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ABSTRACT
The generation of high fidelity urban environments
remains one of the most challenging areas for fully automated conversion of raw geospatial data to representations suitable for correlated virtual and constructive
simulations. Based upon our previous work in procedural and parametric generation of man-made structures, primarily buildings with interiors, complex facades and roof structures, we have begun to apply these
techniques to the generation of underground structures.
Underground facilities have a variety of aboveground and underground components. A typical facility might contain a complex network of man-man
structures including underground bunkers and underwater and underground tunnels with a variety of access
points. Even basic components can range from ad hoc
or hastily constructed tunnels and shafts to highly engineered bunkers.
The automated generation of underground geometry is only one piece of the puzzle. The same parametric process can be used to support multi-texture generation, allowing for control of lighting with repetition and
alignment effects. Fractal modulation of the structure
geometry, combined with multi-texture lighting, can result in a highly realistic appearance. Geometric complexity can be easily managed using traditional levelof-detail and vanishing range assignment.

INTRODUCTION
The complexity of underground structures is high, as is their
importance in training, modeling and simulation, and weapons
delivery. High value installations can have a complex collection of tunnels, bunkers, and underground manufacturing and
maintenance facilities. In this paper we discuss technology
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that we are developing to address the automated generation of
underground structures, in terms of geometry generation, generation of realistic appearances, and in non-visual representations used by constructive simulation systems.
In order to accommodate this wide variety of structures, we
utilize procedural generation that is based on a set of parameterized styles, which are implemented as Tcl scripts rather than
in a compiled declarative programming language. Procedural
generation defines styles of structures rather than the specific
structures themselves. Thus, once a style is defined, it can
be applied to arbitrary source data geometry for repeated use.
In this presentation, we will demonstrate that our approach is
flexible enough to be applied to many geometric structures,
ranging from ad hoc tunnels to highly engineered subways.
The automated generation of underground geometry is only
one piece of the puzzle. The same parametric process can be
used to support multi-texture generation, allowing for control
of lighting with repetition and alignment effects. Fractal modulation of the structure geometry, combined with multi-texture
lighting, can result in a highly realistic appearance. Geometric
complexity can be easily managed using traditional level-ofdetail and vanishing range assignment.
Characteristics of Underground Structures
Not surprisingly, there is high variability in the nature of underground structures that are of interest to the modeling, simulation and training community as well as the targeting and intelligence communities. Underground facilities such as those
shown in Figure 1 are constructed and enhanced over many
years of effort. They can span large geographic areas and are
difficult to fully model using manual tools. For example, the
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(a) Chinese nuclear submarine facility

(b) Al-Safir underground WMD facility

Figure 1: Complex underground facilities
Chinese nuclear submarine facility at Sanya (Figure 1(a)) is
a massive new military facility on Hainan Island in the South
China Sea. It is China’s newest and nearest naval base to India.
Satellite images dated February 2008 show a sea entrance to an
underground facility and a Jin class submarine moored at the
base. Al-Safir (Figure 1(b)) is a chemical weapons and Scud
missile production facility in Syria, composed of numerous
tunnels and underground vault areas. These highly engineered
facilities are constructed over a significant period of time and
require modern civil and mechanical engineering technology.
Due to their physical scale, they are difficult to conceal from
national technical means during construction, but their interior
structure may remain well-hidden.
In contrast to these highly engineered structures, current forces
in Iraq and Afghanistan are more likely to encounter ad hoc
underground design and construction. These tunnel complexes
can range from simple shafts that are bored into the sides
of rugged mountainsides or disguised as vertical water well
shafts, to complicated infrastructures with entry ways built
into the side of a hillside that are disguised as village structures. The variability of these ad hoc underground structures
in terms of appearance and use is high. Our overall goal for
our underground structures generator is to design a system architecture that can cover this variability. For example, Figures 3 and 4 illustrate the different geometry requirements for
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tunnel-like structures such as ad hoc tunnels as contrasted with
modern subways. Likewise, Figures 5 and 6 highlight the variability of ad hoc underground structures and the difference between complex engineered underground facilities.
TerraTools Technology Design Goals
As a result of these observations we have developed a detailed
design which spans the need to represent and generate a range
of underground structures from ad hoc tunnels and shafts to
detailed engineered underground facilities. Our design is characterized by the development of the following capabilities:
• Automated generation of underground structures, using procedural and parametric modeling techniques, that will result
in the next generation of underground environments for correlated virtual and constructive simulation systems. These
underground structures can range from simple underground
tanks and storage to fully modeled underground complexes,
as shown in Figure 1, to ad hoc structures, such as those
shown in Figure 3.
• Support of a wide range of source materials, including traditional CAD and GIS vector data, interactive sketches, and
selection and parametric modification from a large database
of underground structure exemplars.
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• Seamless integration with man-made and natural surface 3. Structures that are building-like
features so that underground structures have areas of access
Building-like structures include bunkers, sewer drainage
and egress that automatically conform to the as-built terrain.
rooms, and subway stations. Instances may be interconnected with either of the two networking types of struc• Support of traditional visualization systems, using intertures, as in the example of multiple underground buildings
change standards such as OpenFlight, as well as geometry
connected by tunnels. When connecting these structures
and appearance conventions for gaming engines such as Virwith networks, we need to consider that our system allows
tual BattleSpace 2 (VBS2) and Delta3D runtimes.
these interiors to be constructed with their proper geopositioning. This implies that constructing the networks will
• Support of the OneSAF environmental data model (EDM)
require a common origin rather than a different one for each
and OneSAF Terrain Format (OTF) in a flexible and extenbuilding.
sible manner so as to track the evolution of these runtime
standards. Use of the Environmental Data Coding Specification (EDCS) Classification system and expansion of our TECHNOLOGY DEVELOPMENT RESULTS
support for SEDRIS 4.1 export.
The following figures illustrate current results for the variety
of underground structures described above.
GEOMETRIC CHARACTERIZATION OF UNDERNetworks that are road-like - Engineered
GROUND STRUCTURES
As a part of our design we generated a characterization of
the variety of underground structures that can be of interest
to the modeling and simulation community. This characterization was made across several dimensions, including structure
generation methodology, similarity of structures, and the ability to fully describe structures using source vector data with
attribution. Some structures, such as subway networks with
platforms and stations, are unlikely to have full geometric and
appearance descriptions in the source data, so we will design
the capability for complex structure generation from simple
descriptions.
Our work in the generation of underground structures leads us
to partition underground structures into three classes for the
purpose of evaluating generation processes. These include:
1. Networks that are road-like
Examples of road-like networks are structures like subway
tunnels and underground highways, such as the “Big Dig”
in Boston. They may or may not connect building-like
structures as subway tunnels connect stations. These networks are easily describable in two dimensions and can
have a variety of heights. Branching forks in road-like networks tend to occur laterally (to the left or right), but not
vertically (in the ceiling or floor of the tunnel).
2. Networks that are non-road-like
The second class of underground structure is for non-roadlike networks. This class includes all forms of water, sewer
utility lines, pipelines, and tunnels built for human access. The common property is that these structures can
have complex vertical branching that can not be described
by a 2.5D polygon network (a 2-dimensional network with
heights associated). The geometry for this type of network
is generated in a different manner. Rather than working
to get a traversable, polygonal road network that is then
extruded up, we take center lines and a cross section and
parametrically extrude that cross section along those lines.
TerraTools has demonstrated the ability to do this in the
simplest form with bends in the centerlines.
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Figure 2 shows the result of the use of a parametric model
for the definition and generation of complex engineered structures and is an example of networks that are road-like. We
leveraged previous work on parametric generation for building exteriors and tailored it to use a basic tunnel extrusion
template model. A source data road centerline vector with attribution for road (tunnel) width, tunnel height, and other appearance properties was input to the geometry and appearance
process. Road areals generated from the road centerline are
used as the tunnel floor, and ceiling polygons are generated to
match the roof crown. Figure 2(a) shows the high visual complexity that can be achieved using parametric generation. This
includes road surface textures, wall textures, the placement of
railing models, lights placed periodically on the tunnel walls,
and a walkway model. Figure 2(b) shows a detail of the door
geometry and railings that are periodically placed within the
tunnel. Figure 2(c) shows a cross section of the entire tunnel length integrated underground. Note that the tunnel can
bend smoothly at angles consistent with vehicle turning rates.
Figures 2(d) and 2(e) show two views of the tunnel entrance.
The generation of the intersection of the tunnel with the terrain surface requires additional geometric processing beyond
parametric model generation. In this case, we use a specific
tunnel entrance model, which can be efficiently integrated into
the terrain surface. This is particularly important for visual
representations and constructive representations such as OneSAF where each polygon must have a unique ID describing
its properties. Figure 2(f) shows that the triangulation can be
achieved using a low polygon count, translating to higher performance visual rendering and efficient line of sight (LOS) in
constructive simulations.
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(a) Procedural tunnel interior

(b) Tunnel interior visual details

(c) Entire tunnel cross-section

(d) Procedural tunnel entrance

(e) Tunnel entrance model (side view)

(f) Integration of tunnel with terrain surface

Figure 2: Complex engineered tunnel
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(a) Gaza

(b) Israel

(c) Middle East

(d) Gibraltar

Figure 3: Ad hoc tunnels

(a) Chambers Street, NY

(b) Beijing China

(c) Paris Metro

(d) Japan

Figure 4: Modern subways

(a) Hizballah

(b) Saddam Bunker

(c) Room Shelter

(d) Ad hoc Chamber

Figure 5: Crude underground bunkers

(a) Temet shelter

(b) Korea

(c) Underground bunker

Figure 6: Modern underground bunkers
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(d) Penstock shelter
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Networks that are road-like - Ad hoc
Figure 7 shows the result of an “ad hoc” tunnel generation,
which is a second example of networks that are road-like. In
this case, we made use of the parametric generation to create
an iteratively refined tunnel geometry. The external input data,
as in the case of the regular engineered tunnel in Figure 2, is
the tunnel centerline, width, and height. The tunnel centerline
is converted to a spline with spacing that allows for sharper
turns, since vehicles are not expected in this class of tunnel.
This regular subdivision generates a cylindrical shape. That
shape is then modified using a fractal component that offsets
the tunnel geometry toward or away from the center of the
cylinder. The magnitude of the offsets can be set as a constant
or a range of randomized values. Additionally, the roughness
of the fractal can be controlled and set to check for a minimum
(or maximum) value for the width of the tunnel at each point
along the spline. In addition to the fractal geometry, we apply
multi-textures to the rocky surface of the tunnel to improve the
visual appearance.
Figure 7(a) shows a fractal ad hoc tunnel with a flat “roadlike” floor, while Figure 7(b) shows that the ad hoc tunnel can
curve sharply as one would expect for a man-made or natural cave/tunnel. Figure 7(c) shows the improvement to the flat
floor model by adding fractal modification to the tunnel floor.
Figure 7(d) shows the effect of increasing the fractal dimension to improve the realism compared to Figure 7(c). One of
the strengths of parametric generation is that by using a relatively small parameter space, users can achieve a wide range
of geometric and visual effects. However the goal of this work
is to make this flexibility easy to use within both visual and
constructive simulations.
In addition to visual realism, additional details within the underground structures are possible. Figures 7(e) and 7(f) show
the addition of randomly placed rubble models on the tunnel floor. This process can include the random selection of
rubble models from a user defined set of models, specifying
the density and size (scale) of the rubble models. Since the
model placement points are generated as a part of the parametric process, they can be transferred to constructive simulation
systems as point features. This step is critical to maintain
correlation between constructive and visual systems. Applications such as live, virtual, and constructive robotic tasks,
of interest within Army PEOSTRI and PM-Robotics, clearly
require this capability.
Networks that are non-road-like

mon structure that has been shown to be used by insurgents
to hide and store explosives and other materials. Figures 8(b)
and 8(c) show the result of our parametric generation. A single
round profile was extruded along various segments to create a
shaft, passageway, alcoves and the water table at the bottom.
The scalings of each cross section were manually adjusted,
which allow for the bulbous alcove shapes to be made. Each
extrusion is intersected with the others so that the interior is
the expected open passageway. The intersection geometry is
subtracted; otherwise the extrusions would continue into the
interior.
Structures that are building-like
One of the most complex cases to be considered in the parametric generation of underground structures are those with
building-like structures, such as bunkers, basements, and
buildings, connected via an arbitrary network of tunnels.
Figure 9 illustrates the construction of a complex building
structure, with an underground component interconnected
with an underground tunnel. By extending technology currently available in TerraTools Core for individual building interior generation we created a set of building blueprints that also
had an underground component. Figures 9(a) and Figures 9(b)
are the interactively generated blueprints for the basement and
first floor components of this structure. Figure 9(c) shows
the resulting Ultra High Resolution Building (UHRB) in the
OneSAF 3.0 MCT (OneSAF stand-alone runtime) display. In
addition to UHRBs, users can also generate correlated OneSAF Testbed Multi Elevation Surface (MES), JCATS complex
buildings, and Virtual Battlespace 2 (VBS2) buildings with interiors. Figure 9(d) is a correlated visual version of the UHRB
structure. Figure 9(e) and 9(f) are a detail of the underground
tunnel structure in OpenFlight and the VBS2 runtime, respectively.
UNDERGROUND MODELS CORRELATED WITH
CONSTRUCTIVE SIMULATION
One of our major technical objectives for this work is to ensure that virtual models developed can be correlated with nonvisual constructive simulation systems. Increasingly, the sophistication of constructive simulations such as OneSAF require the ability to represent the internal structure of objects
so that entities can reason and route within them. This includes buildings and, with the advent of OneSAF Version 3.0,
the increased use of tunnel representations for navigation. The
increased use of tunnels is due to doctrine and experience with
third world environments where ad hoc underground structures serve as weapons storage, protective shelters, and hidden
routes between buildings. Based upon our significant experience with the generation of OneSAF terrain format (OTF) files
in TerraTools, it is clear that a direct translation from a visual
representation of underground structures will not support correlation within OneSAF.

A second class of underground structure is non-road-like networks. As described above, this class includes all forms of
water, sewer utility lines, pipelines and tunnels built for human access. The common property is that these structures can
have complex vertical branching that cannot be described by a
2.5D polygon network. Figure 8 shows an example of such a
There are two major technical issues in maintaining correlatunnel structure.
Figure 8(a) is part of a Karez irrigation system, which is typical tion. First is the actual generation of the required constructive
in Afghanistan and other surrounding regions. This is a com- simulation representation. The second issue is the environ-
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(a) Initial flat floor implementation

(b) Flat floor tunnel curve

(c) Ad hoc tunnel, fractal floor

(d) Ad hoc floor detail

(e) Ad hoc tunnel with rubble

(f) Ad hoc tunnel with rubble detail

Figure 7: Ad-Hoc Tunnels
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(b) Karez 3D model wireframe

(a) Karez irrigation tunnel diagram

(c) Shaded (untextured) Karez model

Figure 8: Example of modified Karez irrigation tunnel in Afganistan as cave complex
mental specification for the underground structures, which is For UHRB tunnels, all of the model’s geometry is explicitly
required for both OneSAF OTF construction and database in- defined within the UHRBs XML definition. A tunnel model
terchange using SEDRIS.
could conceivably be reused and instanced multiple times.
Underground models in OneSAF
Within OneSAF there are two ways of representing tunnels:
UHRB tunnel models and non-UHRB tunnel models. UHRB
tunnels are UHRB models that contain special apertures referred to as “connectors”. While normal apertures provide
connectivity between the UHRB-space and the terrain, connectors attach one UHRB to another. In the case of two buildings joined by an underground walkway, all three would be
modeled as UHRB objects, with the tunnel model placed so
that its connectors line up flush with the connectors of the two
buildings. In order to store the details of this relationship into
an OTF via the OneSAF API, a user must specify the IDs of the
two models being connected and directly reference the IDs of
the connectors in each model that are part of the connection.
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A non-UHRB tunnel is defined by a linear feature that describes the tunnel’s path. Any entrances to the tunnel are integrated into the terrain skin as a collection of triangles that
reference the unique ID of the tunnel’s linear feature. Except
for the entrance triangles, the geometry of a tunnel is not explicitly defined. Instead, a simple rectangle based on height
and width attribution is assumed to be extruded along the path
of the linear feature, and then connected to the terrain triangles
that mark the entrances.
Our UHRB generation process is largely automated to include
the implementation of an automated wall-splitter function, but
this technique does not scale if there are a large number of
intersecting tunnels in the geospatial source data. Similar limitations can be found in the ARA U2MG generator. Also, since
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(a) Blueprint basement and tunnel

(b) Blueprint building first floor

(c) OneSAF UHRB model

(d) 3D complex model visual

(e) OpenFlight tunnel visual

(f) Correlated VBS2 tunnel visual

Figure 9: Complex buildings with underground tunnel
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tunnels are usually geospecific, it is unlikely that a UHRB developed for one instance could be made to work in other portions of the database. It is also very difficult to construct a valid
UHRB with branching structure, as would be typical for tunnel networks. These issues will need to be addressed in future
work to support our OneSAF customers.
The second method for generating tunnel structures in OneSAF involves the generation of a set of attributed linears that
describe the tunnel centerline, with appropriate OneSAF environmental data model (EDM) attribution. Attribution on the
linears controls the width and height of the tunnel, ultimately
determining the trafficability through the tunnel. In addition to
the attributed centerlines, an attributed set of terrain triangles
with consistent UIDs must be generated to represent the tunnel end caps. The end cap triangles must be integrated into the
OTF ITIN. Unlike the UHRB case, we would not specify the
unique geometry within the tunnels using this representation.
However, in order to support a correlated visual, that geometry would need to be generated independently from the tunnel
centerlines.
Correlated Visuals with Game Engine Environment Format

basements. Figure 10(a) shows a dismounted soldier going
into the building that forms the entrance to the underground
bunker system. Figure 10(c) shows the soldier going down
stairs into the underground bunker, while Figure 10(d) shows
soldiers in the underground area. Figure 10(b) shows the underground model integrated into the VBS2 terrain surface,
with the surface polygon removed so that the underground
bunker structure is visible. These examples demonstrate the
feasiblity to generate underground structures that can be integrated and exported into the VBS2 game engine.
CONCLUSIONS
In this paper we have described new technology development
for the automated generation of underground structures to support correlated visual and constructive simulation. As we
move toward productization of this technology we will refine
and expand our initial structure generation methodology, based
upon similarity of structures and the ability to fully describe
structures using source vector data with attribution. Some
complex structures, such as subway networks with platforms
and stations, are unlikely to have full geometric and appearance descriptions in the source data, so we will design the capability for complex structure generation from simple descriptions. We will also need to address more complex examples
of each of these underground model classes using the same
flexible and adaptive parametric generation process. In most
cases the greatest complexities arise at underground structure
intersections where, in the most general case, the individual
cross sections can haphazardly intersect. Handling these intersections is the biggest challenge for techniques based upon
centerline-cross-section extrusion.

There are several technical issues for producing environmental databases with complex underground structures running on
game engine runtimes that we have addressed in this work.
These “serious games” have evolved to be an interesting component of training systems. Several programs within the Army
using OneSAF as their constructive simulation have expressed
strong interest in using game engines for visual components of
training. These problems are typically involved in high fidelity
ground operations involving urban simulation and counter IED
operations. The challenge, given the difference in terrain rep- Some specific considerations for future technical work include
resentation for game engine environments, is in maintaining addressing the following:
correlation with constructive simulations such as OneSAF.
• Improvements to tunnel generation with extreme twists and
The Virtual Battle Space 2 (VBS2) game engine, produced by
bends using piece-wise models
Bohemia Interactive, Australia (BIA) has been adopted by a • Better handling of heading and pitch changes within a single
number of U.S. Army organizations and the Marines as a game
tunnel structure
engine to support IED training and course of action training. • Complex branching tunnels and cave-like structures
In particular, the selection of VBS2 as the Game After Am- • Complex tunnel intersections and multiple tunnel levels.
bush (GAA) by PEOSTRI makes it a significant commercial • Geometric simplification of resulting underground structures including automated levels of detail
player and a key target for our correlated constructive and vir• Increasing the structural complexity of building and tunnel
tual database production.
configurations
However, VBS2’s underlying terrain representation is gridded, • Increased automation of the integration of underground
with models placed on the terrain rather than as integrated feamodels with the terrain environment
tures. This greatly complicates the correlation with constructive runtime systems such as OneSAF and JSAF which rely on
ITIN representation for the terrain skin. We have demonstrated
a proof of concept that allows us to use OneSAF UHRB building blueprints to construct VBS2 models and then integrate
them into the VBS2 gridded terrain. We are working on automating this process and relaxing several constraints and limitations on the complexity of the correlated models that can be
created.
Figure 10 shows a set of VBS2 screen shots for a pair of buildings with a common underground bunker connecting their
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(a) Bunker entrance via above surface building

(b) VBS2 integrated model, terrain surface removed

(c) Access to bunker via stairs

(d) Underground bunker complex

Figure 10: VBS2 underground bunker complex
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