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Abstract DIUS program, SRI has developed and assembled

. a suite of manual and semi-automatic tools for site-
The central component in the RADIUS model- .
model constructior?

supported image exploitation paradigm, is the cre-

ation of a 3-dimensional model that captures the baFigure 1 shows a typical RADIUS site model. The
sic geometry of the site under examination. Whilemajority of the features modeled fall under three
many fully automated methods for site model con-broad categories:

struction show promising results, none are robust

or general enough to replace interactive and semi- o Byjidings and other structures such as
automatic techniques. In this paper, we outlinethe  petroleum and water storage tanks.

suite of site-model construction tools being assem-

bled for the RADIUS program, a sample scenario e Lines of Communication such as roads, rail-
for their use, and the results of a study to character-  road tracks, and other linear features such as

ize the potential saving of effort they offer. rivers and streams.

) e Functional Areas such as parking lots, site
1 Introduction perimeters, rail transfer points and other area
The construction and use of 3-D models of mili-  features such as forested areas.

tary and industrial sites will allow revolutionary ad-

vances in the speed, confidence, and range of an&oth manual and semi-automatic techniques for
lytical techniques with which an image analyst de-modeling each of these types of features are avail-
velops and reports intelligence information. able in the RADIUS Testbed System (RTS).

The central component of thisodel-supported im-  Fully automatic techniques for modeling buildings
age exploitatiorparadigm, is the creation of a 3- and roads are under development as part of the RA-
dimensional model that captures the basic geometrpIUS project and some are currently being evalu-
of the site under examination. As part of the RA-ated for inclusion in the RADIUS Testbed System.
While many show promising results, none are ro-

1This work was sponsored by the the Advanced Researchust or general enough to do the full task on their
Projects Agency under contract DACA76-92-C-034 monitored
by the U.S. Army Topographic Engineering Center, Ft. Belvoir,  2In this context, we define manual techniques as those in
MD and by Lockheed-Martin Corporation under subcontractwhich the 3-dimensional model of a feature is projected into
RRM881032. The views and conclusions contained in this docene or more images and the operator adjusts the model to align
ument are those of the authors and should not be interpreteti with was is seen in the images; and semi-automatic tech-
as representing the official policies, either expressed or imniques as those which require an operator to provide an initial
plied, of the Advanced Research Projects Agency, the Unitedough estimate of a feature’s position, size and topology and
States Government, Lockheed-Martin Corporation, or SRI In-the system then refines or extends the model of the object using
ternational. information extracted from the image(s).
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Figure 1: A typical RADIUS site model, projected onto an image of the site. The site model mainly consists
of buildings, linear and area features.

own. The most competent of these still require edit-or semi-automatic site modeling tools by restricting
ing of the result, so even if automatic techniques argheir regions of application. Such regions can be ini-
eventually integrated into the system, manual andially selected by marking points in an image along
semi-automatic tools will remain a necessary comthe boundaries of the desired regions. The RADIUS
ponent. Testbed System displays these boundaries as they
are being constructed on the image, making the re-
sults immediately available for review. The model
builder can then adjust the boundaries of these re-
2.1 Perimeters and Functional Areas gions to better fit the results to the images.

2 The Site Model Construction Process

Perimeters and functional areas (e.g., reporting poArea Features are modeled in the Radius Testbed
sitions, vehicle parks, forested areas, rivers andystem using th&d Closed Curveprimitive. This
other natural features) can be manually or semiis simply a sequence of 3-D vertices that are con-
automatically defined. Such areas can be used taected with either straight line segments or fit to a
control which regions in the image are suitable forspline curve.

_?l#()mﬁt'c orhseml-:ultobm?(';lc model_dconstructhnAﬂer positioning the initial vertex, thé&dd Vertex
Is allows the model builder to guide aummat'coperation is used to interactively sketch the shape of



the feature. At this point the semi-automatic Model-The ziplock snake is initialized by quickly drop-
Based Optimization (MBO) syste[fua, 1995can  ping two or more critical points along the road be-
be invoked to refine the fit of the model to the shapang modeled. These are points through which the
of feature in the image. Figure 2, shows the modetenterline of the finished ribbon is guaranteed to
of a pond before and after optimization. In this ex-pass. When the ziplock snake optimization is in-
ample, the operator entered four vertices and theoked, successive segments of the road are clamped
MBO system inserted another 12 vertices to closelyo the image of the road, similar fashion the process
model the shape seen in the image. Alternatively, ifof closing a ziplock plastic bag. The result is a rib-

a polygonally shaped area, such a parking lot, is bebon that closely follows the road. This tool is often
ing modeled, the user can specify this to the MBOeasier to control than the Road Tracker, because the
system and no new vertices will be added during thdull extent of the road to be modeled is specified in
optimization. advance.

Finally, a road that has been initially modeled either
2.2 Lines of Communication (LOC) fully manually or with the road tracker or ziplock

The first step in semi-aut icall deling Li shakes can be simultaneously optimized in two or
e lirststepin semi-automatically modeling LINes, ., o images with the MBO system, resulting in a

of Communication (LOCs) such as roads, rail Ilnes,highly accurate, full 3-D model of the road. Fig-

and runways 1s to select an apprqprlate W'dth_' Forure 3 shows the pre- and post- optimization versions
example, primary roads and rail lines are typically

. . of aroad.
wider than secondary roads. The model builder can

then select a tangent direction and/or some points
along the LOC to provide approximate position, ori- 2.3 Buildings and Structures

entation, length and width of the LOC in the image. .- el buildings and structures, the model

The RADIUS Testbed System can then adjust theb . ) .
. . : uilder either adds new structures or copies and ad-
shape, placement, orientation and size of the feature : )
sts structures already in the site model. To add a

model to agree with the image. The results of thd" :
. } . . _structure, the model builder can select from a num-

semi-automated site model construction are contmber of primitive shapes in a librarv. A shape is se-

uously displayed to the model builder. The model P P Y- P

builder can either interact with the system duringIeCted 0 app_roxmate a structure found in the im-
age, e.g., cylinders for towers, or rectangular wire-

this adjustment phase, or compare the final reSUItSi?rames for buildinas. The orimitive shape is placed
multiple images. The model builder can then make gs. P P P

adjustments of unacceptable results using manual oart the approximate position and orientation of the
: N : image feature to be modeled. The RADIUS Testbed
other semi-automatic site modeling processes. : :
System then adjusts the shape, placement, orienta-
Roads are modeled using thiebon primitive. This  tion, and size of the primitive to better fit the image.
is a 3-D curve that has an additional parameter a]{/l
each vertex to specify the width of the curve at
that point. Two tools are currently available in the
RTS to model LOCs: the SRI Road Track&uam,

1974 and Ziplock SnakeENeuenschwandest al.,
1994. Houseswhich are boxes with sloped roofs. The

To use the Road Tracker, first an initial segment of ~ SyStem currently supports three kinds of roofs:
the road is modeled. Then thextendfunction is gable, shed, or hip. The slope of the roof can
invoked to model the remainder. The road tracker ~ P€ adjusted as well as the amount of overhang.
will stop at discontinuities in the photometry of the

image of the road or possibly take the wrong path in
ambiguous situations, such as intersections. In this
case, manual techniques are used to edit the result. ¢ Extrusionswhich are a curve that typically de-
After the correction, the tracker can be reinvoked. fines the (flat) roof line which is extended to

the ground to form the sides of the building

ost buildings are modeled using the following
primitives:

Boxeswhich are simple rectangular solids.

Quonset Hutswhich are boxes with a half
cylinder roof.
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Figure 3: A road model, before and after optimization.

o Composite Structureshich are a grouping of 1. Move XYto align the one corner of the box
other primitives. with a roof corner of the building being mod-
eled.

In addition, generalized superquadric and superel- _ _ )

3. XY-Sizeto adjust the length and width of the
2.3.1 Modeling a Building with aBox box.
Primative

After the primitive is added to the scene, the uselAt this point the top of the box is aligned with the
grabs an upper corner of the object and adjusts theof of the building in a single image. The build-
pose and size of the box to match the building beingng height is set in one of two ways. If an accurate
modeled with this sequence of operations: digital terrain model has been incorporated in to the



site model, th&ury Foundatioroperation willdrop  new family of image understanding (IU) techniques.
the bottom vertices of the box so that they are allAn obvious question to ask is just how well have we
underground. Alternatively, the height of the roof accomplished this.

line can be triangulated, by examining how the bOX\Ne have chosen to measure the amount of effort

object _overlays In two or more image. Thtove W expanded by the human analyst by the number of
operation moves the box along the camera ray of the .

) . . mouse-clicks and the amount of mouse-travel re-
selected image and along the corresponding epipo- . : . :
lar lines in the the other images. Finally, the heightqu'red to achieve a desired answer. We feel that this

: . . . is a better measure than, for example, actual com-
can be set, using th&-Sizeoperation to adjust the o :
. ._putation times because it truly reflects the amount
base of the box to match the bottom of the building . :
. . . of human interaction and does not depend on the
as seen in the images. Figure 4 shows the progres- .
) : : Speed of the computer being used.
sion of this operation.
We first briefly describe the code instrumentation
that was required to perform the experiments and
then report our results. For additional details we re-
fer the interested reader to our quarterly repctts.

Modeling a building with ehouseprimitive follows
the same sequence of steps, followed by setting th
roof type (gabled, hip, shed), pitch, and overhang.

2.3.2 Modeling a Building with an

Extrusion Primitive 3.1 Instrumenting the RTS

. We have developed and installed code that captures
Extrusions are used to model more complex shape . : .
" ~Tow level information from the RTS user interface

buildings. First the roof line of the building is L :

) . . about individual actions taken by the analyst. Every
sketched using a closed-curve object, by adding ver- . : : : .
: . ) mouse motion associated with making adjustments
tices to the curve using th&dd Vertexoperation.

) o .o object parameters, and every mouse click is cap-
Then the height of the curve is triangulated using, Jectb : y mot ) P
. : L ured into an event history. Below is a list of the
the Move Curve Woperation, and finally it is ex-

truded to the ground using thigury Foundatioror Information being recorded:

Z-Sizeoperations. . .
¢ Object Adjustment Events:

2.3.3 Using the MBO system on structures — Object ID

In the construction procedures for both simple box — Event start time

objects and extrusions, semi-automatic assistance — Adjustment type: (for example: vertex-
can be invoked by a user using the Model-Based Xy, vertex-z, vertex-width, ...)
Optimization system. This system can be used to _ 2_Dworld ID

both automatically triangulate the elevation of the

structure and then refine its shape to the features — Zoom level

in the image. Since these last two are the most — Sequence of time deltas and mouse-
time consuming part of modeling a building, the position deltas of the form: (delta-t dx
Model-Based Optimization system offers a consid- dy)

erable enhancement in modeling productivity. Fig- _
ure 5 shows the sequence of operations used in mod- ® Mouse Click Events:
eling a complex-shaped building with an extrusion — Object ID

primitive and the MBO system. _
— Event start time

— Event id (for example: zoom-in, zoom-
out, recenter, drop-z)

One of the major goals of this work is to increase the — 2d-world ID
speed and accuracy with which site models can be—; _ ,
These can be retrieved via the URL:

constructed from current imagery by developing ahttp://www.ai.sri.com/“radius/sri/baa-reports/.

3 Characterization




The original images.
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= - Place the box primitivéDrop).
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— . Set the orientatio(Rotate-Scale)
fhns13,.g1

-

- . Set the length and widifXY-Size)
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g Triangulate the elevatiofMove-W)

Align a corner(Move XY)
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Set the heigh{Z-Size).. Donel.

Figure 4: The sequence of adjustments used to manually model a building.
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The original images.

Sketch roof-ling/Add Vertex)
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Done with roof-line(Drop).

Find elevatiofMBO-Z-Search)

Optimize ShapgMBO-Opt).. Done!

Figure 5: The sequence of steps used to model a complex-shaped building with the extrusion primitive and
the Model-Based Optimization system. This entire sequence typically takes less than 1 minute of
elapsed time.



— Zoom level SNAKE2 — Sketching the road using a half-
— Mouse 2-D world position resolution version of the image, refining it us-
ing a ribbon snake first at half-resolution and

This event history then summarized by a small num- then at full resolution.

ber of meaningful numbers. Among them are:

e Number of mouse clicks In all cases we used the system’s default parame-
ter settings and allowed the user to manually refine
e Number of mouse moves the automatically generated results to produce satis-

« Total distance mouse moved during adjust-faCtor.y delineations. The bar graphs that appear in
the Figures 7 and 8 are labeledND, TRACKER,
ments
SNAKEL, SNAKEZ2.

e Total time in adjustment events We used the hand-traced versions of the roads as our

o Total time in fine adjustments references and the metric discussed above to evalu-
ate the quality of the delineations produced by the

We have also implemented a metric to estimate théhree semiautomated approach_es._ A.S shpwn N F.'g'
ure 7, the results are virtually indistinguishable in

precision of an extracted road by comparing the cen- .
: terms of average distance whereastReCcKER ap-
terline of the extracted road to the ground truth cen- : : .
roach does better in terms of maximum distance.

terline. For each vertex of the extracted road, the’
distance to the nearest centerline point of the groun@igure 8 depicts the amount of effort required
truth centerline is computed. The data is reduced thyy each approach, as measured by the number

the following two numbers: of mouse clicks and the amount of mouse travel.
The TRACKER approach appears to be very ef-

e Mean vertex to ground truth distance fective and yields at least a sixfold improvement
on all counts except the total number of mouse

e Maximum vertex to ground truth distance clicks. This is due to the fact that starting and

stopping each operation—automated sketching and
These seven numbers appear in the figures of thenake refinement—require several clicks. This
following section. number could be drastically reduced by defining

user-interface methods that sequentially perform all

3.2 Experimental Results these operations with a single mouse-click.

. The SNAKE2 roach is alm ffective but
We used images such as the 7600000 example €s approach 1s am ost as € _ect
requires more effort to provide the initial sketch.

shown in Figure 6 to perform our experiments a dThIS problem could alleviated by using ziplock
chose a set of road segments to be modeled as ac-

. kesNeuenschwan l, 1994 instead of tra-
curately as possible. We chose four approaches th%{]?jl esNeuenschwandet al, 1994
: . itional snakes.

are representative of the methods used to delineate

roads using the RTS. They are: For all three semiautomated methods, however, a
large portion of the human interaction goes into

HAND — Hand-tracing using the RTS interface but Specifying the width of the road as the current tools

neither snakes nor road tracker. have no way of Computing it. Therefore, methods

to compute the width of a road given only its cen-

TRACKER — Using SRI's road trackefQuam, terline would be extremely valuable and should be
1974 to provide the initial sketch in the full the object of future research.

resolution image and then refining it using a _ _ _
ribbon snakéFua, 1995 In short by further improving the interface and de-

veloping a width-computing algorithms, we should
SNAKE 1 — Sketching the road using the full resolu- be able to turn the current six-fold reduction of ef-
tion image and refining it using a ribbon snake.fort into a ten- to hundred-fold one.



Figure 6: An image with two overlaid roads.
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Figure 7: Distance to hand-entered roads. (a) Average distance difference (b) Maximum distance differ-
ence. Because the hand-entered results are taken to be the reference, the corresponding distances
are zero.

4 Conclusions and Future Work scenario of their use. We also report on an experi-

facilities available in the RADIUS Testbed System ble by using the Image Understanding-based semi-

for modelm_g common buildings and other St.ruc'afutomaticfacilities available in the RTS.
tures, and linear and area features found at sites o
intelligence interest, and have presented a sampl€he current image understanding-based tools are
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Figure 8: Amount of effort. (a) Number of object clicks. (b) Number of mouse moves. (c) Total mouse
distance. (d) Total mouse move time. (e) Total near mouse move time.
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largely based on the Model-Based Optimization ap-
proach, which in its current implementation, uses
fairly simple objective functions that are mainly
based on image gradient strength. At this pointin
time, these do not employ domain-specific or con-
textual information in the optimization process. The
ability to incorporate information such as road and
building construction practices, or to impose inter-
object constraints such as coplanarity or adjacency
of faces my potentially yield even greater improve-
ments in productivity.
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