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Abstract. We presert an interactiv e, real-time mapping system for dig-
ital elevation maps (DEMs), which allows Earth sciertists to map and
therefore understand the deformation of the continental crust at length
scalesof 10m to 1000km. Our system visualizes the surface of the Earth
as a 3D surface generated from a DEM, with a color texture generated
from a registered multisp ectral image and vector-based mapping ele-
ments draped over it. We use a quadtree-based multiresolution method
to be able to render high-resolution terrain mapping data sets of large
spatial regionsin real time. The main strength of our system is the com-
bination of interactiv e rendering and interactive mapping directly onto
the 3D surface, with the ability to navigate the terrain and to change
viewpoints arbitrarily during mapping. User studies and comparisons
with commercially available mapping software show that our system im-
proves mapping accuracy and e ciency , and also enables qualitativ ely
di erent obsenations that are not possible to make with existing sys-
tems.

1 Intro duction

Understanding how continents deform is a fundamertal problem in Earth sci-
ence[l]. Although the plate tectonic paradigm provides an accurate description
of the behavior of oceanic crust, the theory fails to fully explain strain dis-
tribution within cortinents. There are currently two end-menber views of the
problem [2]. In one, cortinental deformation is spatially distributed over thou-
sandsof kilometers and thus, fundamentally di ers from the plate-like behavior
of the oceanic crust. In a secondview, cortinents are mosaicsof strong, rigid

blocks bounded by weak faults, and thus mimic the behavior of oceanicplates.
Distinguishing between these two views certers on determining the geometric
and medanical ewlution of rst-order ( 1000km long) intracontinental struc-
tural systems[2]. Do these systemsof faults and folds remain stable in space
and time for tens of millions of years (oceanic-plate like), or do they migrate,
evertually producing spatially distributed deformation zones(di use pattern)?



Addressing this problem certers on determining how these 1000km-long
structural systemsform and ewlve over geologically intermediate time scales
of a few tens of thousandsto a few million years. At its core, deweloping this
understanding requires mapping these structural systems.Speci cally, mapping
meansidentifying and measuring the 3D orientation of surfacessud as faults
and folded layers of rock, along with the various topographic features by which
these structures may be identi ed, sud as contorted drainage networks or dis-
placed ridges. Short-term deformation of a few secondsto a few thousands of
yearsis straightforward to characterize using active, historical or paleo earth-
quakes as well as geddetic techniques such as VLBI, GPS, or INSAR. Likewise,
long-term deformation that accunulates over tens of millions of years can be
measured using thermochronology and geachronology. But understanding the
intermediate record has proven di cult becauseit hasbeendicult to map.

At sudh intermediate time scales,active deformation of the Earth's surface
producesdetailed (10m{100 m) topographic featuresby which active structures
may be identied and mapped. However, such mapping has been hampered by
the lack of both data and tools that permit e cien t analysis of those data over
the 1000km  1000km areasthat span regions of active cortinental deforma-
tion. In the last few yearsthe rst of these problems has been addressedand
geologistsnow have accessto non-classi ed intermediate (10m{20 m) and high
(1 m{10 m) pixel resolution DEMs and multisp ectral satellite or photographic
imagery. The sudden availability of these new datasets has amplied the need
within the earth sciencescommunity for straightforward tools that provide both
e cien t visualization of gigabyte to terabyte datasets and geologicalmapping
within an interactive, 3D visualization ervironment. The problem of interactive,
3D visualization of large datasets has been previously addressedusing multi-
resolution and level of detail techniques [3,4]. We expand that environment to
allow usersto map on the 3D surface and compare our new application with
recertly deweloped alternative approaces basedon 3D photogrammetric tech-
nigues.

Although active structures typically deform the Earth's surface,this surface
is also under constart attack by geomorphicprocesseghat either destroy it via
erosionor bury it via deposition. The competition betweenthe rates of surface
deformation and destruction results in a characteristic length scalefor presened
deformed geomorphic markers, such that markers that are a few thousand to
a few million yearsold will typically have spatial dimensionsof a few tens to
a few thousands of meters. This spatial range requires geologiststo make nu-
merousdetailed obsenations to fully map active structures, and therefore places
a fundamertal limit on the data resolution neededto study these markers. In
particular, multisp ectral imagery and digital terrain data must have resolutions
not coarserthan 15m and 30m, respectively. However, becausethe rst-order
structural systemsare typically on the order of 1000km long, geologistsmust
also make these detailed obsenations over very large areas.In addition, many
of the areasof active cortinental deformation lie in Africa, Asia and the Middle
East, where data are incomplete and/or of variable quality.



Geologistshave struggled with the dilemma of making detailed, remote obser-
vations over large areasfor sometime. One compromiseis to uselow-resolution
imagery, and a secondis to conduct detailed investigations of small (10km
10km) areasat a few, widely spacedlocalities. Both methods give a strongly
Itered view of the active deformation eld. As a result, the geomorphicrecord
of neotectonic deformation, and thus our understanding of how major struc-
tural systemsewlve at intermediate time scales,remains largely unexplored. In
response,we have developed RIMS, a Real-time, Interactive, Mapping System.
RIMS allows geologiststo visualize,and map in 3D space,structures that are ac-
tive at intermediate time scales,both in detail but also over thousand-kilometer
wide zonesof active cortinental deformation.

2 Related Work

Prior to the dewelopmert of RIMS, there were two basic methods for analysis
of high resolution, multisp ectral imagery and digital terrain data available to
geologists.One option was perspective views of texture data such as imagery
draped over a DEM. A large number of widely available tools allow interactive
manipulation of sud displays [5{10]. Most of them do not yet appear to make
useof multiresolution techniques[11]. More importantly, it is not possibleto map
directly on the 3D scene.The secondapproac has beento perform 3D feature
extraction using a StereoGraphicsZ-Screenand a photogrammetry padage[12{
14].

2.1 Terrain Level-of-Detail (LOD) Algorithms

Multi-resolution visualization of large-scale3D terrain models is an active area
of researt. [15] have recenly presened a technique using triangulated irregular
network (TIN) patchesas drawing primitiv esin place of triangles. TIN patches
represen terrain highly accurately and are optimized in a preprocessingstep for
e cien t storage and rendering and are batched to the graphics hardware by a
view-dependert algorithm. In addition, atexture tile hierarchy is constructed to
allow for multi-resolution imagery to be projected onto the terrain geometry [16]
and [3] work with regular gridded data, considerably reducing the preprocess-
ing requiremert, and presert data managemenm and view-dependert algorithms
focusing on the real-time generation of the triangulated meshrepresertation of
the terrain. The former method focuseson attaining the best delit y in the gen-
erated approximation using complexalgorithms, whereasthe latter method con-
certrates on the simplicity and easeof implementation of the data managemen
and simpli cation techniques. All the mertioned techniques feature out-of-core
data managemen enabling them to processthe large data setsassaiated with
terrain visualization.

The terrain visualization componert of our systemis basedon the algorithm
of [4]. Quadtreesare a well-understood data structuring conceptwe useto uni-
formly represen and managethe di erent componerts of our system (geometry,
texture and mappings).



2.2 Vector Mapping and Display Systems

One of us (Cowgill) hasrecertly dewveloped a method for building digital stereo
models (DSMs) from 15m-pixel resolution ASTER stereoscopicimagery using
only the ground cortrol point information provided with the Level 1A data.
Individual DSMs comprise 4200 4200 pixel ( 60km  60km) images that
can be mapped in 3D using StereoAnalyst (SA) [12] at scalesup to 1:20,000
(67 screenpixels to 1 image pixel). This systemis limited to a plan or bird's
eye view and doesnot permit a userto view the surfacealong a vertical cross-
section, which is a perspective that geologistsrely upon heavily for analysis.
In addition, the DSMs typically have lateral variations in X and Y parallax,
resulting in eye strain after a few hours of analysis with SA. Finally, the lack
of an ASTER-specic sensormodel and external ground cortrol information
restricts the DSM to a single scene,thus only a 60km  60km area can be
mapped at onceusing SA.

To addressthe visualization problem of draping 2D vector data over a multi-
resolution 3D terrain represenation, [17] proposealgorithms for rendering geo-
metric lines adapted to surfacetessellation. Their method handlessophisticated
restricted quadtree triangulations where the represenation is not xed for a
given node. Our approac employs xed regular triangulations per node and
allows for the more straightforward method preserted in Sect. 4.1.

As an alternativ e to the polyline-as-geometryapproac mentioned above, [18]
presen techniquesto render vector data using textures generated on-demand.
In hopes of being lesssensitive to vector data quantity, we would like to add
such a polyline-as-texture approacd to our systemin the future.

3 Terrain Visualization

To be useful for netotectonic studies, a 3D mapping system must provide in-
teractive textured height eld rendering of very large terrain data sets (above
35k 35k samples)with full roaming and viewpoint manipulation, and at the
sametime must provide interactive mapping of attributed points, polylines and
polygons directly on the 3D terrain model. When zoomed in to large magni -
cations, the system must display height eld and texture at full resolution. The
systemmust be able to import and export georeferencednapping data from and
to standard GIS applications. Ideally, the system should be able to manipulate
the viewpoint at any time while placing mapping elemers.

3.1 Terrain Represen tation

Unprocessederrain data setsare commonly maintained astwo-dimensionalsin-
gle or multi-band images.In our case,one gray-scaleDEM represerts the height
measuremets for a given longitude/latitude sampling, and other three-channel
imagescortain the corresponding color-information { typically either false-colors
generatedfrom the height or spectral-band interpretations, or actual aerial pho-
tographs. The rst main task of our systemis to facilitate visual exploration of



such data sets by constructing and rendering appropriate 3D surfacerepresen-
tations.

Quadtrees For rendering purposes,a terrain data set's surfaceis reconstructed
using triangle drawing primitiv es. When rendered directly, the large and high-
resolution terrain data setsrequired by the application would far exceedcurrent

graphicshardware capabilities, prohibiting real-time exploration. To addressthis

problem, we use multi-resolution represertations basedon a quadtree subdivi-

sion. A quadtree'slowest-level nodescorrespond to atiling of a given data set at
its native resolution. Higher-level nodescortain successiely coarserrepresera-

tions, subsampledby a factor of two betweenlevels. All nodesin the sametree
havea xed sizeof somepower of two in ead dimension. By sendingonly appro-
priate nodesto the graphics hardware (seeSect. 3.1), we can render very large
data setsin real time while maintaining su cien t detail for mapping purposes.
When treating ead tree node as an atomic ertit y, the quadtree represertation

enablese cien t frame processing,e.g., hierarchical view culling (see Sect. 3.1,
selectingappropriate detail level (seeSect.3.1), and computing mapping elemen

represenations (seeSect. 4.1).

In our system,terrain modelsare represened by a setof correlated quadtrees,
the rst one cortaining the terrain's height values, and one or more additional
onescontaining texture data. These trees are generatedfrom the unprocessed
data in a preprocessingstep (seeSect. 3.2). Consideringthat the original height
and texture data aretightly correlated, the height and texture treeswill presen
a node-to-node matching if generatedwith appropriate node sizes.For example,
using a 30m resolution DEM with a 15m resolution texture draped over it
would require a texture quad twice the size of a height quad, e.g., 128 and 64,
respectively. This tight coupling prompted us to merge the two trees leaving
a single terrain tree that needsto be maintained and processedead frame:
ead of its nodes cortains referencesto corresponding height and texture data
(seeFig. 1 left). We expect this structure to also facilitate future out-of-core
managemetycac hing and allow for quick overlaying of compatible preprocessed
textures.

Level-of-Detail Calculation To e ectiv ely exploit the multi-resolution ter-
rain represettation, we need a means of evaluating the appropriateness of a
node basedon a set of frame conditions. We consider a cortinuous LOD value
characterizing a node as perfectly tting the conditions if it is zero. Negative
valuesprogressiely indicate the node's resolution to be too coarseand positive
valuesindicitate it beingtoo ne. Additionally , we choosea split-threshold be-
low which nodeswill be consideredfor subdivision and a merge-threshold above
which merging is suggestedseeSect. 3.1). We make the following considerations
for our LOD evaluation:

Focus and Context. When mapping, usersoperate locally on the terrain data,
e ectiv ely de ning the region of interest. We consideread evaluated node's dis-



tance from the manipulation cursorasa rst LOD value: at the cursor location,
the nest detail is desiredand the farther away from the focuspoint, the coarser
we are allowed to represett the terrain (seeFig. 1, top-right).

View-Distance Dependency. To explore the data, usersare constartly manipu-
lating view parametersthat in turn aect the projection of terrain tree nodes
into screenspace.To accourt for such view-speci ¢ characteristics we consider
a node's projected pixel coverageusing [3] estimation of perspective projection
dependen on the distance betweenthe node and the viewing camera.The node's
world-spaceedge-sizds projected and comparedto a chosenoptimum for a sec-
ond LOD value: for a given view, the nest detail level discernableon screen(as
speci ed by the optimum) is chosen(seeFig. 1, middle-right).

In the end, the nal LOD valueis computed by combining the two previous
ones:the focus-LOD setsthe coarsestbound, meaning that although the view
would allow for more detail to be displayed on the screen,for a node away from
the focus point this doesnot currently interest the user. On the other hand, the
view-LOD speci es the nest bound, in that even for the node directly under
the focus point we needonly render as much detail aswill be discernablein the
screenprojection (seeFig. 1, bottom-right).
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Fig. 1. Left: Terrain tree with height and texture data. Active tiles belonging to the
current approximation are colored, and their geometry and texture data quads are
shown. Right: Level-of-detail computation. Top: LOD is calculated basedsolely on the
focus point (note the overly detailed squarein the middle). Middle: LOD is determined
only using the view parameters. Bottom: Focus and view LODs are combined

Tree Main tenance lIdeally, the active tree nodeschosenfor a terrain approxi-
mation would be thosewith a LOD value evaluated betweenthe split and merge



thresholds. Re ning recursively by starting with the root node and subdividing
nodeswhoseLOD valueslie below the split-threshold would in fact result in a set
of leaf nodesde ning a gap-less,overlay-free tiling of the terrain area. Howewer,
cracks might appear between neighboring nodes of di erent resolutions due to
hanging triangle vertices (see Fig. 2). To addressthis problem, we modify the
LOD criterion sud that direct neighbors in the active setdi er at most by one
level of resolution. If this property holdsfor an ertire tree, cradks canbe removed
by simple stitching at the edgesof a ected nodes.

Splitting and Merging. Since users exploring terrain roam interactively, view
parameters changelittle from one frame to the next. A high inter-frame coher-
ence can be expected and an approadc similar to the one followed by [16] is
worthwhile. Instead of generating the appropriate represertation by recursive
subdivision of the root (with the necessarybalancing performed on the y), the
previous represenation is tweaked to conform to the new frame conditions. Our
current implemertation dedicatesa rst traversalpassto tree maintenanceusing
split and merge operations, but the task could easily be left to the care of an
independert thread.

The tree maintenacepassinitially evaluatesthe LOD valuesof all previously
active nodes.Their new LOD valuesare then comparedto the thresholdsin order
to decidewhether nodesshould be kept asthey are, split into their children, or
mergedwith their siblings. Both the split and merge operations assumea valid
one-lewel di erence terrain tree and result in a similarly valid one. The split
operation does so by recursively forcing the considered node's neighborhood
to subdivide appropriately, whereasthe merge operation only succeedsif the
siblings and neighborhood allow for the parent to becomea leaf. This scheme
favors shawing detail over hiding it. Additionally , before either operation can be
completed,the stitching attributes for the inserted node(s) and the neighborhood
have to be corrected, i. e., coarsernodeshave to be adapted to neighboring ner
ones. We use four bit- ags, one for ead edge, specifying if the corresponding
edgeconnectsto a more detailed one. We describe how these bit- ags relate to
actual meshapproximations in Sect. 3.3.

~=<>>=

Fig. 2. Stitching between nodes. Left: Cracks can appear at the edge of neighboring
nodesof di eren t resolutions. Right: Stitc hing adapts lower-resolution nodesto higher-
resolution onesfor smooth transitions.

View Frustum Culling. By taking advantage of the quadtree structure, we can
further reduce maintenance costs (and later rendering time) using hierarchical



view frustum culling. The tree maintenancepasstraversesthe terrain tree depth-
rst from the root until it encourters a node that is outside the current view
frustum or a leaf node in the current approximation (as determined by the split
and merge criteria described above). Computing the visibilit y of a node is done
by intersecting its bounding spherewith the view frustum. This ched is very
inexpensiwe, and enablese cien t culling of ertire subtreesfrom the maintenance
traversalif an upper-level node is invisible. We maintain a visibility ag in eadh
node to forward the results obtained hereto the rendering phase(seeSect. 3.3).

3.2 Quadbase Prepro cessing

Available terrain data sets usually describe a cortinuous area at a given res-
olution, whereasour program requires a multi-resolution hierarchical tiling of
that area. We generatethe neededtiles o -line with our preprocessingtool and
store them in a binary quadlase le. The preprocessorrst constructs a skeletal
quadtree with the property that its leaf nodestile the input data set at its na-
tiv e resolution, the root node ertirely covers the input data set's domain, and
only those nodesintersecting the domain are retained. The skeletal tree is then
traversedin a bottom-up, breadth- rst fashion. At ead level, eah node crops
out the data assaiated with it and appendsit to the quadbase le. After all
nodesin a level are processed,the input data is resampledto the resolution
appropriate for the next higher level. To assa@iate the image data with mesh
geometry we place vertices at the certers of pixels (seeFig. 3, left). Therefore,
care must be taken to duplicate quad edge pixels where vertices are shared for
rendering. Moreover, quads produced to store height information should addi-
tionally store border pixels to facilitate generation of vertex normals later on
(seeFig. 3, right).

Fig. 3. Quadbase preprocessing.Left: Alignment of vertex positions in a height quad
(blue dots) and texels in a texture quad (bold squares). Right: Alignment between
input height data, height quads in the same level, and height quads between levels.
Black tick marks denote pixel borders of input data, blue dots denote vertex positions
in height quads, hollow dots denote \ghost vertices" around height quads.

Descriptive information for both the quadtree,e.g., quad resolution and hum-
ber of quads, and the cortained data, e.g., upper-left corner longitude/latitude
and data resolution, is stored in an additional quadbaseheader le.



3.3 Rendering

Mesh Representation. Whereasthe preprocessedexture quads can be useddi-
rectly as sourcesfor texture objects, the height quadshave to be cornverted into
triangulated patchesof 3D vertices. The vertex positions and texture coordinates
are generatedby creating a planar regular grid where (X; y)-points are elewated
using the appropriate pixel value of the height quad. Vertex texture coordi-
nates are calculated by linearly mapping (x; y)-coordinates into the assciated
texture quad's texture rectangle, which is identical for ead texture node. The
only considerablecomputation comesfrom running a Iter on a height pixel's
neighborhood to obtain vertex normals for rendering. After being computed, the
position, texture coordinates and normals are stored in memory compactly as
an interleaved vertex array. We have chosento omit this step from the prepro-
cessingto keepthe input data as generaland independert of internal geometric
represemation as possible. This approac also reducesl/O volume, making us
lessdependert on slow readsfrom disk.

We employ a simple cacing sdheme for node geometry and texture data,
to circumvent having to wait for disk I/O when a previously active node be-
comesactivated again. This cacing scheme can be enhancedfor full data size-
independert out-of-core rendering for very large terrain data and limited main
memory.

Rendering pass. The imagecorresponding to the current terrain represeration is
producedin a secondpassthrough the terrain tree. Similar to tree maintenance,a
separatethread could be assignedhis task, refreshingat the graphicshardware's
rate instead of the I/O-b ound update thread's rate. A depth- rst traversalfrom
the root nds the active nodesof the current approximation and rendersthem,
exploiting the hierarchical view culling maintained in the visibilit y bit- ag (see
Sect. 3.1). Additionally , we could use the quadtree structure to always draw
the nodesin front-to-back order and take advantage of the graphics hardware's
depth bu er culling.

In Sect. 3.1, we mertion the need for neighboring rendered quads to align
without cradks, even when they do not represent the samelevel of detail. This
a ects the triangulations that have to be generated:with onelevel of di erence
maximally possiblebetweenneighbors, we canidentify fteen dierent stitching
cases.For eat case,we pre-compute a static index array de ning appropriate
triangle strips over the vertex grid. To render a node, its vertex data can then
eciently be sent to the graphics hardware with the appropriate index array
for the node's stitching ag computed by the tree maintenance traversal (see
Sect. 3.1).

4 Mapping

The real-time rendering provided by RIMS constitutes a highly valuable tool
for terrain data exploration. However, textured 3D represettations are already



available in common commercial software (albeit not using multi-resolution ap-
proachesyet) and many advancedtechniqueshave beenpublished. More impor-
tant for our purposesis the useof the 3D terrain model to directly and e cien tly
specify and edit georeferencednapping elemens. The following section presens
our program's mapping capabilities.

Specifying 2.5D Mappings. Typically, mapping data is two-dimensional,e.g., a
polyline would be speci ed as a list of (longitude; latitude ) control points. Our
mapping tools conceptually operate on a 2D plane by keeping this represerta-
tion and dynamically assigningappropriate height valuesto all control points.
This approac allows for mappingsto be de ned independertly of the current
3D terrain approximation which, in our case,is constartly changing. Interfacing
with commonGIS packagescanthen alsobe realized easily: our systemsupports
the ASCII ARC/INF O interchange le format for imports and exports.

Most commonly, geologistshighlight featuresusing a connectedsequence®f
line segmeitts, i. e., polylines. Our system supports mapping with this primitiv e:
controlling a cursor bound to the terrain surfaceasa spatial reference,userscan
perform various actions suc as creating, selecting, moving and deleting cortrol
points (seeFig. 4, top).

4.1 Polyline Rendering

To display polylines we take a line-as-geometryapproac similar to [17]. Com-
bining sudch an approach with the multi-resolution 3D terrain represenation
requires\lifting” polylines to the 3D terrain model appropriatedly to avoid clip-
ping with the terrain geometry (seeFig. 4, bottom). In the following, we describe
processingthe polyline approximation in detail.

Genermal Handling. Geometric lines, our display primitiv es, can only accurately
follow at surfaceslikethosede ned by the triangles of the 3D terrain represen-
tation. Thus, eadt 2D polyline segmen { speci ed by a pair of 2D control points {
has to be represenied by a sequenceof 3D line segmets, one for ead triangle
intersected by the 2D polyline segmen. Re-computing the appropriate 3D ver-
tices for eat frame would dramatically reducethe amount of segmeirs that can
be visualized interactively. To addressthis limitation, we exploit the locality of
polyline manipulations (moving an inner control point, for example, modi es at
most two segmeirts) and the strong frame-to-frame coherencetriangulations will
only changefor few quadsin ead frame) by storing 3D represertations for all
polylines, and tweaking previously valid represerations when polyline segmers
are edited, or the terrain approximation changes.

A polyline is represerted asa list of subsegmets, suc that eath subsegmen
is cortained in a single currently active quadtree node. When a polyline is cre-
ated or manipulated, the sequenceof subsegmets is computed by clipping the
2D polyline against the domains of all active nodes it intersects. Each active
node also storesa list of subsegmets assciates with it, such that when a node
splits or is mergedwith its neighbors, the a ected polyline subsegmets can be
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Fig. 4. Top: Re ning a polyline by inserting a new control point. Bottom: 3D polyline
represertation. Left: Line strips connecting the segmert control points follow the terrain
topology. Right: Mesh represertation has changed showing more detail, thus hiding the
old line strips (red). A new line strip hasto be generated connecting the same control
points.

determined e cien tly, and replacedwith new onesappropriate for the changed
set of active nodes.

Subsgment Computation. The dominating computational cost of visualizing a
polyline lies in the generation of line strips for ead of its subsegmets, i.e.,
for eadh polyline part contained in an active quad of the current terrain ap-
proximation; thus, a fast technique is required to maintain high frame rates.
In our case,this is facilitated by the regular triangulations within ead quad.
Moreover, computing the subsegmen vertices is e ectiv ely only to a 2D prob-
lem: since all vertices of the 3D terrain approximation are extruded from the
(x; y)-plane along the same direction, we \ atten" them back onto the plane
containing the 2D polylines. Intersection points can then be computed and sub-
sequenly extruded appropriately. Thus, a very simple algorithm similar to those
usedto rasterizelinesto a regular pixel grid can be usedwith few modi cations.

5 Results

To evaluate RIMS' performance,we simulated mapping usageon three test data
setsof di erent sizes.The data set sizes(as DEM sizeand texture size) and the
preprocessingimes necessaryto createthe hierarchical quadbasedrom the input
data setsare given in Table 1, as well as the minimum, averageand maximum
frame rates achieved during mapping.

To evaluate the utilit y of RIMS, we conductedtwo comparisontests between
the RIMS and StereoAnalyst (SA) [12] mapping methods. The rst test (see
Fig.5 and 6) comparesthe maximum level of geologicaldetail that can be ex-
tracted from the data to identify the mapping systemwith the highest sensitivity



Table 1. Data set sizes (in pixels for DEM and texture), preprocessingtimes (in
seconds)and frame rates (in frames per second) for the three test data sets.

Data Set | DEM Size| Tex Size |Build [Min. fps|Avg. fps|Max. fps

Aksai 1850 900| 3700 1800 6s 41:2| 1416 2857
Mosul 2558 2447 5115 4901 | 22s 60:6/ 1300 4000
Puget Sound|8193 819316384 16384 750s 30:1 94:2 2857

to detail. Geologistsseekthe most sensitive system becauseit allows them to
extract the largest amount of information and thus dewelop the most sophis-
ticated geologicalanalysis. For this test, a user spent as much time as needed
to extract the maximum number of features over the same area. The second
test (seeFig. 7) comparesthe number and quality of geologicobsenations that

can be collected in the same nite period of time to identify the most e cien t

mapping system. Geologists prefer highly e cien t systemsthat allow them to

processtheir data as quickly as possible.For this test, a user spert two hours
mapping the samearea. In both tests, the study areaswere mapped rst with

SA, then with RIMS. This approad was admittedly biased, becausethe users
had the benet of already having mapped the sceneonce at the start of their

RIMS sessionsHowewer, both usersare signi cantly more familiar with the SA
navigation/mapping ervironment; thus, their lack of familiarit y with the RIMS

cortrols likely o sets any advantage their prior SA mapping provided.

The tests indicated that RIMS provides a number of userbene ts, including
reducedeye strain, faster zoom and pan speeds,and slight advantagesin the nav-
igation. More importantly, the tests alsorevealed v e key di erences that make
RIMS more useful for geological applications. Relative to SA, RIMS provided
greater 1) understanding of the mapped structural geometry and thus pattern of
active deformation; 2) con dence in feature identi cation and location; 3) num-
bersof mappedfeatures(i. e., alarger number of mapping elemens); 4) mapping
accuracy (i. e., a larger number of vertices per mapping elemen); and 5) ability
to locate and identify small features. Speci ¢ examplesof ead di erence are
provided in the following sections,highlighting the utilit y of RIMS.

1. The most important di erence revealedby the tests is that RIMS allowed
both usersto obtain a more sophisticated understanding of the structural
geometry of their areas.For example,in Fig. 5, arrow A° on the right-hand
sideof the gure points to a structure that wasobvious in the RIMS erviron-
ment. The lack of a structure at arrow A on the left-hand side of the gure
indicates that the userwas not able to seeand interpret this feature using
SA. A RIMS screenshot (seeFig. 6, right half) clearly shaws the structure
mapped at A° and also demonstratesthat it appearsas an uninterpretable
bump in a plan-view stereopair that replicatesthe view from SA (seeFig. 6,
left half). Likewise,additional structures werediscoveredat B®and C° using
RIMS while the corresponding points B and C indicate that the usermissed
these features when using SA. In summary, the plan (bird's eye) view and



grayscale imagery of SA made it dicult to identify the topographic and
textural variations that indicated the existenceof these subtle features.

2. RIMS provided both userswith higher con dence in their vector mapping,
asindicated by the type of lines selectedto represent mapped features. Geol-
ogists expresstheir con dence in their ability to accurately locate a mapped
feature by using solid, dashed,or dotted lines (in order of decreasingcon -
dence).Fig. 7 shows that the RIMS project cortains 20 boundariesmapped
using solid lines, 2 using dashed, and 2 with dotted. In cortrast, the SA
project hasonly 2 boundariesde ned with solid lines, 21 with dashedlines,
and 1 with a dotted line.

3. Both userswereableto identify alarger number of featuresusing RIMS than
SA. The RIMS output shown in Fig. 5 has 289 mapped features whereas
only 172 features were extracted using SA. Likewise, Fig. 7 indicates that
14 major structures were de ned using RIMS, in cortrast to 8 structures on
the SA map.

4. RIMS allows usersto more accurately locate features and then map them
using more vertices per feature becauseit does not demand constart man-
ual parallax adjustments. Becausethe polylines have more vertices in the
RIMS outputs, they better track short wavelength variations in the feature
geometry and thus more accurately follow subtle changesin the boundaries
between geologic units. In cortrast, the maps generated from SA showv a
prevalenceof long straight line segmeits. Di erences in detail are especially
evidert in Fig. 7 at comparison points A{A° B{B%and C{C°in SA and
RIMS, respectively.

5. Finally, RIMS is more e ectiv e for locating small geologicfeatures. For ex-
ample, a seriesof river terraceslocated at point D °in the RIMS output were
not located at point A using SA (seeFig. 7). Likewise,points E{E °indicate
a small outcrop that was not seenin SA at E but that was mappable us-
ing RIMS at E° Although these features are small, their identi cation has
important implications regarding the geometry of active deformation in the
mapped area.

6 Conclusions and Future Work

In summary, while the tests described above shaw that the mapsgeneratedusing
both utilities capture many of the samemajor geologicfeatures, it is clear that
RIMS is both a more sensitive and a more e cien t mapping utilit y, and thus
greatly advancesgeologists'ability to remotely map patterns of active defoma-
tion in ne detail while also spanning cortinental collision zonesthat are thou-
sandsof kilometers wide and often inaccessiblefor eld study. The advantages
of RIMS over the previously used system are mostly due to RIMS' interactive
visualization of large textured 3D terrain models, and its ability to map directly
onto the 3D terrain in real-time.

Our future e orts will focus on moving the terrain maintenance out-of-core
to allow for more scalability. We are also looking into on-demand textures to



support a higher quantit y of mappings with a more varied appearance(as seen
in the results gures producedwith ArcMap). In addition, mapping capabilities
are to be extended providing geologistwith more tools and help so asto more
e cien tly extract interesting featuresfrom the data sets.
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