
correct scenario shows three pages printed 2-sided (passing segments 4 and 2 twice),
the right scenario is equivalent to the first, but the second page is only printed one-
sided. The segment numbers are based on the example model found in figure 2.2.

as well as multiple scheduled print jobs which use different paper types.
Besides toner images and sheets, interactions of parts like rotating surfaces
making or breaking contact and temperature measurements can also be
observed.

The added value of using the visualization is that instead of analyzing plain
text descriptions of the device behaviour with numerical values it is now
possible to examine the device state in an image which resembles the actual
device.

During the course of this project software engineers have used the visualiza-
tion to determine the source of errors and some “obvious” errors could be
seen instantly in the visualization. The errors which occurred could be seen
in the plain text output only as a wrong numerical value that could be easily
overlooked, where the visualization showed a considerable difference. The
types of errors which can be easily detected in the current visualization are
not precision errors, but rather errors related to the global behaviour. This
may sound not very useful, but especially in error handling, during integra-
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tion, and after a hardware change, these types of errors occur and can take
a long time to find with only the textual output.

An example of an error which is about global behaviour is a sheet of paper
which takes a wrong path through the device. In our example all sheets
should go through the printing process unit twice to be printed from both
sides. The error which occurs is that one sheet only passes the printing
process unit once. Figure 2.2 shows the comparison between the correct
and incorrect printer runs in the plain text format traditionally used. The
visualization output cannot be shown inside a picture on paper, since the
visualization shows an animation of the sheets moving through the device.

The current demonstrator is already a useful tool to use for behaviour anal-
ysis of simulated printer runs, but through extensions as the computational
steering extension and a user interface which allows interaction with visu-
alization elements other interesting scenarios like interactive testing can be
realized. Furthermore simulations in Océ are becoming more and more so-
phisticated and new aspects are being added. If the visualization develops
together with the simulation to support the added data, other aspects can
be visualized and related to the device behaviour. Many more interesting
aspects and possible future extensions are described in Chapter 8.

Screenshots of the demonstrator application have been omitted in this ver-
sion of the paper because of confidentiality of the content.
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Chapter 6

Implementation Discussion

A framework and a toolkit for Océ specific visualizations were designed dur-
ing the course of this project. To demonstrate the feasibility and usefulness
of the framework, a demonstrator was implemented. This section discusses
the properties of the framework and the toolkit. For more information on
the demonstrator, see Chapter 5.

This section includes some implementation notes where requirements are
related to the implemented functionality and some design decisions are
summarized. Finally some change cases are included to indicate which
components need a change in certain change cases in the current imple-
mentation.

The section is intended for evaluation of the current architecture and its
implementation.

6.1 Implementation notes

The main part of this project is the visualization framework and toolkit. The
visualization framework is intended to structure the handling of information
and functionality.

The framework is divided in several components which are shown in Fig-
ure 4.4. These components were introduced to enhance maintainability and
extensibility. For example, with the framework it is possible to change pre-
sentation aspects by changing only the mapping from machine information
to presentation primitives, without affecting other parts of the system.

The visualization toolkit is intended to add a layer of abstraction to the pre-
sentation. The toolkit implements a conversion from Océ primitives which
are close to the Océ domain to low level computer graphics geometry. This
abstraction was added to match the visualizations’ primitives better with
the way Océ engineers reason about the device.
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6.2. CHANGE CASES

The reason why an Océ specific solution instead of a generic solution was
desired is that in previous experiences of Océ, more lightweight solutions
which fit into technologies and the environment currently used at Océ proved
to be more productive than large packages which require much configura-
tion.

The static device design information is taken from the MoBasE data model.
This model contains information about the parts found in the printer and
is enough to generate a presentation of an inactive, factory-default device.
The data model component from our visualization framework contains dy-
namic information and is used in conjunction with a simulation. This data
model is object oriented, contains device state information, and provides
hooks for additional interaction like the computational steering extension.

The current demonstrator uses the data model to store information about
the current state, but it is possible to store other types of data. The visual-
ization component maps the data found in the dynamic data model to pre-
sentation information (visualization primitives). The visualization primitives
in turn are handled by the visualization toolkit.

The simulations used in the current demonstrator are connected to the
demonstrator by a socket connection. Data is sent in regular time inter-
vals and the data model is continuously updated.

The visualization toolkit provides a library and an API through which visu-
alization primitives can be created, updated, and removed.

Another interesting aspect is that visualization of this type of information
is different than most other visualizations found in the literature. Most of
these visualizations have large, pre-generated data sets which need to be
translated into an image (or interactive visualization). This data is usually
not changing, only interactions with the view are done. In our case the data
itself is constantly changing, and the view on the data can also be changed.
We do not implement the computational steering component in this project,
but in our framework we explicitly provide support for it. This also indicates
that the visualization is not a traditional one.

6.2 Change cases

This section describes some change cases and points out the components
which need to be changed in order to establish the change.

6.2.1 Presentation of a pinch changes

Currently two rigid bodies are used to represent a pinch. If only the mesh
for the rigid bodies needs to be changed, changing the mesh file is sufficient
without any need to change code.
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6.2. CHANGE CASES

If a completely different type of presentation is needed, a change to the
code is needed. In the visualization component, the handler function of the
pinch (pinchChanged ) needs to be adjusted. The handler function retrieves
data from the data model and generates the presentation information (visu-
alization primitives) for the element.

6.2.2 New element is added

If there is not a change to an existing type of element, but an entirely
new type of element is added (e.g. paper cutting knife), it is possible
that static information is not yet included in the design information model
(MoBasE [21]). In this case the information needs to be added to the model.
A description of how this can be done is outside of the scope of this docu-
ment.

After the MoBasE data is available, a new class in the dynamic data model
needs to be added containing dynamic information like state information
and the data needs to be visualized. Besides the data, the dynamic data
model should include a signal which is fired when data is changed. Also,
the simulation reading component which receives data should use the newly
available data.

Once static as well as dynamic data is available, a new handler needs to
be added to the visualization component translating the data from the new
element to one or more visualization primitives. In the construction code,
the handler needs to be connected to the signal from the data elements. If
one or more rigid bodies are used for the presentation, mesh files need to
be created with a 3D modeling tool.

Note that an element in the data model can (and most non-trivial items
do) have a presentation using multiple primitives. Examples of this are
composite objects, consisting of multiple parts which can be individually
adjusted.

Examples of classes currently implementing visualization primitives are Mul-
tiCurveBody and RigidBody.

6.2.3 New primitive using existing coordinate systems

If a completely new kind of primitive is needed (e.g. some type of parametric
object), the visualization toolkit needs to be updated.

One class representing the new type of object needs to be added. Construc-
tors of these objects should take the parameters necessary to construct a
valid object of this type.

Examples of classes currently implementing visualization primitives are Mul-
tiCurveBody and RigidBody.
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6.2. CHANGE CASES

6.2.4 New coordinate system is introduced

If a new primitive requires a new type of coordinate system (for example a
coordinate system to implement sheet relative coordinates which can iden-
tify a point on a sheet in the system), the visualization toolkit needs to be
updated.

To add the new type of coordinate system, one class for the coordinate sys-
tem and one class for the coordinate should be added.

The coordinate system class contains possible offsets in terms of global co-
ordinates. These offsets are used to convert local custom coordinates to
global coordinates. For more complex coordinate system, additional classes
may be necessary (an example can be seen in CurveCoordinateSystem,
where also the Curve class is needed.

The coordinate class contains a reference to the parent coordinate system
and the parameters of the coordinate. This class is responsible for imple-
menting the conversion from the local custom coordinate to a global 3D
coordinate.

Examples of classes currently implementing coordinate systems are Coor-
dinateSystem3D and CurveCoordinateSystem. The associated coordinate
classes are Coordinate3D and CurveCoordinate.

6.2.5 Delete an element

If only the presentation should be deleted, but the data left intact, it is
sufficient to remove the handler function from the visualization component
and the code attaching the handler to the signal.

If the element should be removed entirely, the class corresponding with
the element should be removed from the data model as well as the code
populating the data model.

Also, the simulation receiving component which receives the data from the
simulation should be updated.
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Chapter 7

Conclusion

During this project we have designed a framework and a toolkit with which
it is possible to create Océ specific visualizations. We have focussed on
maintainability and extensibility while designing the framework. The cre-
ated visualization toolkit which implements the Océ-specific visualization
primitives is kept minimal, but still powerful enough to express the data
currently used for our demonstrator.

It is important to note that we have not created a tool which is a final so-
lution for visualization in Océ. The functionality that was implemented in
our demonstrator should be seen as a starting point which shows some of
the potential of using visualization within Océ and not as a finished tool for
production use. Extensions to the user interface and especially continuous
updates to the visualization as the simulations evolve are necessary in or-
der to make and keep the visualization a usable and effective tool in the
workflow of Océ engineers.

We think that using visualization for software testing within Océ is a very
useful addition to traditional methods of analyzing simulation test runs which
usually involves examining log files. Especially global behaviour can be
seen much easier with a visualization than with a simulation run log file
which contains much detailed information. The main applications of using
the visualization is communication between engineers of the same or differ-
ent disciplines, interactive testing which is especially useful for integrators,
and assisting software engineers in debugging tasks (finding sources of er-
rors) by examining device behaviour. Note that the current visualization is
not meant as a replacement for other device behaviour analysis methods,
but rather one additional method which is strong at providing an overview
which can be grasped at a glance and can be used in conjunction with the
other methods.

The current demonstrator focusses on physical components. Currently not
much other types of information are available through simulations, but as
other types of simulations become available and the current simulations are
extended, many other improvements on the visualization are possible. We
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have identified many interesting additions on the current demonstrator as
well as the visualization framework which allow further types of analysis
through visualization. Chapter 8 describes the proposed additions.
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Chapter 8

Future work

8.1 User interface

The current user interface is very minimal, the only user interactions cur-
rently provided are panning and zooming controls. Additional interaction
for selecting objects and showing detailed values next to the 3D visualiza-
tion would be one major usability improvement on the demonstrator.

Hooks for such interaction have been provided in the current visualization
framework in the data model. For more information on the current work
which is already done on the user interface see [19].

8.2 Computational steering extension

Currently the visualization only receives data from the simulation and shows
a presentation of this data. Currently it is possible to influence the simula-
tion by sending commands manually via a command interface. By using
this interface it is possible to interactively test the control software, this is
especially interesting to examine error handling of the control software.

While it is currently possible to test interactively by sending commands to
the simulation manually, interaction is not very efficient. Integration of sim-
ulation interaction with the user interface and the visualization elements,
would make the application a much more usable tool for interactive testing.
This extension would allow the visualization to be used for computational
steering [20] instead of only providing a view.

Information on the work which is already done on the computational steer-
ing extension can be found in [19]
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8.3. STORING RESULTS AND PLAYING THEM BACK

8.3 Storing results and playing them back

Currently the visualization is only connected to the actual (interactive) simu-
lation. A big advantage of this simulation is that it allows interactive testing.
A downside however is that it does not allow “rewinding” of the simulation
to examine what happened in a specific time period in more detail.

Recording the data sent by the simulation together with the timestamps of
the events would allow playback of a past run. Playback allows examining
the exact sequence of events which took place during a specific run.

A hybrid approach is also possible. The simulation is used interactively and
data about the test run is recorded. If an interesting event occurs the user
can rewind by using the recorded data and pause the simulation in the mean
time. When the user has finished examining the situation the simulation can
be continued, adding new content to the recorded data. Note that during
rewinding interaction with the current simulation is not possible, since the
current simulation does not provide rewind capabilities.

8.4 Storing the interaction and playing it back

Test scenarios which are used for automatic testing are often carefully cre-
ated so they cover as many functions of the system as possible. Automatic
testing is done by comparing the values measured during the execution of
a test scenario with the expected values. Specification of a test scenario is
currently manual work which requires much trial and error. Often scenar-
ios which produce errors are found when a domain expert interacts with
the simulation. A big problem of this is that these results are often not well
reproducible.

Recording the interactions sent to the simulation (and providing a possibility
to play them back) could assist testers in specifying test scenarios since the
errors found by interacting with the simulation would be reproducible using
the recorded interactions.

8.5 Using the visualization for the timing de-
sign environment

Currently, the created visualization is used for the interactive Software-In-
the-Loop simulation. In early stages of the development, namely during
timing design, another environment implemented in MATLAB called Hap-
pyFlow [11] is used. This environment has an animation feature which
shows printer components like the ones visualized in our current visual-
ization.
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8.6. USING DATA FROM THE REAL DEVICE FOR THE VISUALIZATION

In order to get a more unified view on the device during the various stages
of the development, the new visualization could be used instead of the tra-
ditional HappyFlow visualization during timing design.

The data currently used for representing the paper path differs a bit from
the data which the Software-In-the-Loop simulation provides, but it can be
converted to the required representation. If the timing design environment
offers an interface (e.g. socket) to provide the data in the correct format
to the visualization, the current paper path visualization can be used as the
paper path visualization for the timing design environment.

Some additional data which is used in the timing design can be added to the
current paper path visualization.

8.6 Using data from the real device for the vi-
sualization

The real device prototype allows testing of real-world aspects which can
not be tested in the current Software-In-the-Loop simulation. Examples of
errors found by testing on the real device are often related to mechanical
failures and tolerances. While the prototype device allows this kind of test-
ing, it is often not easily observable since the machine is tightly packed and
the view on many components is occluded by others.

Visualizing logged data from the actual device after a run or even using
device data during a run allows examining aspects of the device which are
not (easily) visible just by looking at the device. Furthermore, examining a
log file of a test run allows rewinding and re-examining complex interactions
between components.

A challenge for this extension is that while there is much data, some of the
data is currently in a format different from the information which the simu-
lation provides. Another challenge is that the frequency of the logged data
on some components is a lot lower than the update rate of the simulation. In
order to get a usable visualization, some kind of interpolation may be nec-
essary. However, the issues about the data exist in the current project and
in future projects the data logged from the device may be more consistent
with the simulation.

8.7 Value history visualization

In this project we have focussed on visualizing the current state of the de-
vice. However, when examining exact values of part properties, an overview
of the value change over time is also useful. For example, if an engineer is
interested in the speed of a sheet, he is probably also interested in the
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8.8. STATE VISUALIZATION

change of speed over time. Currently, the simulation provides functional-
ity for pausing and showing the plot of the history of a value by entering
commands.

While it is already possible to see this kind of information when pausing the
simulation and entering commands, it would be more usable to integrate
the information about the values with the current visualization in a more
interactive way (e.g. when the user places the mouse over a value, a plot is
shown which is updated during the run).

To implement this functionality, first the values which are received would
have to be logged and plotting functionality would have to be added.

8.8 State visualization

Currently we focus on visualizing the behaviour of the physical device. In
case of the Software-In-the-Loop simulation, the behaviour is specified by
the embedded software. The embedded software is implemented in IBM
rational Rose and has explicitly modeled states. A Rational Rose [10] model
provides a graphical representation of the states and state transitions.

Next to viewing the device behaviour, software engineers are also inter-
ested in matching the device behaviour to the pieces of code which are
responsible for the behaviour. Visualizing the states and state transitions
of the software next to the physical behaviour of the device would assist
developers in relating the actions of the device to the code of the embedded
software.

One challenge of this extension is creating a visualization which is familiar
to developers (similar to the Rational Rose models used). Another challenge
is to add state logging to the embedded software, so the visualization can
have information on state updates.

8.9 Various enhancements

During development we have concentrated on our demonstrator applica-
tion. The implemented toolkit is fairly complete and contains the functional-
ity required for executing the current scenarios, but due to time constraints
the product does not contain all functionality we wanted to provide. This
functionality may play a role in the near future and throughout the code the
places which need updating have been documented.

These items are specified as “todo items” inside the source code and we will
not go into detail here. Each item in itself is not large, but all items together
pose a significant amount of work.
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8.10. ADDITIONAL INFORMATION VISUALIZATION

8.10 Additional information visualization

In the future, more types of simulations may be added and the existing ones
may get more sophisticated. Some new types of information may even re-
quire new visualization methods in order to be effective. As the simulations
get extended, so should the provided primitives of the visualization toolkit
and the applications using the toolkit.

It is also possible that existing information from the simulations is used in
a different way than in the current visualization. For example, instead of
visualizing a current state we want to view the difference between two test
runs. Also for these extensions additional primitives may be necessary.

Note that in Section 4.1 some primitives have already been defined which
are not currently implemented. As the simulations are extended with new
types of information, application of these additional and possibly even other
primitives may be needed in order to keep the visualization an effective tool.
Especially glyphs may be interesting to show multi-dimensional information
like relations between multiple values. An interesting example of a 3-D
rigid body visualization using glyphs which resembles our case at Océ is the
Impress [18] 3-D rigid body visualization.

Improvements which are useful when more information from simulations is
available:

• Implement proposed information visualization methods: glyphs, defor-
mations

• Extend (and maintain) the visualization to support all physical parts
from paperpath and process simulation (especially process simulation
is under development and additions are to be expected)

Model based engineering and design space exploration extensions (for large
part out of visualization scope, but in these scenarios the visualization has
even more added value):

• Code generation to be able to go from model to embedded software
which can be run in simulation. With this early feedback is possible: if
the model changes, the impact can be examined in the visualization.

• Import from CAD instead of manual layout and appearance specifica-
tion. Reduces unmanaged duplication of data and overhead work to
maintain models.

• Graphical printer layout editor (which makes use the visualization) for
more usable machine layout specification.
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