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Abstract

One of the main objectives in engineering depart-
ments of large industries is the implementation of inte-
grated information systems to manage their projects’
life cycle. EnViron (ENvironment for VIRtual Objects
Navigation) is an application motivated by the demand
to use Virtual Reality (VR) in large industrial engineer-
ing models generated by CAD tools. EnViron’s main
goal is to offer 3D visualization resources for CAD
models with enough realism to be used for virtual pro-
totyping, collaborative design review, change manage-
ment systems and training, among other activities.

Keywords: Virtual Reality, CAD models, Collabora-
tive Virtual Prototyping and Design review.

1. Introduction

Nowadays, the majority of industrial engineering
projects uses 3D geometric models created by CAD
systems due to the economical benefits and manage-
ment capabilities that such models can provide. Modern
CAD systems are evolving from drawing programs to
collaborative design tools, associating geometric mod-
elers with different tools, such as an Engineering
Document Management System, Physical Plant Docu-
mentation, among others. This combination reflects the
necessity to create the so called Plant Information Man-
agement (PIM), a data warehouse to reduce costs and
enhance efficiency through improvements in the overall
project life cycle control [1].

The applicability of VR techniques for 3D geometric
CAD models has been restricted to design review, vir-
tual prototyping and marketing purposes, mainly in the
automotive and aircraft industries. More recently, 3D
CAD models are starting to show their potential in VR
applications for diverse purposes, such as ergonomic
studies [2], safety training for Health, Safety Environ-
ments [3], and visualization of physical simulations,
project documentation and real-time operational data.

In the present work, we are interested in the kind of
VR-CAD integration that approaches VR as an ad-
vanced form of viewing CAD models in real time and
interacting with them in common CAD model usages,
such as design review and training [4]. Additionally we

are visualizing advanced engineering simulations (e.g.
computational fluid dynamics, flowlines and riser
analysis, etc.) in virtual environments (Figure 1).
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Figure 1 — CAD model as a centralized entity for
integration of different applications.

However, in order to take advantage of VR in CAD
systems, there are many challenges to overcome. One
of them is related to the complexity of CAD models
that were not intended to be viewed in real time. The
achieved frame rates are unsatisfactory when very com-
plex CAD models are loaded, especially in regions with
large object concentrations. This is worsened by the
fact that the CAD-to-VR conversion normally generates
undesired model complexity.

Another challenge is photorealistic rendering. CAD
models generally do not have material and texture at-
tributes associated to objects, and although many CAD
systems offer this possibility, design engineers usually
do not use this resource. This happens because this in-
formation is not essential to the building process, which
is the aim of CAD models. However, this information is
important for a realistic VR visualization in the afore-
mentioned applications.

EnViron is part of a research initiative to develop, in
conjunction with CAD systems, an integrated informa-
tion system to control engineering projects, offering
resources for real-time 3D visualization and interaction
in CAD models with enough realism and performance
to be used for collaborative virtual prototyping, design
review, change management systems, training, and en-
gineering simulations among other activities.

The following section presents a brief overview of
the use of VR with CAD models. Section 3 discusses



the main algorithms and techniques applied in EnViron,
which is presented in section 4. Conclusions and future
work follow in section 5.

2. CAD Models and VR

Several CAD tools are available, with very distinct
characteristics. Some of them can deal with large
amounts of data but lack integration with VR resources,
such as different display and interaction devices. Other
tools support several projection environments but have
difficulties in rendering complex models. The fact is
that there is not yet a fully-functional integrated system
where one can migrate from a CAD to a VR model (and
possibly vice-versa), allowing easy interaction to make
the necessary adjustments. Actually, the process of us-
ing CAD models in VR applications is composed of a
chain of (usually manual) adaptation steps [4], [5].

GigaWalk [6] and REVIEW [7] are academic solu-
tions for real-time visualization of very large models.
They use techniques such as hierarchical LOD and oc-
clusion culling to achieve good performance. Commer-
cial systems tend to have more generic objectives, and
in general provide more resources for the VR visualiza-
tion of CAD models, like Division Reality [8] and
Walkinside [9]. However, they are restricted to a couple
of CAD formats.

There are many CAD file formats available and
some of them are not only badly documented but also
proprietary. Conversion to a format adequate for VR
visualization is not easy and often generates undesirable
artifacts. A possible way to analyze the integration so-
lutions is regarding the coupling between the CAD and
VR software [10]. Through this analysis, we may dis-
tinguish four approaches:

1. Systems connected by means of gateways to ease
the conversion process from the CAD to the VR
model. This is the most common approach, suitable
for the majority of CAD and VR systems. In this
process, CAD models are converted to a format
suitable for VR, such as X3D. Normally this format
is exported by the CAD system. The drawback is
that this approach does not offer any solution to
common problems in the CAD-to-VR conversion,
such as inadequate treatment of geometry, loss of
semantics, etc.

2. Definition of a common file format for both CAD
and VR models. An example of such approach is
XMpLant, a “neutral” CAD format based on XML
to describe process plants [11]. However, XMpLant
is more focused on CAD-to-CAD formats conver-
sion. In the CAD-VR integration context,
XMpLant’s interoperability potential is clearly use-
ful, but VR tools that will use it as input still need to
process it in order to solve some of the mentioned
problems of CAD-to-VR conversion.

3. Systems connected by means of an APIl. An exam-
ple is the use of OMG CAD Services interface [12],

which is a CORBA-based interface standard to en-

able the interoperability of CAD, CAM (Computer

Aided Manufacturing) and CAE (Computer Aided

Engineering) tools. The current limitation of CAD

services interface is that it has not been widely

adopted by CAD and VR systems, demanding high
implementation costs on both sides to integrate the

CAD and the VR system with that interface.

4. Integration in one process, where the VR system is
integrated into the core of the CAD system [4]. This
approach is certainly the most capable of solving the
problems related to CAD-VR integration, since the
VR system can cover all of the CAD model’s func-
tions. However, it is a vendor-specific solution,
lacking interoperability aspects present in the previ-
ous approaches.

EnViron adopts a hybrid approach between catego-
ries 1 and 3 above. At the end, the information ex-
tracted from the CAD system is stored in a file format
developed for this system, similar to category 1 above.
However, it is not simply a format exported from the
CAD file. The format has been defined to include rele-
vant semantic information, such as the links with asso-
ciated databases. Moreover, the information is extracted
from the CAD system by means of APIs native to the
CAD systems, which enables the extraction of the rele-
vant semantic information, similar to category 3.

EnViron is a system composed of a 3D environment
for real-time model visualization, and exportation plug-
ins, which translate model data from other applications
to EnViron’s internal format, a VR optimized file for-
mat called Tecdgn [13]. Some of the optimization tech-
niques applied consist of smartly grouping object parts,
based on a spatial data structure, to reduce the scene
graph tree. Some of the optimizations used in EnViron
will be further described in the following sections.

Currently we have developed two export plug-ins:
for 3ds Max [14] and for MicroStation [15], the CAD
tool used in PDS (Plant Design System) [1]. The goal
of the MicroStation plug-in is not only to convert DGN
files into a graphic format that enables real-time inter-
action and navigation in the CAD model, but also to
recover and export the semantic information associated
to CAD obijects. In parallel, the 3ds Max plug-in en-
ables the use of more photo-realistic models, not neces-
sarily generated by a CAD tool.

3. Rendering Performance Optimizations

The CAD model can include detailed objects that in-
crease the number of graphical primitives (polygons
and textures, for instance). It is very common that either
the amount of data is bigger than the memory capacity
of the graphics card or the algorithm to synthesize the
image is highly complex, requiring the application of
techniques that simplify the rendering in order to allow
interactive visualization. In the following sections we
describe some of the main optimization algorithms de-



veloped for EnViron.

3.1. Culling

A common acceleration technique is frustum culling.
However, it only discards objects that are completely
outside the viewing range, which clearly cannot guaran-
tee good performance. On the other hand occlusion
culling can speed up scenes where a significant amount
of objects are hidden behind others. For engineering
CAD models, such as power plants, oil platforms and
refineries, the identification of occluders and occludees
is a tough problem, especially when the user is flying
over the whole model where no object can be discarded
by a frustum culling technique.

Modern graphics cards allow the identification of
objects hidden behind others by an occlusion query
primitive. This way, we can avoid sending hidden ob-
jects to the GPU since they will not contribute to the
final image. Before rendering a complex geometry, we
test its bounding volume, disabling shading and updates
on the frame buffer. Graphics cards allow querying the
number of pixels that would be generated by the bound-
ing volume tested. If this number is below a certain
threshold (usually a small number, depending on the
image resolution and the distance of the observer), we
assume that the bounding volume cannot be seen and
therefore its corresponding geometry is occluded. The
algorithm known as Coherent Hierarchical Culling [16]
uses this approach with several optimizations.

Since the result of an occlusion query takes some
time to become available, there is a need to maintain the
CPU and GPU busy, avoiding stalls and starvation
problems. One major challenge is handling the issuing
of queries asynchronously while traversing the hierar-
chy and rendering geometries that are found to be visi-
ble. This technique can be used successfully as an addi-
tional way to improve performance in 3D visualization.

Using the Coherent Hierarchical Culling algorithm,
we have verified a significant increase in rendering
performance with CAD models. Performance was
measured as the time taken for an automatic camera to
travel through the scene, varying the number of visible
and occluded objects for each point of view. A refer-
ence time was taken without using any acceleration
algorithm. In a test scene of a real oil platform, with
91K objects and 4.7M vertices, we measured a per-
formance at least 2 times faster with the culling algo-
rithm than the reference time. In some situations, de-
pending on the current point of view, performance was
5 times faster. This guaranteed interactive frame rates in
the application, which in turn allows for better scene
interaction and immersion experiences.

3.2. Far Voxels

To render massive models, EnViron uses an algo-
rithm based on the Far Voxels technique [17]. This al-

gorithm uses hierarchical level-of-detail (HLOD) struc-
tures where intermediate (coarse) representations of
submodels are represented by voxels. This HLOD with
voxel representation yields interactive frame rates for
large data sets because it deals well with levels of de-
tail, culling, occlusion and out-of-core model storage.

The Far Voxels algorithm, however, has a severe
drawback when dealing with very detailed CAD mod-
els. These models have a large quantity of lines and thin
objects that, even when represented in full detail, intro-
duce very high spatial frequencies that cannot be ren-
dered without proper anti-aliasing treatment. Aliasing is
especially noticed during model navigation, where
these thin objects create disturbing popping effects be-
tween consecutive frames.

In the original Far Voxels algorithm the temporal
aliasing problem is aggravated when thin objects are
converted into voxels. The voxels used to represent
these objects tend to create representations which are
larger than the ones of the original geometric represen-
tation, as in Figure 2. In addition to creating a represen-
tation that is very different from the original model, this
distortion causes very noticeable popping artifacts in
the transition between different levels of detail.

Figure 2 - Thin objects: (left) as geometry, (right)
represented as voxels, causing visual artifacts.

We have implemented a method to detect this type
of voxel and an alternative voxel representation, as ex-
plained in [18]. This method uses transparency to
achieve an image quality that is closer to the one ob-
tained with current 3D hardware anti-aliasing using the
fully detailed representation of the model (using trian-
gles and lines).

3.3. Specialized CAD GPU primitives

Modern GPUs provide great flexibility to vertex and
pixel processing, allowing the creation of new applica-
tions with powerful graphical effects. One promising
research area is the creation of new GPU primitives
(spheres, cylinders, cones and tori) to extend the default
ones (triangles, lines and points). The benefits of these
new primitives compared to their tessellated counter-
parts (usually represented by triangle meshes) are: bet-
ter image quality with precise silhouette and per-pixel
depth/shading, less memory usage and improved ren-
dering efficiency.



In our implementation, GPU primitives are visual-
ized through a ray-casting algorithm implemented in-
side the graphics card with vertex and fragment shaders
[19]. This technique furnishes a parametric description
for each engineering object, which allows putting them
in Display Lists and grouping parametric objects of
similar types in clusters. Grouping small geometries in
clusters is a key factor to improve rendering perform-
ance on large scenes, once we avoid excessive vertex
and fragment shaders reloading. Additionally, the
amount of processing resources required by the frag-
ment shader for each object is proportional to the num-
ber of fragments rendered, which is proportional to the
space occupied by the object on the screen. This creates
a kind of "intrinsic LOD", reducing the computational
cost of rendering small objects.

3.4. Reverse Engineering

Usually engineering objects such as valves, pipes
and pipe joints, used in CAD models, are represented
by implicit surfaces in the modeler (Figure 3). Due to
the huge number of engineering objects normally pre-
sent in industrial plants such as oil refineries and plat-
forms, the exportation of CAD models for visualization
yields very large models. We have verified that for a
medium-sized oil platform with 50 million polygons
about 80% of the meshes are usually derived from the
tessellation of engineering objects [19].

cyl cyl
cyl torus

Figure 3 — GPU primitives of an oil platform and a
flow pipeline rendered with GPU primitives.

Once the usage of our extended GPU primitives
represents a valuable performance improvement and
better rendering quality for the models, it turns out that
identifying those primitives in object meshes is a key
issue that would lead us to even better performance
results. This process of replacing a collection of GPU
primitives with their equivalent complex triangulated
meshes is called reverse engineering. The reverse-
engineering algorithm recovers the primitives from tri-
angle meshes after discovering segment tubes com-
posed of cylinders, truncated cones or torus slices. The
identification of the segments starts by traversing the
mesh trying to detect the presence of circular regular

sections (rings) and estimating their properties. By veri-
fying consecutive rings it is possible to determine
whether they correspond to a cylinder, a cone section or
an elbow, thus allowing us to replace the collection of
GPU primitives with the triangulated geometry.

4. Application Scenarios

EnViron is a VR system capable of providing real-
time 3D visualization and interaction with complex
CAD models. In the following sections the applica-
tion’s main features are explored.

4.1. Design Review

Design review is the process of checking the cor-
rectness and consistency of an engineering project, and
making the necessary corrections to it. VR techniques
may be very helpful in this process, for instance to as-
sess the safeness of different emergency escape path-
ways in case of an emergency in the plant. As the num-
ber of details increases, the software must be capable of
visualizing and interacting with these models in real
time. In order to achieve interactive frame rates, culling
and Far Voxels techniques are applied.

Object manipulation is an important resource in de-
sign review. The ability of moving, rotating and scaling
objects is important for various purposes such as join-
ing different models in a scene, viewing hidden por-
tions of the model, planning the placement of a new
piece of equipment on a plant, and simulating a mainte-
nance or intervention operation. The measurement of
accurate distances between different objects in the CAD
model is also an important feature. In Figure 4 a user is
moving the object to test if a small shift will help an
ergonomic maintenance task.

Figure 4 — Manipulating objects.

Tracking is a natural way to interact in large display
environments, such as those present in 3D visualization
rooms where design review teams generally work.

Another important aspect in design review is the in-
tegration of the visualized model with project informa-
tion. Several CAD models have technical information
attached to each object. Using database resources it is
possible to recover this information in real time and use



it to help the user taking operational decisions. Figure 5
shows a simple menu with information on a gas tank. It
is possible to know what kind of gas it holds and if that
place is a good option to build the structure. Moreover,
integration with a database is useful to alow the user to
create annotations on the model emphasizing critical
parts. It is also possible to show comments attached to
objects, which can be used, for example, as recommen-

Figue — Engineering information.
4.2. Engineering Simulations

During the conceptual design phase of an industrial
plant, several simulations should be applied to assess
the robustness and feasibility of the project. Some of
these simulations may require huge computational ef-
forts to be processed, even for powerful computer clus-
ters. Visualization should be as precise as possible in
order to provide the user a full understanding of the
results of the simulation. EnViron is being developed
with the goal of visualizing some of those simulations,
such as riser analysis and CFD computations.

Oil platforms use ascending pipes, called risers, to
bring the oil from the wellhead on the sea floor to the
oil platform's separator system tanks. The risers are
connected to the platform using special connections
called “joints”. To validate the operation of the risers
during their life cycle (around 20 years or so), simula-
tions of the stress applied to the riser system are con-
ducted based on meteo-oceanographic information
about wind, tide and water currents. In order to avoid
operational problems, simulations are made under ex-
treme wave conditions to test stress resistance. One of
the riser analysis software used is Anflex [20], an inter-
nally developed Finite-Element-based structural analy-
sis package which is quite precise but has a poor built-
in graphical representation. EnViron uses sophisticated
graphical techniques to present these simulations in an
immersive virtual environment. Since risers can be rep-
resented, in a simplified way, as a sequence of annular
cylinders, GPU primitives are used to render the whole
stream, enabling users to have a close view of the pipes
without losing resolution (Figure 6).

Among other resources, it is possible to playback the
simulation, examine pipes, sea waves and ship move-
ments, and track elements in the risers that are sub-

jected to extreme conditions (e.g., high stress values). It
is also possible to select any element in a riser and ex-
amine it closely, especially those elements in places
subjected to great stress.

Figure 6 — Riser visualization.

Another important simulation visualized by EnViron
is based on Computational Fluid Dynamics (CFD). Par-
ticles are used to show the flow movement, with addi-
tional information included in color. Figure 7 presents
the air flow over an oil platform, where particle colors
represent the speed of each particle. Using this kind of
simulation, it is possible to analyze smoke dispersion in
case of accidents, for instance.

Figure 7 — CFD visualization.

4.3. Special Effects

Natural environments are special effects that give re-
alism to the scene. Sky, ocean, shadows and terrain are
examples used in EnViron.

EnViron allows real world terrain data to be im-
ported. These data are usually represented as height
fields stored in a CAD file. They can be easily con-
verted to a 3D mesh, which can be used in our real-time
3D visualization. As the information present in this data
is geo-referenced, it can be merged with existing aerial
or satellite photos, as long as these are also geo-
referenced. These photos can be painted over the exist-
ing terrain mesh to allow the identification of real char-
acteristics of the region in the visual simulation. Exist-
ing CAD models can be inserted at their correct posi-
tions on the terrain mesh, allowing users to make ad-
vanced analysis involving both terrain and CAD models
(Figure 8).



refinery

Since oil platforms are not on the ground, but in the
sea, it is important to simulate the sea and its natural
behavior. In order to increase realism, GPU program-
mable shader effects are applied, showing better water
highlights and bumps (Figure 9).

_Figure 9 — Sea simulation.

5. Conclusions and Future Work

EnViron is part of a research initiative to create an
infrastructure for the “immediate” generation of VR
environments from CAD models, a task that currently
requires significant effort from VR teams in the indus-
try. In this context, EnViron has been designed to be an
extensible tool, with flexibility to receive new function-
alities and to incorporate plug-ins, according to differ-
ent requirements of the industry. This concept is the
opposite of that available in commercial solutions, nor-
mally offered as “black boxes”, with enhancements
implemented by the developer on demand. We have
successfully overcome CAD-to-VR conversion prob-
lems, being able to include visual effects while ensuring
the interactive visualization of complex models.

Due to the increasing amount of multi-projection
environments, support for computer clusters and multi-
viewpoint rendering for collocated collaboration are
some of our priorities for EnViron’s development.
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