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product. Virtual prototyping helps with this by decreasing iteration
time, reducing cost of prototyping, and potentially increasing the
quality of the product; however, existing virtual prototyping soft-
ware does not work effectively on interactive products due to the
separation of virtual and physical iteration cycles. To solve this
problem, a novel architectural model is proposed which incorpo-
rates these two iteration cycles in one. This is accomplished by us-
ing a client-server architecture where the server handles the hard-
ware logic and the clients, comprised of physical and virtual clients,
communicate changes to the server for synchronisation. This paper
evaluates the proposed model on both work efficiency and quality
in lighting design substituting a virtual client for the physical. It
was found that the the proposed architecture has a 2% difference
from the server output and decreases the time spent prototyping to
approximately half over that of traditional methods.



1 Introduction

The conceptualization and communication of an interactive product
is crucial to create a satisfactory product. Virtual Prototyping (VP),
sometimes referred to as systems performance modeling [LaCourse
2003], allows users to implement their ideas in a Virtual Environ-
ment (VE) so that they can be used to communicate the ideas for
the product efficiently, as well as being able to use the prototype
as a blueprint for production. VP reduces the iteration cycles by
presenting a direct visual representation of an idea without creat-
ing ambiguity in the communication of said product, which might
occur in traditional methods of communicating a design such as
sketches, PowerPoint presentations, and physical models [Barbieri
et al. 2013; Anderson et al. 2003].

Existing VP models in the industry focus mainly on the creation of
physical prototypes [Yang 2015; Blain 2014; Aromaa et al. 2014].
These often lack the ability to simulate interactions with the proto-
type and include a separate iteration cycle. For example: a lighting
installation that changes colours depending on movement would be
hard to prototype due to the interactions not being directly map-
pable to the real-world application; however, the ability to virtually
prototype these interactive systems would provide many benefits to
VP and removes the dependency of on-site hardware for prototyp-
ing.

This paper proposes an architecture that allows users to work in a
VE which can simulate real-world hardware input and output from
the virtual world and vice versa. The layout of this paper consists
of a discussion on previous VP architectures, a proposed new ar-
chitecture, an integration of this architecture in the Philips lighting
design development process, and a discussion on the results from
using this architecture.

2 Problem statement

Traditional production pipelines that integrate VP usually have a
virtual and a physical prototyping stage, thus separating physical
and virtual iteration cycles, which creates a gap in the production
pipeline. As a result, the transition from a VE to a real-world en-
vironment can create complications, which is especially true when
considering interactive hardware. To solve this problem an archi-
tectural model needs to be devised that does not separate virtual
and physical prototyping when integrated in a production pipeline.
For that purpose this paper researches if it is possible to incorpo-
rate real-time VP into a production pipeline without separating the
production pipeline in virtual and physical iteration cycles.

For this research the following hypothesis were made:

H1: A lighting design production pipeline architecture can combine
the virtual and physical into same iteration cycle.

H2: The proposed virtual prototyping architecture can produce re-
sults comparable to existing virtual prototyping implementations.

3 Previous work

VP is widely used in varying industries, some examples being: Ford
having an immersive vehicle environment to test car parts before
they are made [Blain 2014], Disney using VP for developing and
prototyping new theme park attractions [Yang 2015], and Mood-
builders using VP as a service for other companies [MoodBuilders
2015]. Additionally, there are also a fair amount of companies
that provide tools which allow other companies to start VP such
as: Cast-Soft providing VP tools to design events and previsualize
lighting designs [Cast-soft 2010], Architecture Interactive provid-
ing VP tools to support the design and construction industries with

architectural visualization [WorldViz 2002], and multiple compa-
nies that provide tools for the previsualization of movies [Nvizage
2006; Take4d 2014; The Third Floor 2007]. Given these examples,
however, research and documentation on VP is relatively scarce.

Robert R. Ryan [Ryan 1999] wrote a paper on Computer Aided De-
sign (CAD) where he discussed the advantages and disadvantages
of VP, focusing primarily on using VP to create car related parts.
In the paper Ryan looks at how practices, such as VP, can improve
the product performance and quality while decreasing the devel-
opment time and costs compared to more traditional build-and-test
approaches. Additionally, he examines how companies can make
the transition to virtual prototype modeling by exploring industry
trends related to VP and outlining the requirements for successful
VP implementations. Ryan stated in his paper that:

“We may be reaching levels of diminishing return in applying
CAD/CAM/CAE technologies to part design. The big opportu-
nity to increase quality and reduce time and cost has now shifted
to the system level. More significant returns on investment can be
realized today through the effective use of simulation-based design
processes and virtual prototyping applied to system-level design.”

Ryan concluded that VP does not only reduce the number of prod-
uct development iterations when compared to existing physical pro-
cesses, but it is also able to increase the quality of the product.

An example of this would be the implementation of durability anal-
ysis at John Deere Welland Works [John Deere Welland Works
2006], which was a key factor in shortening the development time
for its rotary cutter systems. Because they used VP over the creation
of physical prototyping each test cycle was completed in one to two
weeks, rather than several months. As a result of using VP, the
development of a 20-foot cutter was reduced from approximately
four years to one year. Ryan notes that these benefits occur only
if VP is efficiently integrated in the development pipeline. A key
to this is the speed at which the iteration process operates. This
means that critical decisions need to be made quickly, which can
be hard because people and departments are, by tradition, not in-
tegrated. Additionally, Ryan mentions that current hardware is un-
able to simulate real world geometry and conditions, which results
in VP being an approximation. Though VP might be an approxima-
tion of the real world, a quick and approximate analysis can often
highlight design flaws that might otherwise be overlooked. Fur-
thermore, VP becomes more cost effective when products require
millions to bring to the market, such as complex lighting installa-
tions.

Even though the main benefits of VP before physically prototyping
are generally considered the reduced time-to-market, reduced costs,
knowledge sharing and user participation [Aromaa 2013; Aromaa
et al. 2012], this is not always applicable when considering lighting
design due to the inability to guarantee correct mapping from VR to
the real-world. In order to have effective VP with regards to light-
ing design it is required to directly map the interactions in a VE to
the real-world. This is supported by experienced practitioners in the
field of VR, who indicated that in order to work effectively in a VE,
the application content must include the ability to access or change
environmental/system/meta parameters, create and manipulate par-
ticular objects, perform analyses, and export changes to permanent
storage [Sowizral et al. 1995]. Additionally, this is also supported
by Ma et al. [Ma et al. 2011] and Bordegoni et al. [Bordegoni et al.
2009], who claim that VP is particularly useful in the assessment of
interaction systems used by users.

Aromaa et al. [Aromaa et al. 2014] presented a report that con-
cludes from VP research carried out during a large scale project
called LEFA “New Generation Human-Centered Design Simula-
tors for Life Cycle Efficient Mobile Machines”. In this paper they



also propose a VP framework where the main theory applied be-
ing Engeström’s activity theory [Engeström 1987; Engeström 2000;
Engeström and Toiviainen 2011] and the structure is based on the
human, interface, and system model elements. Due to this setup the
interaction between humans and the system model have an interface
layer between them, such as a VE. The primary focus of the paper
is in the area of human-machine interaction design and covers: a
proposed framework for VP in human-machine interaction design
to be able to systematically construct and test VP, the benefits that
are acknowledged to have come from VP, the implementation of VP
in companies, and the application of VP during the design review.

Three distinct conclusions were made from the LEFA project when
evaluating the benefits of VP for company/business, managers/de-
signers, and users/developers. Companies can benefit from virtual
prototyping in terms of reduced costs, time-to-market and number
of physical prototypes and increased productivity, quality, and cus-
tomer satisfaction. Managers and designers benefit from VP be-
cause processes are more efficient, sharing of information is easier,
and management gets more efficient. Additionally, it can enhance
the designer’s experience, and improve decision-making and early
design fault recognition. Furthermore, virtual prototyping is a safe
environment to test critical tasks or to illustrate futuristic concept
ideas that do not exist yet. VP users/operators can participate and
validate their product design in the initial phases. This makes it
possible to achieve better products and user acceptance, due to it
being easier for the user to interact with and test prototypes.

Drettakis et al. [Drettakis et al. 2007] wrote a paper where they
presented a user-centered design approach for the development of
VE in real-world architecture and urban planning by utilizing an
iterative and user-informed process throughout the design and de-
velopment cycle. In this paper they argue for a combined approach
of lab experiments and in-situ real-world usage to evaluate real-
world applications. To accomplish this, a preliminary survey was
done with end-users related to real-world architectural and urban
planning projects followed by a study of the traditional workflow
employed. Afterwards, the elements that would make VE useful in
a real-world setting were determined by choosing the appropriate
graphical and auditory techniques to accomplish a high level of re-
alism. Furthermore, the evaluation of this system was done in both
a laboratory and the users’ natural work environments. The evalu-
ation of the user-centered design approach suggests that involving
users and designers from the beginning improves the effectiveness
of the VE in the context of an urban planning project. They found
several important aspects that enhance the design process and com-
munication about designs of the VE: the sense of scale given by the
combination of realistic vegetation and human figures/crowds, use
of shadows, and 3D spatialized audio. Additionally, in terms of VR
capabilities, multiple views were considered useful as well.

VP models that include a client-server network architecture exist as
well, however, these are often focused on the accessibility of VP
rather than connecting hardware and software applications. An ex-
ample of this would be a patent from Gilray Densham [Densham
2013], which covers systems and methods that allow a user to vi-
sualize and customize 3D models of a venue. To do this a data
abstraction of the 3D venue model is created and sent to the venue
operator, which can be used to reconstruct the model in a 3D vir-
tual environment. In practice this means that the user can modify
the venue model and send the changes to a server, which will val-
idate the received data. This method can provide many benefits
with regards to the production pipeline of product design, including
lighting design, but does not solve the problem of separate virtual
and physical iteration cycles.

To summarize, it was found that adding VP iteration cycles to
the production pipeline provides multiple benefits over traditional

Figure 2: High level overview of a general product pipeline that
incorporates virtual prototyping.

production pipelines when integrated correctly, including reduced
costs and time spent on a project, but also an increase in quality and
performance. A VP iteration cycle is usually added to the produc-
tion pipeline as an isolated module, which might introduce a new
bottleneck with regards to interactive products, such as interactive
lighting installations. In these conditions it might be more desirable
to merge the VP iteration cycle and physical iteration cycle. This
would mitigate potential errors when mapping the virtual product
to the physical product, which can lead to reduced cost and time
spent on a project.

4 Proposed Virtual Prototyping Architecture

For the creation of a product there are many different production
pipelines that incorporate VP; however, when creating a physical
product these production pipelines usually have a separated itera-
tion cycle for virtual and physical prototyping [Ryan 1999; Barbi-
eri et al. 2013; Aromaa 2013; LaCourse 2003] (see Figure 2). The
virtual iteration cycle usually consists of creating a design concept,
implementing a design in a VE, and presenting the design for ap-
proval. Physical iteration cycles are usually more diverse, because
different methods are used depending on the type of product; how-
ever, in its most simplistic form the cycle consists of gathering ma-
terials, creating a physical prototype, and presenting the physical
prototype for approval. With regards to lighting design there can
be many more factors for example: creating physical prototypes of
complex lighting installations often includes traveling to the loca-
tion due to lighting having a high dependency on material types and
scale. When integrating VP in a production pipeline as an isolated
module it is hard, if not impossible, to create a product pipeline
that guarantees a streamlined process between virtual and physical
prototyping iteration cycles. In general when a product pipeline
is established, VP will reduce the amount of physical prototypes
needed, but still depend heavily on a physical prototype, for ex-
ample when evaluating haptic feedback [Ferrise et al. 2013]. This
holds especially true when considering products such as complex
lighting structures, which can be dependent on human interaction.

In order to bypass the potential overhead with regards to the tran-
sition between virtual and physical iteration cycles, this paper pro-
poses a model that merges virtual and physical prototyping. To
combine both iteration cycles it is crucial to calibrate the simulated
hardware input and output in the virtual world, such that it properly
reflects how user interactions with hardware take place in the real-
world. When considering this as an additional step, the prototype
iteration cycle would include: creating a design concept, gathering
materials, implementing design in a VE, calibrating hardware com-
ponents, and evaluating the design for approval (see Figure 3). Even
though this model introduces the overhead of calibrating hardware
components, it also removes the need for a separate physical proto-



Figure 3: High level overview of the proposed product pipeline that
incorporates interactive virtual prototyping.

type iteration cycle. As a result, the proposed model exhibits less
traits from a sequential design process, which makes it more flexi-
ble compared to previously discussed traditional product pipelines.

Traditional lighting design pipelines often include large installa-
tions in places that are crowded, which can lead to complications
when building these installations on location; however, these phys-
ical prototypes are crucial to find how the light interacts with the
environment and how it is experienced by the observer. Other ap-
proaches, such as miniature scale prototypes, often do the same as
VP does when integrated as an isolated module and therefor have
the same limitations. When considering VP for lighting design,
especially when interactive, the proposed production pipeline can
provide some interesting benefits. By integrating the hardware and
software applications in one coherent production pipeline it is pos-
sible to remotely test individual components in both the real world
and the virtual world. When considering the previous example of
complex lighting structures, it is possible to simulate how a chang-
ing environment impacts the lighting and how different amount of
people are handled by a motion sensor that activates lights.

5 Client-Server Architecture

In order to realize the benefits of VP for the conceptualization of
lighting design covered in previous chapters, it is necessary to have
an architecture that is able to simulate sensory data, interpret sen-
sory data, and distribute lighting information to hardware and soft-
ware applications. This paper presents an architecture that allows
for existing rendering engines, such as the Unreal 4 Engine, to be
integrated in existing production pipelines and used for VP of light-
ing design. This prevents the production pipeline from vendor lock-
in and thus increases the flexibility of the proposed model.

The implementation of the proposed architecture is integrated with
Philips’ existing production pipeline for lighting design, which al-
ready has a server in place to handle hardware input and output.
In order to prototype efficiently it is required to have a means of
receiving and modifying the state of the system in real-time with
both hardware and software interaction. To enable Philips’ produc-
tion pipeline with real-time interaction between virtual and real-
world environments a two-way interaction is made through the
standardized Real Time Streaming Protocol (RTSP) [Schulzrinne
et al. 1998] and Hypertext Transfer Protocol (HTTP) [Fielding et al.
1999]. The server broadcasts a continuous stream of data through a
RTSP, which is best visualized as a stream of pixels, and is picked
up by the real-world hardware or the client that connects the server
to the render engine, in our case Unreal 4. This creates a contin-

Figure 4: High level illustration regarding the implementation of
the proposed architecture.

uous stream of information that allows the server to communicate
hardware output to a VE or real-world hardware. Additionally, it is
possible to simulate sensory input by interacting with the VE, which
sends HTTP messages to update the server. For example: when a
light switch is pressed in the virtual world, a signal can be sent by
the plugin to the server. This signal is then processed by the server
in the same way as a signal sent from hardware. This bidirectional
interaction between real and virtual information makes it is possi-
ble to simulate both the result of actions, such as lights going on, as
well as simulating the actions themselves, such as walking through
a motion sensor (see Figure 4). Furthermore, the proposed archi-
tecture allows for multiple clients to connect to the server; however,
the act of network data synchronisation is beyond the scope of this
paper and will be left for future research.

5.1 Server

The server has three roles: receiving input signals, updating the
content, and sending output signals. As mentioned in Section 5, the
server receives HTTP requests from either hardware or software
applications. These requests can modify the system to a certain ex-
tent, which is predefined by the server. When the server recognizes
a signal it is processed with the corresponding logic. An exam-
ple of the server receiving a request is when someone stands on a
pressure sensor. The pressure sensor will send out a HTTP request
stating that it is pressed and possibly how far it is pressed. In turn
the server will execute the logic present for such a request and up-
dates the stream output accordingly, such as changing the colour of
a light.

The server logic is considered an isolated module with a continuous
output and accepts input to change the state of the program, which
makes it flexible enough to be customized for ones needs without
introducing changes to the overall architecture. In the implementa-
tion of the proposed architecture the server runs an algorithm that
dictates the base colours of the lighting in the scene and on top of
that acts as a state machine that generates different lighting output



Figure 5: High level illustration regarding the procedure of han-
dling incoming streams for the Unreal 4 plugin.

Figure 6: Process of interpreting stream information (left) applying
the mapping texture (middle) to get the context from a table (right).

based on the received requests. When the server is finished doing
the lighting computations, the RTSP output stream will be updated.

5.2 Client Plugin

The server and client use standardized protocols to communicate
between each other; however, the information stream needs to be
decoded on the client side. Server logic in the implementation of
the proposed architecture is handled by the server that is already
present in Philips’ production pipeline for lighting design, which
is discussed in Section 5.1. The client is required to intercept the
output stream from the server in order to update the lighting of the
VE. The external library LibVLC is used in the implementation to
intercept the server stream. LibVLC can intercept the output stream
and spawns a PreRender and PostRender event, which allows the
client to fill up a video buffer. The PreRender function allocates
the size of the incoming stream, sets the location of the buffer that
needs to be filled, and locks the buffer until the stream has been
processed. Afterwards, the PostRender function unlocks the buffer
and allows the data to be read by the plugin (see Figure 5).

Information gathered from the output stream does not have any
meaning by itself. To provide the received information with context
an eight bit texture is synchronised between the client and server,
which will be referred to as the mapping texture. The mapping tex-
ture has the same dimensions as the incoming stream, but has pre-
defined values that map to a table in order to provide context to the
incoming stream. The table contains a set of predefined definitions
regarding the context of incoming data, which allows the incoming
stream to be interpreted. This allows the mapping texture to take a
specific index of the stream, extract the mapping texture value with
the same index, and map the resulting eight bit value to a prede-
fined table (see Figure 6). The advantages of mapping the meaning
of pixels though a mapping texture is that there is no header over-
head in the stream, and allows for a more flexible grouping of data.

The plugin can simulate real-world interactions in a VE by sending
HTTP requests to the server, which removes the overhead of a bidi-
rectional stream connection. For this approach no additional third
party software was used in the plugin, because Unreal 4 has native

Figure 7: High level illustration regarding the procedure of han-
dling outgoing requests from the Unreal 4 plugin.

support for HTTP requests (see Figure 7). Hardware and software
applications use the same protocol to communicate to the server in
the proposed architecture, which allows the server to treat incoming
requests the same regardless of the sender. This makes it possible to
simulate requests from physical hardware with requests made from
a VE (see Figure 4).

5.3 Client Interaction

Client interaction is often heavily dependent on the type of render-
ing engine that is used for VP. The Unreal 4 Blueprint system is
used in the implementation of the proposed architecture, which al-
lows for the creation and modification of lighting by both artists
and designers [Golding 2014]. The Blueprint system in Unreal 4
is a visual scripting system based on the concept of using a node-
based interface that allows users to use a wide range of concepts
and tools generally only available to programmers.

When the plugin receives data from the PostRender function it is
copied to the rendering buffer present in Unreal 4. This buffer can
be accessed through any C++ or Blueprint class, which allows for a
flexible interaction with regards to both traditional code and visual
scripting. Likewise, sending a signal to simulate hardware input
can also be done through C++ and Blueprint classes. The custom
Blueprint classes made for the implementation can be used as visual
scripting nodes and essentially enables the user to do three things:
retrieve data from the server, interpret data from the server, and
send requests to the server. Additionally, these visual nodes can
make networks of logic that manipulate the received data such that
it is possible to seamlessly connect them with other visual nodes
present in the Unreal 4 Engine, which can then be used to enable
interactive VP (see Figure 8).

6 Evaluation

Several usability tests are done with a prototype using artists and
designers from both Philips and MoodBuilders to evaluate if the
proposed architecture is useful for lighting design. These partici-
pant are familiar with Unreal 4 and will do three survey based eval-
uations for different iteration cycles in a random order, where each
task to accomplish is also randomized. These iteration cycles in-
clude: traditional product pipeline iteration cycles with a perfect
transition, traditional product pipeline iteration cycles with an im-
perfect transition, and the proposed product pipeline iteration cycle.
Additionally, the amount of time they spend working is recorded
in order to find out which iteration cycle was the fastest. Due to
time constraints and lack of access to physical systems, the phys-
ical prototype iteration cycle is simulated by a reimplementation
of the previous virtual prototype iteration cycle in a VE. This will
bias the evaluation generally in favour of the traditional pipelines;
however, the evaluation could still give valuable insight if the pro-
posed architecture is a concept worth proceeding. The process of
the iteration cycle evaluation is noted in Section 6.1. Afterwards
the calibration accuracy of the proposed pipeline, results of the sur-
vey evaluation, and time working on different iteration cycles are
presented in Section 6.2.



Figure 8: Illustration of a basic Unreal 4 Blueprint implementation for a lamp.

Figure 9: Illustration of top-down overviews given to the partici-
pants.

6.1 Methods

The evaluation procedure for each participants will follow the fol-
lowing schedule:

1. Inform the participant that they need to create lighting for a
restaurant three times.

2. Make it clear that the systems are being tested not the partici-
pant and encourage them to talk out loud as much as possible.

3. Provide the participant with a random top-down overview of
the restaurant and the lighting that needs to be created (see
Figure 9).

4. Inform the participant that this overview symbolizes the
wishes of the restaurant owner with regards to lighting and
that they need to create it.

5. Introduce the participant to one of the following pipelines ran-
domly.

(a) Create the lighting in the Unreal 4 scene normally (see
Figure 10), then recreate it in the same scene using the
previous iteration as reference, simulating the best case
scenario of a traditional VP production pipeline itera-
tion cycles.

(b) Create the lighting in the Unreal 4 scene normally (see
Figure 10), then recreate it in a scene with a different
light setting (see Figure 11) using the previous iteration
as reference, simulating a problematic scenario of a tra-
ditional VP production pipeline iteration cycles.

(c) Create the lighting in the Unreal 4 scene with the
proposed client-server architecture, simulating the pro-
posed production pipeline iteration cycle.

6. Introduce the allowed Unreal 4 controls and how they work.

Survey #0 Grade Additional information to the
statement (optional)

I was able to create the lighting quickly.
I am happy with the quality of the
lighting I was able to achieve
Minimal complications were present
when creating the lighting
I liked the overall experience of this way
of working
This method is great for lighting design
This method is great for other
products/designs

Table 1: Illustration of the survey, where each statement is graded
between 1 (complete disagreement) and 9 (complete agreement).

7. Let the participant implement the lighting from the provided
overview (point 3) in the provided production pipeline (point
5).

8. Record the time spent working.

9. Let the participant fill in the survey when the task is completed
(see Table 1).

10. Repeat from point 3 with new randomly provided information
for point 3 and 5 until all scenarios have been used.

6.2 Results

The merging of virtual and physical iteration cycles in a lighting de-
sign production pipeline (H1) was successfully implemented with
the proposed client-server model. As a result it has become pos-
sible to create and prototype individual modules within a larger
project. An example of this would be calibrating a motion sen-
sor in a lab and using the VE to simulate a crowd interacting with
the sensor in the virtual world. Additionally, the architecture of the
proposed model is flexible enough to switch out either the server or
client when needed, due to the standardized communication proto-
cols used for data transport.

In the implementation of the proposed architecture, the server is
based upon Philips’ existing server and it is assumed that the data
sent by the server correctly represents hardware lighting output.
The lighting recreated on the client displays colours with more than
98% accuracy for each colour channel when calibrated (see Figure
12 & 13), which makes it indistinguishable from the lighting gen-
erated on the server (H2).

In the results of the survey it is fairly unanimous that a traditional
pipeline with an imperfect transition is inferior to the other two



Figure 10: Example of a participant’s first iteration cycle in the
traditional pipeline, which is used to create the second iteration
cycle.

Figure 11: Difference between the base scene (left) and the scene
with an additional lantern (right) used for an imperfect transition.

Figure 12: Light comparison between the light colours generated
on the server (A1) and the 3D lights generated by the client with
1000 (B1), 4000 (B2), and 8000 (B3) units of intensity.

Figure 13: Light colours of the server, client, and the difference
between them when calibrated.

Figure 14: Overview of the rating of each question regarding the 
iteration cycles.

pipelines in almost all categories; however, the rated score between 
the proposed pipeline and traditional pipeline with a perfect tran-
sition changes based on the context (see Figure 14). The partici-
pants liked the lighting design speed and the overall working expe-
rience of the proposed pipeline more than the traditional pipeline 
with perfect transition, but also mentioned that there were more 
complications when working with the proposed pipeline. This is 
in agreement with the time recordings of the participants where the 
traditional system with perfect transition had an average time of 319 
seconds, the traditional system with imperfect transition had an av-
erage time of 350 seconds, and the proposed system had an average 
time of 163 seconds (see Figure 15), which makes the overall itera-
tion cycle of the proposed pipeline approximately half over that of 
the traditional pipelines. Additionally, the participants perceived an 
average difference in quality of approximately 2% between the tra-
ditional pipeline with perfect transition and the proposed pipeline, 
which is in agreement with earlier results that showed that cali-
brated lights on the client have a 98% accuracy when compared to 
the lights generated on the server.

7 Discussion

It is possible to merge the physical and virtual iteration cycles, 
as mentioned in Section 6.2, which can provide several advan-
tages over the traditional method of integrating VP in a production 
pipeline. One of these advantages is a single iteration cycle which 
mitigates the problems that might occur when moving from a vir-
tual iteration cycle to a physical iteration cycle. The participants 
worked roughly 6 seconds slower on average between the 
proposed iteration cycle and the first iteration cycle of the 
traditional pipeline with a perfect transition (see Figure 15), which 
means that the over-head introduced is fairly low and does not, 
unless new hardware is used, have to be redone for each 
iteration cycle. This makes the earlier mentioned overhead of the 
proposed production pipeline negligible in comparison to the full 
iteration cycles of traditional production pipelines. Additionally, 
the proposed model allows for hybrid evaluation of multiple 
scenarios, which can be much more



Figure 15: Overview of the time spend on each iteration cycle.

accurate than an evaluation with traditional VP. An example of this
would be evaluating how lights react when connected to a camera or
detailed motion sensor that form lighting patterns based on crowd
interactions.

Even though the proposed pipeline has many benefits for lighting
design, it does have some disadvantages when put in a different
context. When considering non-interactive products the benefits
of the proposed model with regards to testing interaction, such as
hybrid testing with individual components, are not applicable any-
more. Additionally, there are many stand-alone software applica-
tions already available for the integration of traditional VP [World-
Viz 2002; Cast-soft 2010; Nvizage 2006; Take4d 2014; The Third
Floor 2007], which are not directly compatible with the proposed
architecture. Finally, not all hardware is capable to connect with
a client-server architecture, which can make the proposed archi-
tecture impractical for some products. Due to these advantages and
disadvantages the proposed architecture does not replace traditional
VP integration, but rather offers a novel client-server architecture
that is able to improve upon the production pipelines that are com-
patible, such as a production pipeline for lighting design.

For lighting design specifically, this model provides a novel way
of iterating on the product and eliminates the bridge between vir-
tual and real-world prototyping. In Section 6.2 it was found that,
on average, the participants had less complications when designing
lighting in the traditional pipeline with a perfect transition than with
the proposed pipeline; however, the proposed pipeline did enhance
the production speed and overall working experience. The proposed
architecture has a different workflow which could explain the larger
amount of complications present when evaluating the proposed im-
plementation. Nonetheless, it can be deduced that the proposed
pipeline provides a significant boost to iteration speed, especially
when considering that the proposed pipeline is able to outperform
the traditional pipeline with a perfect transition.

8 Conclusion

In conclusion, creating a virtual prototype before developing a
product is a widely used procedure to improve the production
pipeline iteration cycles. It was found that VP is usually imple-
mented as an isolated module, which could result in a new bot-
tleneck with regards to interactive products. This paper proposes
a novel architecture for production pipelines that uses a single it-
eration cycle to combine the virtual and physical iteration cycles,
which are often present in a production pipeline that integrates VP.

It was found that the proposed implementation worked quite well
for hardware that is able to communicate with a server. To illustrate

this, an implementation of the proposed architecture was made in
Philips’ lighting design production pipeline. This implementation
showed that both the server and client are able connect with each
other through standardized protocols, and that the reconstruction of
lighting on the client displays colours with more than 98% accuracy
when calibrated (see Figure 13), which was in agreement with the
results in Section 6.2. Furthermore, earlier concerns of introducing
additional overhead due to the calibration needed between hardware
and software applications seemed to be unnecessary as the overall
iteration cycle of the proposed pipeline is significantly shorter than
the traditional VP pipeline with both imperfect and perfect transi-
tions.

Even though this model might not be suitable to replace traditional
VP integration for all types of production pipelines, as mentioned in
Section 7, it is found that the proposed model does provide a novel
way to increase iteration speed by seamlessly iterating over the vir-
tual and physical iteration cycles at the same time. This enhances
the production pipeline for specific implementations, such as light-
ing design, and is validated by the evaluation by an implementa-
tion of the proposed architecture in Philips’ production pipeline for
lighting design.

9 Future research

The amount of participants in the evaluation of the proposed ar-
chitecture has a fairly small sample size and simulates the phys-
ical iteration cycles due to time constraints. For future research a
larger and more elaborate project could give more insight on the ad-
vantages and disadvantages of the proposed pipeline. Additionally,
this paper attempts to research the validity of the proposed itera-
tion cycle, which covers both physical and virtual iteration cycles
in a production pipeline; however, the effectiveness compared to es-
tablished production pipelines [Drettakis et al. 2007; Aromaa et al.
2014; Aromaa 2013; Blain 2014] has not been measured. For future
research it will be useful to do a larger and more elaborate study that
reports the advantages and disadvantages of the proposed pipeline
over the course of one or multiple iteration cycles, and compare it
with production pipelines used in the industry with regards to costs,
time spent, quality, and user satisfaction.

In Section 5 it was mentioned that multiple clients could connect
to the server at the same time with the proposed architecture; how-
ever, the act of network data synchronisation was beyond the scope
of this paper. For future research it might be worthwhile to look
at methods and protocols that allow for multiple clients to interact
with each other, possibly increasing the iteration speed of a produc-
tion pipeline even further.
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