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Abstract— Planetary topography is the result of complex interactions between geological processes, of which faulting is a prominent
component. Surface-rupturing earthquakes cut and move landforms which develop across active faults, producing characteristic
surface displacements across the fault. Geometric models of faults and their associated surface displacements are commonly applied
to reconstruct these offsets to enable interpretation of the observed topography. However, current 2D techniques are limited in their
capability to convey both the three-dimensional kinematics of faulting and the incremental sequence of events required by a given
reconstruction. Here we present a real-time system for interactive retro-deformation of faulted topography to enable reconstruction
of fault displacement within a high-resolution (sub 1m/pixel) 3D terrain visualization. We employ geometry shaders on the GPU to
intersect the surface mesh with fault-segments interactively specified by the user and transform the resulting surface blocks in real-
time according to a kinematic model of fault motion. Our method facilitates a human-in-the-loop approach to reconstruction of fault
displacements by providing instant visual feedback while exploring the parameter space. Thus, scientists can evaluate the validity of
traditional point-to-point reconstructions by visually examining a smooth interpolation of the displacement in 3D. We show the efficacy
of our approach by using it to reconstruct segments of the San Andreas fault, California as well as a graben structure in the Noctis

Labyrinthus region on Mars.

Index Terms—Terrain rendering, interactive, fault simulation, mesh deformation.

1 INTRODUCTION

The present day topography of terrestrial planets is the accumulated
result of a history of geological transformations. These processes
leave observable marks on the landscape that are expressions of their
interaction with the planetary surface. Geologists are interested in
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isolating and quantifying individual processes as well as determin-
ing the chronological sequence of their influence to help reconstruct
the time line of geological evolution. Of particular interest to this
goal are faults, which are fracture surfaces within the planetary crust.
Where these fractures intersect the surface, they form characteristic
fault lines.

Individual earthquakes produce differential motion within the crust
which can displace landforms a few centimeters to several meters
along a fault line. Because these offsets are often well-expressed in
topography, they serve as valuable anchor-points for unraveling the
complexity of multiple interacting processes. To illustrate this phe-
nomenon, consider a fault cutting across a river bed which is actively
being eroded by a stream. As the two volumes of rock on opposing
sides of the fault experience differential motion, the evolution of the
river bed can be modified, halted, a new bed can be created or a com-
bination of these effects can occur. Thus, distinct landforms are pro-
duced at different times, each recording a different amount of offset
from which the time-evolution of the fault can be inferred.

Estimation of fault parameters is typically performed using a topo-
graphic map by identifying pairs of corresponding landforms which
have been cut and displaced by the fault. The intersection points of
these segments with the fault surface are called piercing points. The
displacement accumulated along the fault since the feature has been
cut can be quantified by the vector between these piercing points. A
common approach to visualizing the pre-faulting state of the topo-
graphy is to apply image editing software to raster maps. The map
image is cut along the fault line and the two blocks are displaced
according to the measured offset. This two-dimensional (2D) ap-
proach is limited, however, because it cannot properly convey the



three-dimensional component of the displacement behavior.

Our contribution is an interactive solution to modeling fault dis-
placements within a 3D terrain visualization system where 3D naviga-
tion can properly reveal the spatial relation between fault geometries
and the affected landscape. The terrain geometry is sliced along fault
planes which approximate the fracture interface. The two resulting ter-
rain blocks can then be interactively displaced relative to each other,
which allows for a human-in-the-loop exploration of fault parameters
by giving instant visual feedback on their effect on the topography.
The demonstrated system enables geologists to:

1. explore the continuous evolution of a given retro-deformation
rather than only its initial and final expression

2. visualize the 3D implications of the retro-deformation from any
perspective to identify topographic variations not seen in a 2D
plan-view

3. interactively perform three-dimensional oblique slip reconstruc-
tions by allowing arbitrary relative motion on the fault plane

The fault simulation framework presented in this work was imple-
mented within two different terrain rendering systems: The Crusta Vir-
tual Globe [2], which was used for the San Andreas study, as well as in
another spherical terrain rendering system [18] which was used for the
Mars reconstructions. As all geometric operations are performed in
shader programs which execute late in the rendering pipeline, porting
the approach to both systems was straightforward.

Section 2 provides an overview of current methodology for explor-
ing terrain retro-deformation. Section 3 describes our kinematic model
for a single fault segment and Section 4 the resulting real-time visu-
alization algorithm. In Section 5 we extend both the model and the
visualization to incorporate a piece-wise linear segmented approxima-
tion to simulate curved fault geometries. We demonstrate the efficacy
of our approach in Section 6 by applying it to parts of the San An-
dreas fault in northern California as well as to a graben structure in the
Noctis Labyrinthus region on Mars.

2 RELATED WORK

The method traditionally used to visualize retro-deformation is based
on cutting and displacing 2D maps (orthoimages) according to mea-
sured offsets between displaced surface markers, as exemplified by
Frankel etal. [9]. A disadvantage of the 2D representation is that it
can lead to ambiguities in the interpretation of such reconstructions as
is demonstrated in Section 6.

Zielke and Arrowsmith [20] presented the LaDiCaoz tool for semi-
automatic lateral (strike-slip) fault offset computation based on digital
elevation maps (DEMs). In this system the user draws a fault trace
onto a hillshaded image in plan view. The system then samples the
elevation on both sides of the fault trace to produce a pair of height
profiles. Keeping one side fixed, the algorithm laterally displaces the
other profile to find the offset which provides the best match according
to a distance metric. While this automation can reduce the time to find
plausible fault offsets, the system supports only lateral offsets and pro-
vides only limited means for visual confirmation of such hypotheses.
Results can only be visualized in plan view, which has the same draw-
backs as the approach described previously. Furthermore, the authors
report that because the algorithm requires all input data to be repre-
sented in memory, input DEMs can not be larger than about 108 grid
points, which translates to a file size of 200 MiB for a typical 16 bit
per sample representation. Larger files can be loaded but have to be
downsampled in the process. In our approach, the underlying terrain
renderer applies Level-of-Detail rendering and data streaming to over-
come this limitation. This allows users performing a reconstruction to
watch nearby marker sites for alignment at native resolution even for
very large (e.g., > 60 GiB) datasets.

An interesting geometric construction to describe the structural de-
formations due to fault movements was presented by Egan etal. [8].
However, the method has only been applied to small models and is not
practical for deforming large DEM meshes interactively.

3D GeoModeller is a software package for recovering the subsur-
face fault configuration based on primary geological observations such
as drill hole experiments, seismic and gravimetric data. Using geo-
physical inverse theory and a human-in-the-loop approach, the soft-
ware attempts to reconstruct the most probable fault configuration con-
sistent with the sparse observations that are available. The system
focuses on recovering the present day subsurface fault geometry and
does not consider the time evolution of fault slip, however. The func-
tionality our system provides to recover fault geometries from their
surface expression could potentially be used to constrain and refine
geological models constructed with this software.

Numerical simulations of faulting mechanics, which is a frictional
contact problem, have been explored extensively [3, 19]. Based on vol-
ume mesh representations of fault planes and rock layers (strata), static
finite element (FE) models are able to simulate stress distribution in the
Earth’s crust. In recent years, these approaches have been extended to
simulate fault motion by using dynamic FE models [12]. However,
while FE methods are useful to validate individual hypotheses about
fault geometry or material composition in the subsurface, they are too
computationally intensive for interactive simulation of faulting in 3D
space.

Van Aalsburg et al. [16] have demonstrated a system to interactively
edit fault maps in a virtual reality (VR) environment. Their work fo-
cuses on using VR methods to improve perception of surface features
and enable users to create better maps of large fault networks, which
can then be used as input to FEM based solvers. While our system also
provides functionality to trace fault lines directly on top of a DEM vi-
sualization, our goal is interactively simulating the retro-deformation
of these faults to measure and verify offset parameters.

Mesh deformation techniques which use control points or handles
to control the deformation of an existing object are well established in
geometric modeling literature [13, 6, 4]. A common goal in many of
these approaches is to localize the influence of control points to pro-
vide intuitive control about the deformation. The design of our kine-
matic model is based on a similar notion, namely that trajectories of
points close to a fault line segment should be tangential to the segment.

Von Funk etal. [17] presented an interactive mesh deformation
technique that transforms the vertices of a triangle mesh by GPU-
based pathline integration along a synthetic vector field that can be
manipulated using different modeling metaphors. Our displacement
strategy can likewise be cast as vector field integration on an implicit
field which is constant within the influence zones of the individual
fault line segments.

Correa etal. [7] have demonstrated an interesting approach to ren-
dering deformed meshes using a signed distance map representa-
tion and ray-casting. The necessary warping function for fault-retro-
deformation could certainly be computed procedurally, but an imple-
mentation would essentially imply development of an efficient ray-
casting based terrain render. This is complicated by the fact that the
actual path of the rays is only computed on the GPU, which would
require random access to the underlying level-of-detail representation.

Bruyns etal. [5] provided a survey on existing interactive mesh
cutting methods and categorize them according to how the cut path
is defined, whether intersected primitives are simply removed or re-
tessellated and by the number of new primitives generated during re-
meshing. In their categorization, our system uses a cut path defined
by a template (the fault line). Intersected primitives are re-meshed and
the number of newly generated primitives is minimal - new vertices
are only inserted at the intersection points between the fault line and
the terrain geometry. Following the survey, the authors present a VR
system which uses collision detection and haptic feedback to simu-
late surgery using a virtual scalpel. The performance of this system is
based on the assumption that cutting happens incrementally as primi-
tives are intersected by the scalpel. Under this assumption, it would be
difficult to enable interactive modification of the cut path, as is possi-
ble with our approach.

Another surgery simulation system was presented in [14], in which
triangle meshes that intersect with a virtual scalpel are split and re-
tessellated and a triangulation of the cutting plane is added to represent
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Fig. 1. Fault model and kinematics of typical displacements.

the exposed tissue. Subsequently, free-form deformations are applied
to the sub-meshes on either side of the incision to simulate tissue be-
havior. Our approach transforms the terrain mesh in a similar way by
cutting triangles along a fault line, adding a triangulation of the fault
plane and applying a deformation to the geometry on one side of the
cut.

3 FAULT MODEL

As illustrated in Figure 1, the standard model for faults [15] approxi-
mates the geometry of the associated rock fracture with a single plane.
This partitions the crust into two rigid blocks for which the relative
motion is restrained to a linear displacement parallel to this fault plane.
The corresponding displacement vector is called slip.

To match geoscientific terminology, this slip vector is decomposed
into so-called strike and dip components. The strike is the projection
of the slip onto the locally horizontal plane and relates to the azimuthal
component of the displacement whereas the dip is the projection of the
slip onto the vertical plane and relates to the slope component.

Faults are typically classified based on their strike and dip such that
faults with predominantly horizontal slip are categorized as strike-slip,
while vertically dominant cases are referred to as dip-slip. The latter
are further subdivided into normal and reverse faults. A normal fault
is characterized by the hanging wall moving downward relative to the
footwall, exposing rocks which were previously located underneath
the surface. Normal faults can also occur as parallel pairs, in which
case the enclosed block of land which is downthrown is referred to
as a graben. The opposite case to normal faults are so-called reverse
faults. These are characterized by the hanging wall moving upward
and are accompanied by a shortening of the crust.

In our system, fault geometry is defined by tracing fault lines di-
rectly on the visualized topography. While specifying the dip angle
using a slider, the resulting fault planes are visualized to support the
user in matching the slope of a fault scarp.

4 VISUALIZING PLANAR FAULT DISPLACEMENT

In the following we consider the case of a planar fault with a single
fault plane, which is the approximation generally used in practice. In
the kinematic model we have chosen, the fault plane bisects the terrain
into a fixed and a moving fault block. The moving block experiences
a constant linear translation which is the superposition of displace-
ments in the fault strike- and dip-directions. The strike direction is
given by the orientation of the fault line while the dip direction corre-
sponds to motion along the slope of the fault plane, perpendicular to
both strike direction and plane normal. The amount of displacement
in each direction is adjusted using two sliders, which allows the user
to explore the continuum of possible offsets while observing the cor-
respondences between landforms on opposing sides of the fault plane.
Note that within this model, canceling out the effects of fault motion
is equivalent to simulating the forward progression of a fault with re-
versed displacement directions.

Fig. 2. Surface mesh is cut and re-tessellated along the fault, trian-
gles representing the fault plane are inserted (blue and orange) and the
moving block (right) is displaced.

To apply this model to a triangle mesh and maintain the solid ap-
pearance of the individual fault blocks, it is necessary to bisect the
mesh along the fault plane and close the resulting holes in both sub-
meshes (Figure 2). Bisecting the mesh requires re-meshing of all tri-
angles which are intersected by the fault plane, producing three sub-
triangles each. In order to close the resulting holes at the interface of
the two sub-meshes, a tessellation of the new mesh boundary is gen-
erated, which is a subset of the fault plane. For each segment of the
mesh-plane intersection curve, a triangle is produced which connects
the segment with the point on the fault plane closest to the planet’s
center. This triangle is duplicated with opposite vertex ordering to
provide correct, front-facing surfaces on both fault blocks. The trian-
gles are colored, as the exposure of the interface due to translation can
provide valuable indicators for the geologist (see Section 6). Finally,
the strike and dip displacement translation is applied to those triangles
associated with the moving block.

To allow for interactive modification of all fault parameters, includ-
ing the fault line geometry, we chose to implement these operations as
part of the rendering pipeline by using a geometry shader. Note that a
straightforward implementation of these geometric manipulations can
easily lead to artifacts, as the large difference in scale between the
planet’s radius and individual triangle sizes leads to numerical insta-
bilities due to cancellation effects when using single-precision arith-
metic. In tile based terrain rendering systems, these problems can be
avoided, however, by performing all operations in a coordinate system
local to the tile currently being rendered. The final translation which
moves the patch to its world space coordinates can in this case be ab-
sorbed into the model-view transformation.

To ensure high visual fidelity of those parts of terrain that are shifted
into view by the applied translations, it is necessary to adapt the level-
of-detail metric used by the underlying terrain rendering scheme to
compute the necessary terrain resolution. For schemes which (re-
cursively) evaluate the screen-space projected area of terrain patches,
each patch can be tested against the fault plane and if it is found to be
contained in the moving block, the translation can be considered in the
evaluation of the LoD-metric by applying it to the bounding volume
being considered. For patches which are being intersected by the fault
plane, the maximum screen area for both the original and translated
position of the patch should be used instead.

5 VISUALIZING SEGMENTED FAULT DISPLACEMENT

In contrast to the standard model, naturally occurring fractures are of-
ten non-planar and can exhibit slight curvature at large scales. In the
following, the kinematic model for planar faults described in Section 4
is extended to a piecewise planar formulation to enable simulation of
these cases by allowing curved fault traces to be approximated using
multiple planar fault segments. Based on the assumption that points
close to the fault curve should move tangentially to it, we define a dis-
placement field that is tangential to offset surfaces of each fault plane.
This field is constructed by subdividing the moving block into disjunct
zones of constant displacement direction. We present an extended dis-
placement algorithm to implement this transformation in real-time us-
ing a ray-casting scheme.
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Fig. 4. (a) The moving block is segmented into influence zones by
boundary planes which bisect the angle between fault line segments.
(b) A mesh vertex v is advected until it has travelled a distance equal to
the desired offset.

5.1 Definition of influence zones

With each fault plane we associate a zone of influence within which
fault displacement occurs strictly parallel to the plane. Between each
pair of influence zones, a boundary plane is introduced which explictly
represents the zone interface. These boundary planes bisect the angle
between the neighboring fault planes (Figure 4(a)).

For the first and last fault plane, we omit the boundary plane cor-
responding to the missing neighbor, which implies that the influence
zones extend indefinitely in that direction. If only a single fault line
segment is specified, its influence zone equals the half-space defined
by the fault plane which is equivalent to the planar model.

5.2 Displacement algorithm

In the following we present a modified displacement scheme
(Figure 4(b)) that supports segmented fault lines. We define z; to be
the influence zone bounded by the fault plane f; as well as the pair
(bi, bi+1) of boundary planes. Furthermore, let d; be a unit vector
parallel to the corresponding fault line segment.

The algorithm begins by classifying each mesh vertex according to
the influence zone within which it is located. For this, we loop over
all zones and apply a signed distance test against the corresponding
triplet of bounding planes. The mesh is then cut and closed as in the
planar case by intersecting each triangle within a zone z; against the
corresponding fault plane f;.

Vertices within the moving block are then advected parallel to the
fault line by the user-specified positive strike-slip offset s. A vertex v
within a zone z; travels in direction d; until it leaves the zone, which
occurs at the intersection with the boundary plane b;, ;. To obtain the
distance ¢ to this point we compute the intersection of the ray (v,d;)
with b;, 1. If this distance is larger than s, the vertex is translated along
d; by s and the algorithm ends. Otherwise, the vertex v is advanced to
the intersection point, the remaining offset distance s is decreased by ¢
and the process is repeated with the next zone z; .

Note that since vertices always move parallel to fault line segments,
they can never intersect the fault planes f;. Furthermore, for positive
strike-slip offsets, vertices always visit the influence zones in increas-
ing order, therefore only the boundary planes b, | needs to be consid-
ered for intersection. In the case of negative offsets, zones are visited
in decreasing order and the planes b; are tested instead.

The requirement to conditionally generate new geometry again sug-
gests implementing this algorithm using geometry shaders. However,
as geometry shaders operate on individual primitives, vertices shared
by multiple triangles would be processed redundantly. In order to
avoid this redundancy, we chose to instead implement the determi-
nation of the initial influence zones as well as the ray-casting step
within a vertex shader and pass the results to the geometry shader.
For the majority of triangles that are not intersected by any fault plane,
the geometry shader can simply pass these values through to the next

Fault lines

/

Moving blocks
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Fig. 5. Placing multiple fault lines to reconstruct a graben.

pipeline stage. For intersected triangles, newly generated vertices still
have to be advected by the geometry shader, however.

5.3 Graben reconstruction

The displacement algorithm allows for the simulation of multiple
faults, given that the resulting influence zones (compare Figure 4(a))
do not intersect. This enables the reconstruction of graben, which
are depressed regions bounded by a pair of parallel normal faults
(Figure 5). This application requires, however, that the surrounding
upland is defined as moving blocks while the depressed region is kept
fixed.

6 RESULTS

In the following we demonstrate our system using two example data
sets. The first one is a subset of the data gathered by the B4 LiDAR
project which represents a ~ 100 km long segment of the San Andreas
Fault. The data was processed to a raster DEM at ~ 1 m resolution and
transformed into a 5.2 GiB hierarchical database for Crusta.

The second example uses the full HRSC [11] level 4 archival dataset
which provides a DEM of one third of the surface of Mars at an aver-
age resolution of 90 m (24 GiB) as well as grayscale imagery at a res-
olution of 16.5m (386 GiB). These were processed to level-of-detail
databases with a size of 121 GiB for the DEM and 410 GiB for the
imagery, respectively.

6.1 San Andreas Fault

The San Andreas Fault (SAF) is a 1,300 km-long, active, right-slip
fault that defines the boundary between the Pacific and North Amer-
ican plates. We demonstrate the utility of our approach by mapping
and retro-deforming a section of the SAF located within the Mojave
Desert, north of Los Angeles in southern California.

In particular we justify the capabilities mentioned in the intro-
duction with a set of remote geologic investigations done along the
fault section: reconstructing both strike and dip offset of a stream
channel; discovering multiple offset reconstructions through effective
multi-scale retro-deformation; and inferring the probable age at
which an alluvial fan could have formed through 3D exploration of
intermediate reconstructions.

3D strike and dip reconstruction (Figure 6). 3D visualization
of the fault displacement can produce important insights for the
interpretation of a hypothetical reconstruction. Panel 6(a) shows a
plan view of a stream channel, flowing towards the bottom of the
image, which has been offset by a fault, as indicated by a sudden
right step in the stream channel where it crosses the fault. Panel 6(b)
presents a hypothetical reconstruction undoing the offset achieved
by applying a left-lateral strike-slip displacement of ~80m. Note
that equivalent results can be obtained using established methods
of cutting and re-arranging orthoimages. Using 3D navigation,
however, we can produce an oblique view of the site (Panel 6(c))
which reveals that the reconstruction is incomplete. In particular, it
reveals a topographic high that is clearly visible due to the exposure
of the blue-colored fault plane. The presence of this blue plane
indicates that further geological processes must have been involved
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Fig. 3. Exploring incremental reconstructions of a feature offset by ~280m (red arrows). A shutter ridge appears at ~175m (circled in orange),

implying a formation age of the alluvial fan (circled in blue).

to explain the height difference. One potential explanation is the
presence of a dip-slip component to the fault, compensating for the
vertical offset. Applying a dip-slip offset of ~5m to compensate
yields the result shown in Panel 6(d). As the dip-slip component of
the reconstructed channel is restored, some sections along the fault
might no longer align in terms of vertical displacement. However, this
can be considered geologically reasonable for two reasons: 1) there
can be localized dip-slip movement along the fault, and 2) sections
of the fault adjacent to a retro-deformed channel represent different
times in history. Thus, a topographic high further east could be eroded
during the time it takes for the slip along the fault to displace it to
the reconstructed location. Such considerations are key to geologic
studies and can be interactively explored with the proposed system.

Multi-scale retro-deformation. In a typical session with our
system, a geologist would: 1) map the trace of the fault along a
significant portion of the study area using our multi-segmented
representation; 2) identify a single landform that appears offset at a
detailed scale; 3) restore that feature which globally retro-deforms the
terrain along the entire mapped section; and 4) subsequently explore
the landscape, alternating between overview and detailed scales, in
search for other markers along the fault which would also have been
restored in support of the initial reconstruction. To demonstrate this
approach, we will consider the effects of the previous reconstruction
on nearby topography. The top panel in Figure 7 gives an overview
of a segment of the San Andreas fault with the site previously
reconstructed (Figure 6) highlighted (orange box). Close examination
of the deformed terrain along the fault trace revealed other sites which
were reconnected due to the applied offset, two of which (circled)
are shown in detail in the bottom panels in their pre- and post-offset
state. These observations provide strong visual evidence for a
plausible offset distance that was initially only locally justified. Note
that these findings would be difficult to reproduce using traditional
image editing software because the size of an orthoimage required to
adequately represent the terrain at a detailed scale everywhere along
the segment would be prohibitively large.

Inferring geologic history (Figure 3). For an offset reconstruc-
tion to be both reasonable and complete, geologists must be able
to describe the sequence of geologic events that occurred during
formation and progressive displacement of the offset landform. The
ability to interactively evaluate intermediate steps during interactive
retro-deformation is critical in establishing such a geologic history.
Panels 3(a) and 3(c) show a right offset channel at present-day and
a predicted reconstruction (=280 m), respectively. Panel 3(b) shows
an intermediate step of the retro-deformation as observed during
interactive exploration. In this view an uphill facing topographic high
(blue surface in the figure) is found to block the uphill stream channel.
This denotes a time in history at which sediment in the channel was
able to pool up against the ridge, thus creating an alluvial fan which

(@) (b)
(c) (d)

Fig. 6. Reconstruction of an offset channel. (a) plan view present day,
(b) plan view reconstructed, (c) oblique view reveals obstructing topo-
graphy, (d) applying dip component to compensate.

can be seen in the present day. By taking into consideration both the
average slip rate along the SAF and the offset distance at which this
shutter ridge forms, a potential age for the formation of this alluvial
fan can be determined.

6.2 Noctis Labyrinthus (Mars)

Products of tectonic activity can be observed on all terrestrial planets
in the solar system. Strike-slip faults are not as prominent as they
are on Earth, however, where they are often linked to plate tectonics.
Faults on Mars [10], for example, are almost exclusively of the dip-slip
(normal) type, even though evidence for strike-slip faults exists [1].
The Noctis Labyrinthus region of Mars is located at the western
termination of the Vallis Marineris canyon system. It is a complex
network of canyons and plateaus formed by grabens and landslides.
Figure 8 shows a graben structure in which the surface was displaced
along a pair of dip-slip faults with sub-parallel orientation. The re-



Interactively reconstructing a section of the San Andreas fault. Views for all panels are oblique and approximately to the south. Top:
present-day overview of the fault section. The orange box highlights the site which was reconstructed in Figure 6. The fault trace is indicated by the
green polyline. The circles represent additional sites that were found to exhibit connected channels due to the ~80 m reconstruction. Bottom: top
panels for each vertical pair (left and right) show present-day geometry of offset channels (red arrows). The bottom panels of the pair show how
the connectivity of the channels is restored after the retro-deformation (indicated by alignment of the red arrows).

Fig. 7.




Fig. 8. Interactive reconstruction of a graben on Mars. Top-left: Fault scarps marked in blue and red. Right side of image shows region where
terrain has collapsed. Top-center: Cross-sectional view of the graben from inside the collapse. Height profile (orange) along the rim of the collapse
shows elevation difference in graben region. Top-right: Traced the foothill of the fault scarps on both sides of the graben. Bottom-left: Rotating the
fault planes (blue) to match the slope of the fault scarps. Bottom-center: Cross-sectional view after reconstruction. Bottom-right: Top-down view
after reconstruction. Note reconnection of intersecting fault line (orange).

sulting fault scarps, which dip toward the center of the graben in a
V-shape, are marked on each side of the graben (top-left). This site
also features a collapse on the right hand side which produces a cliff
that intersects the graben. This coincidence allows for a unique cross-
sectional view along the graben (top-right), which clearly shows the
elevation difference produced by faulting.

To reconstruct this graben, a pair of segmented fault lines is drawn
in a top-down view by tracing the foothill of both normal faults (top-
right). Using an oblique perspective, the dip-angle of the fault planes
is then set to match the slope of the fault scarps (bottom-left). This is
supported by visualizing the fault plane orientation (blue) along each
fault line segment as the planes are rotated. Going back to the cross-
sectional view, the retro-deformation is then performed by applying
increasingly larger dip-slip offsets until the valley of the graben is
lifted up to match the elevation of the surrounding upland (bottom-
center). The top-down view of the reconstructed result (bottom-right)
reveals the simultaneous reconnection of another linear fault intersect-
ing the graben (orange), which supports the reconstruction hypothesis.
A dip angle of ~ 36° and an offset of ~ 800 m along dip was mea-
sured, which corresponds to a vertical elevation difference of ~ 470 m
between valley and upland.

6.3 Practical impact

Geoscience experts who applied the system to study segments of the
San Andreas fault reported that using the retro-deformation tool to per-
form geologic reconstructions significantly improves upon the tradi-
tional image editing and other 2D approaches such as LaDiCaoz [20]
by making it possible to see the full 3D geometry of the reconstructed
site during restoration, thus evaluating the feasibility of the reconstruc-
tion and understanding the detailed sequence of erosional and depo-
sitional events predicted by the reconstruction. The tool has proven
essential for identifying and evaluating potential landform offsets by
allowing the geoscientists to interactively restore one offset while si-
multaneously watching for other features to become aligned. Analysis
of large swaths of LiDAR data is possible using Crusta because it sup-
ports interactive visualization of large (e.g., > 60 GiB) datasets. As
such, using the retro-deformation tool with Crusta enables rapid char-
acterization of the range of offset magnitudes permitted at a given site,
and thus can be used to quantitatively evaluate the offset uncertainty.
The system was essential for a specific research project along the
San Andreas fault, enabling geoscientists to remotely discover, eval-

Table 1. Rendering performance

Figure | # triangles (million) | frames/second
SAF, overview 33 40
SAF, zoomed in 29 50
Mars, top-down 4.6 32
Mars, cross-section 5.1 28

uate and reconstruct a total of 60 offsets along a 100 km long section
of the fault represented by a ~ 3.4 GiB DEM dataset. These offsets
range from 20 to 261 m and largely infill a number of gaps in previ-
ously reported data. The discovery of so many new potential slip-rate
sites along this long-studied section of the fault represents a major ad-
vance and created important opportunities for resolving several long-
standing disputes over the slip rate and mechanics of this important
fault system.

6.4 Performance

Frame time [s]

10 20 30 40 50 60
Number of fault plane segments

Fig. 9. Scaling behavior: Relation between number of fault segments
and rendering time in Mars top-down view

The system was benchmarked on a workstation equipped with an
Intel Xeon E5520 quad-core CPU, 24 GiB of RAM and a NVIDIA



Quadro 6000 GPU. All examples were rendered at full-screen reso-
lution of 1920 x 1200 pixels. Measurement results shown in Table 1
demonstrate that interactivity was maintained in both application ex-
amples for scene complexities larger than 1 triangle per pixel.

Figure 9 shows the scaling behavior with respect to the number of
fault line segments, measured in the top-down view of the Mars ex-
ample by gradually extending a linear fault line. When using up to
16 line segments performance stayed approximately constant. Beyond
this number performance decreased in a linear fashion. While the ini-
tial plateau seems be to be a hardware dependent artifact, the subse-
quent linear behavior can be explained by the fact that the algorithm
we presented has linear complexity with regard to the number of fault
segments. For the examples presented here only a maximum of 14
fault plane segments was ever used, therefore we believe that this de-
crease in rendering performance is not of much practical relevance.

7 CONCLUSIONS AND FUTURE WORK

We have presented a system for interactive retro-deformation of
faulted topography within a 3D terrain visualization system. Our tech-
nique maintains interactivity by performing all computationally ex-
pensive transformations in real-time on the GPU, leveraging geome-
try shader programs to handle topological changes in the transformed
mesh. To simulate nonplanar faults, we have constructed a kinematic
model and implemented it on the GPU using a raycasting approach.

Using our system, fault displacements can be estimated rapidly in
a human-in-the-loop scheme, where topography is examined for the
alignment of displaced surface features as the terrain is interactively
displaced. By showing an oblique view of a feature which has previ-
ously been reconstructed in a plan view, we demonstrate that 2D ap-
proaches are limited as they cannot convey all geometric implications
of a given reconstruction.

To show the efficacy of our technique we applied it to segments
of the San Andreas fault, demonstrating the restoration process of a
single surface feature displaced by a strike-slip fault. By fixing this
offset and inspecting several nearby marker sites, we found additional
visual proof that the reconstruction is indeed correct. Furthermore, we
demonstrated the retro-deformation of a graben on Mars which had
been formed by a pair of dip-slip faults. Again, the reconstruction
hypothesis was supported by the reconnection of a nearby marker site.

Note that for curved faults, a fault block whose linear motion is ob-
structed by a fault segment curving towards the block would in reality
be expected to produce a vertical component of motion, resulting in
crustal shortening as it is pushed upwards over the blocking segment.
In the opposite case where the fault curves away from the moving
block, crustal extension would be expected. These effects are not cur-
rently captured by our kinematic model for curved faults.

Concerning future research possibilities, we want to refine the kine-
matic formulation to account for this crustal shortening and extension
in response to curves in the trajectory of a slip-strike fault. Further-
more, we want to explore the possibility of simulating large networks
of intersecting faults, which we expect will require spatially limiting
the influence of individual faults as well as the application of accelera-
tion structures to improve the performance of spatial queries. Further-
more, we are considering incorporating the LaDiCaoz [20] approach
to semi-automatically provide the user with a set of plausible fault off-
sets which could then be explored interactively using our system.
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