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Abstract

"This paper presents the systems description and organization of MAPS.
the Map Assisted Photo interpretation System,
integrated  database

MAPS is a large
system  contvining  high  resolution  aerial
phoweraphs,  digitized maps and  other cartographic  products,
combined with detiled 31 descriptions of man-made and natural
features in the Washington 1. C. arca. A classification of image
database systems into three models is also presented. hese models are
the Image [atabase (1)) model, the Map Picture Database (MpD)

medel and die Image/Map Database (1M0) model.”

1. Introduction

This paper presents the system description and organization of MAPS.
the Viap Assisted Photo interpretation System.,  MAPS is a large
integrated  Jatabasz  svstem  containing  high  resolution acriai
photoeraphs,  digitized maps and  other cartographic  products.
combined with detailed 313 descriptions of man-made and natral

features in the Washington 1. C. area,

‘This paper discusses three major topics. First, a classification of
different models of database systems for carographic applications is
presented together with o discussion of their inherent sirengths and
Enutanons, These modeds are the Tmage Dacibase (417) model, the Muap
Pietre Databare €MD) mndel and the Imuge/Map Database (iMiy)
model. Sceond. we argue for the utility of the Image/Map Database
mudel, discuss tisks and present o gencral descriptivn of the mode).
This muode! describes components. facilities and wehnigues tat should
be present in such asystem. and a range of wsks that can be supported
by the model. Finally, we describe the MAPS system in ©rms of our
(MD) model. and discuss diree applications which utifize and intearate
nmage, terrain. and map daw in 2 powerfut manner, We also discuss
what we have learned during the implementation of the MAPS system,
some ideus on the proper interfaces between components. where
modularity should be achieved, and puint o future work.

This rescarch was sponsored by the Defense Advanced Research Projects Agency
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Coniract F33615-81-K-1539. The views and conclusions comained n this decument are
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atner expressed or implied, of the Defense Advanced Research Projecis Ageney of the.
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2. Background

Qur carly motivation for investigating image databascs was as a
component of a complete image understanding system. We had only a
~vague idea of what capabilitics it should have, but we thought that it
should represent “idealized segmentations™ of an image. where the
labeling of the segments was in fact the "scene inerpretation”. It
should relare, or compare machine generated scgmentations to this
model, and provide the user with a qualitative and Guantiative
performance measure of the machine segmentation. We atempied this
with the M!DAS systeml-2
Pittsburgh city scenes generated by the ARGOS™? svstem. “ITie results of

using the segmentation results for a set of

the performance analysis of the scene scgmentation were less than
cncouraging,  While we could give quantitative amalvsis of the
segmentation and labeling by the ARGOS systemn. the qualitative results
were couched in the original (subjectve) hand scgmentations, Tt was
difficult w qualitatively distinguish between  alternative  machine
segmentations, since the relative importance (or cost function) of
missing or mislabeied regions or broken boundarics for different
Fegions was not represented in the segmentation. How (o perform such
an Svaluation s siill an open research probiem. Also. aithough we had
a dawbasc of 1§ high resolution coler images of Pittsburgh, we had no
zenerai mechanism to relate one to another, except through analysis of
the hand scgmentations and the names given o buildings, roads, rivers,
and other foatures in the scene. However, in the process of
implementing and using MIDAS we did learn a great deal ahout image
datsbase  organization  and  symbuolic

represemation of  scene

descriptions,

We decided w look at map-guided image interpretation and began to
assembic an acrial photograph database of the Washington, 1, C. area.
Using this imagery. we felt, we could quickly generate a map daabase
that would afllow us to explore image analysis of comipiex acrial
phutographs using a simple map datbase that constrained where to
loak, and what w look for. This idea of map-guided segmentation was
not new, The HAWKEYE systcms aid succeeding “road cxpcrt"“ were
based on similar ideas. and use of world knowledge had heen a well
uccepted paradigm in image interpretation.  However. we wanted to
focus un more general capabilities, to represent large scale spatiai
organizations normally encountered in complex urban scenes.  The
gencration of the map database wrned out to be a much harder



problem than we initially estimated. and it quickly became the focus of
our rescarch. In retrospeet. [ believe. it was exactly the right problem o
work on, and although there is stll much to do in the arca of
image/map databases, we now have the right wols and understanding
to begin to tackle the onginal problem, This work has direct

application in tiree areas:

o photo-interpretation: representation of world knowledge
for image undcrstanding.

* situation assessment; a spatial expert for decision support
systems.

 cartography; toward digital map gencration and use.

3. Classification of Databases

There has been, over the last ten years. a perceived need for
organizing and structuring image and map data for cartographic
applications. 1t has been difficult w compare various capabilities and
limitations of systems because there were few commaoen denominators
by which systems could be comparcd. Systems reported in the
literature could loosely be catcgoriz.cd either as rescarch vehicles, or
production-uricnted systems for particular well defined subtasks of the
general cartographic problcms' %10 Rescarch vehicles generally had a
high degree of organizational complexity tested on very small scale
databases. Systems uscd in production environments tended toward
simple models running very large scale databases. Further, while the
tisks being performed involved the analysis of acnnl or satellite data, it
is often unclenr whether the image data was an integral part of the
resulting dutabase. or simply used for data acquisition. One cxample is
the develupment of digital filing sysiems that store facts about a large
number of images without storing the actual image data, The best
cxampie of such a system is the EROS Daa Center database
maintained by the U.S. Dept. of the Interior.  This database has
approximately 2x10% frames of fandsat imagery and 5x10% frames of
aireradl {acrial mapping) photography.  Users may specify an arca of
interest by geodetic point or rectungular area and sub-sclect these
frames based on dme of year, cloud cover. type of sensor - and a a
scene quality rating. However. the actual frames of data are stored on
high density magnetic tape. Similar situations exist in map producing
organizations such as the United States Geological Survey (USGS) and
the Defense Mapping Acency DMA.

One notable exception is described in Kondo ctal.!! where an image
database using |.andsat imagery was integrated with map descriptions
fur geveraphic. natural. and cultural features.  Features can be
displayed supcrimposed on the image data, and imagery could be
indexed by geodetie location or by feature name, There are limitations
such as:  the mmage-to-map correspondence was based on a fixed
decompuosition of landsat data into a latitude/lengitude grid at a map
scale of 1:30000: the spatial relanonships between features were entered

manually; ard the gverall complexity of the image and map database

for aerial mapping photography

was smail. Nevertheless, this represents an ambitious new direction for
the development of land-use systems using Landsat imagery.

In this discussion of database systems for cartugraphic and situation
assessomend applications, we are assuming that the following minimal
capabilitics hold: (1) on-line display of digital imagery and map data,
and (2) ability to query interactively about attributes of the imagery and
map. The fulluwing is our classification of the capabilitics of three
models which we can usc 10 compare various cxisting systems or
approaches. These modeis are the image Database (1) model, the Map
Picture Database (MPD) model and the Image/Map Database (IMD)

model.
3.1.!mage Databases

The Image Database medel (10) i the simpliest and most common
datbase model. 1t is organized to relate awributes about the sensed
image such as sensor-type, acquisition. cloud cover. or geodetic
cnvcragcm. These databases generally do not represent the content of
the scene, but sawer atributes of the scene. When the semantics of the
scene are present, the location of cartegraphic features are represented
in the image (pixel) cooedinate system. This poses obvious limitations
to the appiication of relevant knowledge from other images or from
external sources, since there is no gencral mechamism w relaie map
feature positon between images that overlap in coverage or o an
external map.  Although the features represented may appear o be
map-oriented. is is difficult w compute general geometric propertics
using the image raster as the coordinate system,

Although relational database techniques have been upplied to the ID
maodel, we feel these techniques are not appropriate w spatial database
organizations for scveral reasons. First. using the basic <auribute,
va/ue> tuple [0 represent vecwr lists of map covrdinate data requires
that all of the primary key auributes be duplicated in cach relation,
since there is no mechanism for allowing muitiple valued (sets, lists,
order pairs) as a primitive ateribute in a relation. Further. the relational
databasc operations such as union, intersection, join, project, are not
good primitives for implementation of inherently geometric operations
such as coumtainmnent, adjocency, intersection and closest point.
Operations such as feature intersection are reduced to scarching for line
segmients which share the same pixel position. Finally, in any large
system, a logical partitioning of the databasc must be performed in
order tw avoid extensive and often unnccessary scarch when performing
spatial operations. Pamtitioning is difficult to achieve in relational
systems sinee the relational mode! restricts itself to homogencous (only
one reeord type) sequential sets.  Previous work advocating such
vrganizations did not address the issucs of system scaie. and focused
more on issucs of query languages using relational models for
geographic  databases than the acwual constructon of complex
syStemsu' 5.4 When measured by the number of images, image-
bascd features, and by the compiexity of the relatonships represented,

these sysLems were yuite simplistic.

EL L]
using {lieht aunotation such as the center point and comer paints ot using general

image-to-map correspondence



3.2. Map Picture Databases

The Map Picwre Database model (e describes databascs that are
generated by digitizing cartographic products, such as pre-existing maps
and charts. These datbases are attractive in environments where paper
maps have played a large roic in planning and analysis. There are,
however, sume major limitations spatial systems based on digitized
cartegraphic products.  First, in the original map production, spatial
ambiguity has been rectified by the cartographer in & manner that is not
often reversable.  The cartographic process involves simplication
(generalization), classification {abstracuon). and symbolization of real-
world ambiguity.  Constraints imposed by the scale of the map often
determine which waorld features can he depicted despite the desirability
of purtraving a complete spatial representation,  Therefore, map icon
and symbofogy placement may nut be as accurate as the original source
material. Since the deduction of the actual spatial arrangement of
objects from an iconic representation is an open problem, MPD's
represent chaos masquerading as rationalized order. e key issue is
that MPO's arc pictures of a map (however detailed) rather than the
Although the
graphics display of MPD appears tw convey a great deal of semantic
infurmation. that impression is a result of the human obscrver, not a

undertying map structure and spatial organization.

reflection of an underlying map representation.

When a map is digitived inw a map picture, another subtle
simplification occurs. The digitization process results in a map image
vn a rectangular grid whose size is gencrally limited cither by custom or
s . artifact of the digitization process. Common limitations are
szanner reselution, maximum size of image mster. and the physical size
of seurce map. One poputar representation is to subdivide regions of
the map picture into a regelar decompusition such as quad-[rccls' 16. or
k-d wee”. The impiementation of this representation is greatly
simplified in MPD models since one no lorger has w contend with
positional ambiguity of 'map features because of the cartographic
process outlined above, and the discrete nature of the digitization
precess,

One common use for the MPD mode! is in geographic information

systems for lTand use and arban planning, In these systems. aggregrale
values such s population of an area and crop yicld of an area are
computed. The scale of the vriginal map becomes tie limiving factor for
accuracy in o information  computation.  However, the grain  of
computtion iy usually large cnough that these inaccuracies are not a
practical prablem. [ncremental update of the database due 1o new
residential and industriai areas and the concomitant loss of rural areas is
a difficult probiem since database update requires careful map cditing

teols nut usually associated with these MPD sysiems,

A recent trend has been to take existing MPI> databases and add a
map feature database component, usually refational v describe
auributes of various features. We believe that augmenting traditicnal
MPiy databases with semantic information has merit in  those
envroments where analysis is being performed by humans, since

information synthesis is not a requircment of the database system,
However, once such a system is in place, there is a tendenicy Lo attempt
to automale analysis functions requiring spatial interpretation, and the
generation method of the MPD modcet has several drawbacks for use in
phote-interpretation, situation assessment, and cartography, The chief
problems are the method of gencration as oudined above, the lack of
semantic information about map features. and the requirement that a
map cxist at the appropriate level of detail for the area under
consideration.  The MDD model discussed in the following section
agddresscs these issues,

3.3. Image/Map Databases

The [mage/Map [Databasc model (MDY relates map features o
tmage database through camera models. It therefore has the capability
to describe relationships between features acquired from  different
images through the map database, This capability is in contrast to the
image databasc model where the feawre descriptions can only be
related if the descriptions come from the same image.

Since the map database is built directly from aerial imagery in the
IMD model, the resolution / accuracy issue is a function of the ground
resofution of the imagery. the intrinsic position measurement error due
to camicra model, ground control, ete. rather than an artifact of the map
depiction scale as in the MPD model. A greater varicty of feature
descriptions is possible since they are not restricted i those that can be
purtrayed in a cartographic product.  Further, the compiexity of a
particular feuture description is independent of any particular task
requirement and can represent a rich sct of attributes, semantic
interpretations. and knowledge from diverse sources. This flexibility is
a key clement for map data representition as we look oward spatial
database systems with appiications in cartographic production, cxpert
phowr-interpretation, and situation assessment.

However, just as the cartographer must resolve ambiguity, so the
spatial databasc must be shic to represent Inconsisteney in a consistent
manner. For example, crrors in correspondence between images and
the geodetic model cause the same point o the carth o he given a
different geodetic position, ic. when viewed from different images the
same geodetic peint produces a different world position, If this point is
on a common boundary between twe features. say a political boundary,
there should be ambiguity as to wiich region the point is in. By the
same token, if two large residenta) arcas are found to intersect because
of pusitional uncertainty, and the result of the interscction is several
small polygenal arcas. the 1M1 moedel should be able 1o rectify this
ambiguity. This rectification might wke the form of a symbolic
relationship that indicates that the residential arca share a common
boundary. while maintaining the ability to represent the original
errorful signal data.  Since the original data is mainwined in the
database. the symbolic relationships do not have w be static, For
exampie. these refationships can be dependant un attribuces similiar 1G]
thosc used by cartographers when they perform simplification and
gencralization.  The link from the symbotic interpretation back to the



original source data is not possible i MPD systems.

3.3.1. Spatial Knowledge

The ™MD modet gives us the wols © construct our map database from
“first principles™ and tic together partial spatial knowledee at different
levets of detail. This is possible because individual map features may be
specified directly from source imagery. This capabiiity is precluded by
the derivative nature of the MPD model. That is. it is difficult 0
assimilate new and possibly errorful knowledge because of the
mismatch between the new crorful data and the cartographic
rectification of ambigious data.

I'he representation of 4 multipic ievels of detail paradigm s uften
invoked us a part of a coarse-fine or hierarchical marching strategy in
image processing and interpretation.  Given the scale and digitized
ground resvlution of an image, the M mode! can generate a map
description that will suppress any features that would be 100 smatl to be
recognized, with remaining descriptions at the appropriate level of
detail. ‘This wechnigue is more than camera scaling and transformation.
since the criterion for “too small” can be an auribute of the map feature
itself. Consider the map feature description of a university campus. At
some level of detait corresponding o pixel ground resolution distance
(GRY. features such as playing ficlds, dormitories, instructional
buildings and offices. access roads. and campus greenery are all
individually distinguished. Using spectral properties of the features

and spatial relutionships between these features, we can determine
these feature boundaries that are likely to be muddled, and those with
sufficient detail to be recognized.

‘The multple level of detil paradigm nced not be applied in a
hemogeneous manner.  For example, tasks such as decision aids for
photo-iniefligence may require high resolution detail w0 support
analysis. but low resolution detaii to cstablish overall context. A large
scale spatial organization containing urban, residential, and rural arcas
will requirc flexibility w represent the high featurc density and
complexity in the urban area as well as significanily lower density in
rural arcas.

Flexible knowledge acquisition is necessary because in photo-
interpretation. situation assessment, and cartography, world knowledge
is inherently fragmented. Knowledge fragmentation in these domains

arises from:

+ methods of knowledge acquisition
‘There are diverse sources of knowlege that are used tw
acquire map feature information. Some of the most
common are dircct measurement from imagery, old maps
and charts, sketches, and collateral data.

e task requircments
If the task requirement is to support radar scene simulation,

far exampic: roads preserve linear sropertics until the GRD approximately cquals
the width of the road

then elevated roads are significant. and roud networks in
general are nou signiticant.  [If the wsk is w support map
generation at a particular scale (say 1:50000). the feature
size density may determine whether ic is directly portrayed,
genceralized, or omitted cntirely. There are, of course, well
detined rules that guvern these decisions, but they are
generally not consistent across a wide runge of map scaies.
speciilization in feature extraction

‘There is a certain amount of specialization in cartographic
and situation assessmient activities.  Analysts may specialize
in a particular area of the world, be knowledgable in
hydrotogy, geology, local construction customs, or political
matters. lo the production of large scale maps it is rare to
find map generalists, aithough this may not be true for low
level feature cxeraction activities. ‘T'his specialization tends
to fragment knowledge. and is often given as a justification
for building database systems that provide access to a wide
range of map knowledge and may have gencral capabilitics
for knowledge synchesis.

The ™MD model methodology provides a mechanism for fearure
unification in a cohesive framework, H provides a framewaork to relate
symbolic descriptions to their original dgm sources. It is not tied to a
particular cartographi¢ representation nor to limitations of cartographic
production,

4. The Database Problem in Image Interpretation

The dawabase problem has been addressed in a varicty of ways in
systems that perform image anaiysis and interpretation.  However, it
has rarely been pursued as a scparate rescarch problem.  One
explanation for this is that portions of generatl database represention are
oftcn embedded in the cxperimental image processing systems and
become highly tuined to the application. This is sometimes a result of
system performance issues, or case of task-specific implementations,
but often it is a result of not recognizing the database problem as a
separate issue.

It is difficult to give a precise analysis of the use of map databases in
image interpretation, since the detailed organizations of cxperimentat
systerns are rarcly available, However, there are several recent

examples. Work at SRI used a map databasc of road intersections to

construct @ camera model in e DAWKEYE and subsequent "road
cxpert” systcmss' a7

The arcos™? system used a digitized city plan map and clevations
for buildings e buiid a 313 graphics model of downwown Pitesburgh.
This model was dircctly compiled into a knowledge network
representation which described size, shape and relative positions of
buildings, ruads. civers, and bridges for an arbitrary view point.
Although it was not tied to a geodetic grid. it was a generat map model.



Recent work st Hughes'® based on the ACRONYM system developed
by Brouks uad Binford'? uses image registratiun W a geographic model.
The system uses pre-selected regions of interest and attempts o locate
and identify pre-defined object instances within these arcas.

ACRONYM is currently the best example of a model-based sysicm
that incorporates viewpoint-insensitive mechanisms in terms of is
model description. 115 recoghition process is 1o map cdge-based image
propertics (o instances of object models. In the domain of aerial phote
interpretation. resuits have been reported for the recognition of a small
number of models (3) for wide-bodicd jets in acrial photographs. 1t is
not cleur how map knowiedge would be directly integrated into the
ACRONYM framework, but one could speculate that it could be added
by & method similar to the work at Hughes described above.,

Matsuyama2®-2! b

as demonstrated a system for segmentation and
interpretanion of color-infrared acrial photographs containing roads,
rivers. forests, and residential and agricultural arcas, It uscs rules ©
make assigaments based on region adjacency and multi-spectral
propertics. These rules make use of informal map knowledge but do
not directiy usc a particutar map to guide interpretation. it gencrates
good doscriptions of a variety of fairly compicx acrial scenes getting a
great deal of constraint from the muiti-spectral data,

In his recent thesis, Scli‘ridgc22 proposed using adaptive threshold
selection for region extraction by histogramming and region growing
using an image-based "appearance model”.  Although the work
describes feature positions and shapes in terms of pixel descriptions, it
is net difficuit to imagine a more gencral map-based approach that
would result in the automatic gencration of constaints o his adaptive

UnCTLoOrs.

ALCMU. Herman® has demonstrated the feasibility of incremental
acquisition  of 31> scene  descriptions  from  stereo-pair  acrial
phetographs in the MaPS database in the 313 Mosiac project.  This
system requires a known sterco camera model but uses no g-prior
knowledge abeut the scenc other than weak geometric assumptions
about urban environments.

5. The Image/Map Database Model

I dns section we discuss four classes of wsks thal are common to
photo interpretation, situation assessment, and cartography. We then
list some critcria by which one can cvaluate the swengths and
limitations of dawbase systems.  These criteria are not exhaustive,
rather they point to four arcas that should be present in MD
implementations and system capabilitics in cach of the areas.

5.1. Tasks for Image/Map Database

In this section we give a classification of wsks that are common o
applications in photo-interpretation. situation assessment, and digital
cartography systems. The four tasks arc sefection of image, terrain, or

map data based on attributes of the data. spatial computation of map
feature relationships, semantic compuwiation of map features, and
spathesis of imagery, terrain and map data.

I. Selection
The selection task requires that the IMD system be able 0
select from a potentially large set of database entitics based
on attributes of image, terrain, and map database features.
The selection task does not require  image-to-map
carrespundence,”and is the task normally performed by D
moded systems. For exampie:

« sclect imagery with particular intrinsic characteristies:
sensor. scalc. date, cloud cover, processing history

e sclect map features based ¢n symbolic description,
partaily specified description. similaritics in image
acquisition

2. Spatiut Computation
Spadal computation is ubiquitous in cartographie, situation

assessment and photo-interpretation wsks. An IM1Y systemn
must  provide fwois W compute  commun  spatial
relationships such as containment closest point, adjacency.
and intersection.  One issuc is how o structure the
environment in order to constrain scarch and thereby avoid
unnecessary compudation. Consider four views of the same
prablem:

# given a geodetic arca, which images cover, or partially
cover this area

e which roads can be found within the image

« which images contin this building

 given an image. find all images which overlap it

3. Semantic Computation

‘There are a number of tasks that require more than basic
spatial computation, or wher¢ the appropriate spatial
operation depends on the meaning of the map objects. Are
there intrinsic high-tevel properties of map features that we
can extract from basic spatial geomeury that give a meaning
tw the feature?  Scmantic computation needs to be
investigated as we develop moere complex spatial databases.
For cxample. what is the semantics of “intersection” for the
fotlowing pairs of map objects?

e intersection of two roads
« intersection of bridge and river description
e intersection of a building and a road

4. Syathesis
One goal of any database system should be to hring
together diverse sources of knowledge into a common
framewaork. Synthesis is the generation of new information

using a new method of presentation, computation. or
anaiysis. For example:



« cartographic superposition of map data on newly
acquired image

» 1) display of terrain and cultural featurcs from map
database including man-madec structures, pelitical
boundaries, neighborhoods, arbitrary collections of
physicaily realized features

eto predict spatal (location) and  structural
{appearance) consiraints; where to look and what ©
lovk for Dbased of sk  knowledge,
experience. or cxpectations

» o spatial framework within which to cmbedd task-
specific knowledge

previous

5.2. Criteria for Image/Map Database

In this scction we list some criteria that can be uses to evaluate
database systems in four general arcas. These arcas are image-to-map
correspondence, map feature representation spatial computation, and
database synthesis,

1. Image-to-Mup Correspandence

ecan the it relate image-based featurcs 0 a map
coordinate system

e can these features be projected onto new imagery
using the correspondence mechanism

e chat capabilitics cxist for incrementally updating
feuture descriptions based on updates to the camcra
model, or to intrinsic changes to the feature itseif.

2. Representation

e what are the capabilitdes for feature representation;
what complex spatial zelationships can represent: how
is inconsistency recognized and handled

scan the user describe featurcs and  associated
attributes in a flexible manner: what is the varicty of
attributes. '

ecan the representation accommodate map-based
information coming from 2 varicty nom-imagery
SOUICES

» what is the relationship between the representation of
signal and symbolic data

e what synthesis tasks does the representation support

3. Spatiai Computation

» docs the system support dynamic spatial queries

» what spatial relationships does the system compule
directly from the underlying data, which refationships
are specified by the user, how do they interact, how
does one maintain consistency

o what mechanisins are available to partition the scarch
space when computing spatiai relationships

4. Tratubase Synthesis

* iimagery. terrain and map data are components, cach
with  an  appropriae opceration
semantics. and utility; in what ways docs the datbase
suppurt synthesis of these components

o what concrete tasks requiring synehesis are performed

representation,

6. MAPS Overview

[n the previous scctions we have attermpted to raisc issues of
Image/Mup Database organization, tasks and capabilities. [n this
section we will discuss the MAPS system components capabilities, We
will only briefly describe those aspects that have been reported on in
other papers, Qur latest work in the area of hicrarchicai organization,
decompositivn., and scarch is rcported beginning in Section 6.6, New
work in map feature semantics is discussed in Section 6.7, For a more
detailed deseription of the image segmentation program (Scction 6.1.2)
and the image-to-map correspondence program (Scction 6.3) see
McKcown™*. For a detailed description of the CONCEPTMAP database
sce MeKeownZ, Appendix | contains a ncarly complete list of the
programs associated with cach system component.

6.1. BROWSE: Interactive image/Map Display

BROWSE®
provides a commuon interface to all of the MAPS system components (o
display resuits of guerics, graphical prompts for interactive image-to-

is an intcractive window-based image display system. [t

map correspondence, superimpostion of map data on imagery, and
other similar functions. While often viewed as an application issue, a
flexible, functional user interface is criticai for building mure complex
wols, BROWSE provides the user with a window-oriented interface,
which greatly increases the cffective spatial resotution of the frame-
buffer, and provides multiple processing contexts which allow users w
manipulate dynamically the size, level of detail, and visibility of
imagery.

6.1.1. Windew-based Display

We have applied and extended the bit-map window?’ paradigm w
handle high resolution, multi-bit per pixel digitized images. However,
duc to ncarly an order of magnitude difference in the amount of data
necded o perform screen updates and duc to processing limitations
found in maost frame-buffer architectures. many of the sututions used
for single bit per pixel displaysza are not suilable for dircct
implementation. A detailed discussion of the design and organization
of the window manager appears in McKeown & Dcnlingcrm.

llesides the display of imagery, we have found the window
representation W be useful as a corununication mechanism between
MAPS components. to invoke image processing programs, and to
All MAPS
compunents {see Appendix [) that display imagery, map duta or

retricve and display the results of such processing.

graphics use the BROWSE window mechanism  for display and

communication. For example. the ingeractive image correspondence



program. CORRES, uses the window mechanism to automatically display
landmark image fragments and 0 create a high resolution window
conuining the approximate position of the landmark ground control
point to cue the user. PICPAC contains a collection of image processing
routines that can be invoked on BROWSE windows simply by specifying
the window namie.  BROWSE routincs use the window name o
determine the image namc. resoiution. and rectanguiar image bounds,
This information, along with parameters specific w the particular
processing vperation, are passed Lo the image processing routine. The
results of the operation can be displayed in a new window.

6.1.2. Interactive image Segmentation

SEGMENT IS an ineeractive image segmentation program which uscs
the PROWSE window facility to provide an interface to our frame buffer.
Users can cxtract image-based descriptions of map features, edit
existing features. and assign symbolic names © the features. SEGMENT
produces a standard format [SEG) file that is used throughout the MAPS
datbase to represent image-based descriptions of point. line, and
polygon geometric data. Databasc routines discussed in Scction 6.5 are
available 0 convert the (SEG] description o a map-bascd description
ID3).

6.2. image Database

The MAPS system currently contins approximately 100 digitized
images, most of which are low altitude acrial mapping photographs,
I'ypical ground resoiution distances (GRD) are 120cm?, 360cm?. and,
600cm-* per pixei. ‘The imagery is mainly comprised of three data sets
ken in 1974, 1976 and 1982,
phatographs, we have several digitized maps including a USGS

In addition to acrial mapping

wpographic map. and wur guide maps. Figure | gives the current
statis of the MAPS Washington D.C, image database. Although we
have several Landsat, Skylab and high altitude acrial photographs taken
over the Washington 12.C. area, we have focused our work on those
images that provide the greatest ground detail,

[MAGE DATABASE
CLASS NUMBER SCALE RASTER COMMENTS

ASC 74 25 1-36000 20482204818  Aerial mapping BW
WGL 76 37 1:12000 22002220028  Aerial mapping BW
AER"79 2 1:124009 2288x2288x8  Color infrared
ASC"82 29 1:60000 23002230028  Aeria) mapping BW
MAP* 71 1 1:24000 4096409648 USGS topo map
MAR' T4 1 1:1C0060* 4096x3880x8 D.C. region map
MAP 79 H 1:1B000* 4096x409648 Tourist quide map

" notl cartegraphically accurate.

Figure 11 maPs: Image Database Component

6.2.1. Generic image to File Mapping

The MAPS system uses a generic naming convention w refer to
images in the database. The generic name is a unique identifier
assigned to the image when it is integrated into the databuse. For
cxample, DC3ERI7, DCI420 are  representative generic anames  that

correspond w flight line annetation on the photographic film. Al types
of image access that require the flesystem name of the image, or
require associated image database files. use the generic  name
mechanism 0 construct the appropriate physical file name. It is
possible to change the logical and/or physical location of imagery by
updating the generic name file or to add anotier image to the database.
As we move (o larger image/map systems this taming isolation allows
US to construct a database that can be distributed gver muitiple

The decoupling of name with pliysical or logical location fits well with
name server organizations usually employed with such distributed
systems.

"I'he following table lists tie database files associated with cach active
image in the MA#S datbase. Fach is accessible using the generic image

name.

# [GENERIC]  imnage-to-file system mupping
- contains the file system location of the database image
- identifies which reduced reselution images are comnputed
and available for hierarchical display

® SN scene description file
- contains image specific information: source, date, time of
day, raster sive, digitization, image scaic. geudetic corner
points, camera information

# [COI]  image-to-map cocfficients file
- contains camera model coefficients. error model,
polynomial orders solved. best correspondence (defaule
polynomial order)
- independent cocfficienss for <latitude, Clongitude>,
<image row> <image columnd

® [COR| carrespondence pairs file
- mapping of ground control points 1o image point
specification
- lists of landmark names and their geodetic position
combined with image pixel position of landmark specified
by user

® ([[YP]  hypothesized fandmark file
- lists of landmark names which arc within the image
geudetic coverage, but were not used to perform image-map
correspondence

6.2.2. Image-Based Segmentations

MAPS maintins scveral types of image scgmentations and map
overiay descriptions associated with each image in the database. These
segmentatons cither are feature descriptions generated using the image
as the basc coordinate system, or the projection of map features onto
the image using map-to-image correspondence, or segmentations from
other images registered to the image. In the latter case. image-to-map
currespondence is used to register the two images. Users can point to
segmentation overlay features using the display interface in DROWSE
and CONCERPIMAL, identify the segmentation feature nune and retricve
its imuge and geodetic courdinates, For the (brwvsseg] and
[CONCEPINEGT segmentacion descriptions. the name of the scgmenttion
feature is used w retricve the associated DIAD (sec Secdon 64) or



CONCEPIMAP description.  The following table is a list of image
segmentations  associated  with  cach  iaoge in the  database.
Segmentations that require map correspondence for their generation
can be autmatically recreated when image camera moedel is updated.

o [{IANDSPG]  haad (hunan) segmentation
- coilection uf all hand scgmentativns performed on this
image

. [ICOMPSIFG] composite hand segmentation
- coltection of all features in the [LANDSEG] database that
arc spatiaily contained in this image

® [MACHSEG]  machine segmentation
- ¢oilection of all machine segmentations performed using
the mmage

& [MCOMPSTG]  composite muchine segmentation
- collection of all features in the [MACHSEG] dutabasc that
arc spatiaily contained in the image

® [DLMSSEG]  [M.MS map overiay
- all features from the DrMS digital feature analysis database
that arc spatially contained in the image

« [CONCEPISEG]  CONCEPTMAP map overiay
- all features from the CONCEPYMAP database that are
spatially contained in the image

® [COVERSEG]  image coverage overlay
- all images whose arca of coverage is overlapped or whoily
contateed within the image

6.3. Image-ta-Map Correspondence

The MAPS System uscs an interactive image-to-map correspondence
procedure 10 piace new imagery into correspondence with the map
database. [t has thrce major components: a landmark database, a
landmark creation and cditing program, and an interactive
correspondence program.  The process of landmark selection,

description, and interactive correspondence has been described in deail

in McKeown®,

6.3.1. Landmark Database

MAPS maintins a database of approximately 200 geodetic ground
contrel points in the Washington D.C. arca. Landmarks arc acquired
using LSGS wpographic maps, but in principle can be integrated from
any  suurce  that  provides  accurale geodetic  position
Clatitudes fongituieselevation>.  Users can query the database o find
Jandmarks by name. within a geedetic area, or the closest landmark 10 a
geodetic peint.  Landmark festures are also integrated into the
CONCEPIVAP database and can be found using the <rule-derivation?

attribute {see Section 6.5.2) of a concept role schema.

6.3.2. LANDMARK

LANDMARK i5 an interactive wol used 1o gencrate new landmarks,
their text descriptions, and associated image fragments. The fullowing
information is maintained by 1ANDMARK 1o support landmark database

aCcCess.

& L) Tandmatrk name divectory
- assuciates the list of landmark names with their geodetic
pusition
- surted for spatial proximity
- partial name matching also provided

# (ETY]  lundmark text description
- contains a detailed text description of the location of the
landmark and general factual properties of the landmark
- stores the location snd name of the associated image
fragment file (LiMG], and replicates the geodetic position
from idm file ’

o [LIMG]  landmark image fragment
- conaing a high-resolution image frazment which clearly
shows the ground control point and scene context around
the point

6.3.3. CORRES

CORRES is an interactive image-to-map correspondence program. [t
uscs the RROWSE window interface, the LANDMARK database, and
image database routines to interactively build an image-to-map
correspandence. Once an initial guess of the corner poiats is performed
and the [COR] and (COE] filcs have been created in the image database,
CORRES automatically suggests new possible landmark points using the
image database [ttYP| files. The LANDMARK database [LIMG] files are
used tw dispiay the ground control poine when the user selects it from
the list of hypothesized points,

6.4. DLMS: An External Database

‘I'he ability to rendervous with externally generated map databases is
a key capability in order to integrate information from a variety of
sources.  One cxample of the flexibility of the Maps database is
illustrated by our cxperiences with the [Defense Mapping Agency's
(hma) Digiwal Tandmass Simulation System (nemsy

neMs is composed of a digital feature anatysis database {DFAD)Y
which describes man-made cultural features and o digital terrain
clevation database (D117} which is organized as a raster clevation grid.
“The specified reselution of the AL data is comparable w map scales
of 1:250,000 two 1:100,000. The specified resclution of DITD data is
within a meter vertical resolution over a 1002 meter (3 arc sec) grid.

6.4.1. 0FAD: Digital Feature Analysis Database

In order w integrate the DEAD database N MAPS, we reorganized
the internai DFAD daga structures w allow for random accass using a
feature header list.  We converted the representation of geodetic
coordinates from an offset formac that was relative w an internal base
coordinate, to an absolute coordinate system. Our pDEAD database
covers a two degree square arca. from latitude N 382 10 N 40° and
longitude W 769 o W 78%, It is composed of 64 "map shcets”, cach
containing a 15°x15" map arca. We assigned unique feature identifiers
{names) w map features because feature numbers were not unique
across map shects. There are o feature names or semantics associated
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Figure 41 Maps: CONCEPIMAP Databuse For Figurel

Figure 3: BLMS: Detaii of Northwest Washington Area



with DI'AD entrics primarily because the database was not intended 1o
be used as a geperal purpose geographic information system.  The
feature header mechanism allows us to perform random access io
features in a map sheet. We can also search using feature attribules such
as feature analysis code, feature type, surface material code, and feature
id code. This type of rcorganization is neccessary to support an
interactive query-based interface for human and application programs.

Figure 2 shows a plot of polygon features in the area corresponding
to our entire Washington D.C. dawbase. Figure 3 is a detaited portion
of the DFAD database centered on Foggy Botiom. For comparison,

Figure 4 is the corresponding area from the CONCEPIMAP datthase
plettied vn the same scale,

Some of the 1°AD database eatries are casily recognizable as natural
or man-made features. although as discussed, this information is not in
the original datbase itself. Figurce § is the description for the Tidal
Basin, Figure 6 is the Rochambeau Bridge. Figure 7 is a description for
a large irregular area in central Washington D.C. that contains the
major government office buidings. The feature name assigned by MAFPS
is the first entry in cach of the Figures.

feature 'd25f471a909°

feature header: 471 [5eek:72416)

feature analysys code: 1082

feature type: areal faature

surface material code: (6) water

feature id coge: (909} not assigned
subcatagory: fresh water (shallow)

average height (metars): 0 '

agrial feature: 471 polygon with 76 vertices
tree cover: 0 roof cover: 0 density: 0
min peint (south west) 5298,7979

max point {nmorth east) 5567,338%

Figure 5: DIFAD: Description for Tidal Basin

feature "d2574741250°

feature header; 474 (seek:73132)
feature analysis code: 1085

feature type: linear feature

surface material code: (3) stone / brick
feature id code: {250) not assigned
subcategory: not assiqned (general)
average height {meters): 2

linear feature: 474 line with 3 vertices
widih: 24 reflectivity: 2

first point: 5024,8084

last point: 5192,8227

Figure 6; nran: Descrintion for Rochambeau Bridee

feature ‘¢257402a610°

feature header: 402 (seek:53688)

feature analysis code: 1010

feature Lype: areal feature

surface material ¢ode: {(3) stone / brick
feature id code: (610) not assigned
subcategory: institutional (general)

average height (meters): 28

aerial Feature: 462 pelygon with 27 vertices
tree tover: 10 roef cover: 7O density: 3
min peoint (south west) 570%,7971

mas peint {north east) G260.8799

Figure 72 DIAD: Deseription for Gevernment Buildings

6.4.2. OTED: Terrain Elevation Database

The organization of the digital terrain  dutabase is  more
straighttorward. ‘The 13711 database covers the same geodetic area as
our DEAD data. 1t is organized into 64 rasicr images using the same
image format as our digital acrial imagery. Fach image containing a 15
x 15" array of terrain samples. where cach “pixel” is a discrete clevation
point, ‘The terrain package, ELEVATION, provides a transparent
interface to the DICD database.  Users can rotricve clovation
information dased on rectangular geodetic area, closest sampic point 0
a geodetic point. or by weighted interpolation.  CLEVATION uscs the
CMU image package to cfficiently buffer biocks of contiguous terrain
data.

6.5. Canceptual Map Database
The map dawbase component of MaAPS, CONCEPTMAP, has heen

described in McKcown®,

We will give a brief overview of the
organization and conceatrate on our new work in  hierarchical

organization and feature semantics.

6.5.1. Concept Schema

The basic cntity in the CONCEPTMAP database is the concept schema.
The scherna is given a unigue [D by the database, and the user specifies
a ‘symboiic” print name for the concepe. Each coneept may have one or
mure role schema associated with it. Role schema specify one or more
database views of the same geographic concept.  For cxample,
‘northwest washington' can be viewed as a residential area as well as
political entity, Another aspect is the ability to associate the same name

w two different but related spatial ubjects.  Consider the “kennedy
center” as 4 butlding and as the spatiat arca (ic. lawn. parking arca, ctc.)
encompassing the building. The principie role of a concept schema
indicates a preferred or defawit view, The CONCEPEMAP database is
cumposed of lists of concept schema.

6.5.2. Role Schema

The role schema is a further specification of the attributes of the map
feature. [t conwins the rofe name attribute (building, bridge.
commercial arca, <te.), a swbrole name atteibute (house, muscum.
dormitory, ¢ic.). a rode cfass auribuce (ie.. buildings may be goverument,
residential, commercial, ). a role 1ype atribute (ic. physical,
conceptual or aggregate), and a rofe derivation attribute (ie. derivation

mcthod),

The role name. subrole, and role class attributes categorize the map

feature accurding to its function. Fue cxample:  this feature s a
building, used as an office building, used for government purposcs.
‘I'he rule type attribute deseribes whether the map feare is physically
realized in the scene, or if it is a conceptual feature such as a
neighborhood, politicai, or geographic boundary. The role type
atribute also provides a mechanisim to define the role schema as a
collection of physical or concepiual map features. For example, the

concept schema in MaPs for “distrier of columbia® has a role type



aggregrate-conceptual. with aggregrate roles. ‘northwest washington’,

northeast  washington™.  “southwest washington’, and ‘touthcast
washingtoa’,  This mechanism ailows the user to explicitly refprresent
coneepts that are strictly composed of other role schema. The role
dervaden attribute deseribes the method by which the role and its
asseciated  geodetic added

CONCIEFTMAP database,

position  description  were o the

Fach role schema contains a 303 identifier that is used 1o access a set
uf CONCEPTMAP dutsbase files which contain geodcetic information
about the map feature, These identifiers can be sharcd wien multipie
roles have the sunc gendetic description. as in the previous example of
‘northwest washington’ viewed as both a residentiai and political area,
The CONCEPT™MAP 3D description allows for point, line. and polygon
features as primicives, and permits the aggregration of primitives into
more complex opologics, such as regions with holes, discontinous lines,
and poin hsis. Associated with cach feature that was acquired from a
If the
correspendence of the generic image changes due o the addition of

mmage in the dutabase s the generic name of the image.

more ground control points. or better a camera model, the pusition of
the ground feature can be automatically recalcutated.,

The following is the set of files associated with cach 3.

e {13]] 31 geodetic [ocation
- a set of datde/longitude/elevation> triples which
detine the geedetic position of the role

e [N31] 3D feature shape description
- metric values for lenght, width, arca, compactness,
centroid, fouricer shape approximation ete.

o (EC]  feature image coverage
- a fist of generic images which centain this feature
- image mbr and feature coordinates for each image

* [PROP]
- list of properuies of the map feature
- some gencral properties such as ‘age’, ‘capacity’, ‘3D
display type’
- feature type specific properties such as ‘number of floors’,
‘basement’. height’, and “roof type” for buildings

leature property list

6.5.3. Database Query

CONCEPTMAP supports four methods of database query.  The
methads are signal access, symbalic access, template wmatching and
geomeltrte access. The fullowing tble gives a bricf description of cach
query method.

* sipmal access
‘ . . ‘ . . ansee
Given a geodetic specifiertion (point. line, area) )
perform the (ullowing operations:
- display all imagery at which contains puint, line or arca.
«retries e all map features within geodetic specification
- retrieve terrain cfevation

o symholic access
Given a symbolic name, such as “treasury building' perform
the following operations:

* convert name inte geodetic specification o perform signal
aceess operations listed above
- retrieve dutabase description, facts and properties of the
map feature
+ retrieve imagery based on symbolic (generic) name

« template matching
Given a partiai specification of symbolic attributes perform
the following operations:
- find all map features which satisfy the specification
template and return their symbolic name
- find ail images and return symbolic (generic) name

& TOOMCLTIC ACCesS
Given a gecometic operation such as ‘contgins and a
gendetic specification perform the following uperations:
- find all map feawures which satisfy the uperation
performed over the geodetic specification and return their
symholic rame. - find all image features and return
symbulic name

These primitive access functions can be combined® o answer
querics such as: ‘display images of Foggy Botom before 1977, ‘what is
the closest commercial building to this geographic point’, and “how
many bridges cross between Virginia and the District of Columbia’,
Figure 8 is a simple schematic giving the processes by which MAPS
provides signal and symbolic access into the CONCEPTMAR dawibase and
display of the query result '

6.5.4. Spatial Computation

CONCEPTMAP comiputes geomcetric propertics based on the geodcetic
descriptions associated with cach role schema in the database. A static
description of all spatial relationships between map features for
adjacency, <closcst  paoing

contains, subsumed by, intersection,

partitioncd by is maintained in the database.

« ‘contiins’'
- an unordered list of featurcs which the map feature
contains

¢ ‘subsumed by
- an unordercd list of features which contain the map
feature

Ll 1]
this specification may Be in geodetic coordinates or require image-lo-map.
correspondence


http://CONCr.Pi

" T The CONCEFIMAL database stores both factual and cxact information
» intersection

- an unordered list of features which intersect the map describing the spatial relationship. For cxample, if two featurcs

feature intersect, the list of geodetic interseetion points is stored, as well as the
« “closest point’ fact that they intersect at least once. This is neeessary for query which

- single feature which is closest w the map feature require the display of imagery containing a geometric fact, and may
« “adjacency’ possibly be useful tor describing the semantics of the intersection. {n

- an unordered list of featurcs that are within a specific the foilowing scction we will discuss the use of a hicracchicai

distance of the map feature erganization based on the ‘contins’ reladon primitive, and show how it
» “partitioned by’ can be used to structure the spatial database.

- the locus of points where two arcal features share a

common boundary,
6.6. Hierarchical Organization

[F onc or more of the map features in a spatial computation is a result of In this scction we discuss the use of hierarchicat organization of
a dynamic query (and therefore not in the static database), these spatial data in the MAPS system. The CONCEFTMAP database is used to
relutionships are computed as needed. A simpie ‘memo’ function is build a hierarchy tree data structure which represents the whole-pant
implemented to avoid recomputation of dynamic properties. ‘The use relationships and spatial containment of map feature descriptions. This
of the siatie description can also be "turned ofF to evaluate hicrarchical trec is used ta improve the speed of spatial computations by
search us deseribed in the following section. constraining scarch to a pontion of the database. In the following

sections we bricfly discuss why we believe this is a good alternative to

regular spatial decompositions such as qundtrccls' 18 or k-d tree!?

usually proposed for MPD model databases.
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5.6.1. Regular Decomposition

Regular Jecompasitions such as the quadtree organizations do not
expiicitly cxploit the inherent structure in spattal prgonizations.
Practical mplementations of these vrganizations oflen use itage-based
{integer) courdinate svstems and therefore have a bounded pusition
resoiution. In general cantegraphic systems it is important w be abic to
represent and manipulate map feature descriptions at radically different
resolutions using a real vaiued coordinate sysiem.  For oxample,
consider a dynamic query that resuits in the ¢readon of a very smail_
polygonal arca. When computing contaimment or intersection against a
stitic map databasc with features represented as a quadtrees, the
quadtrees fur the static map feature must be generated to a much finer
tevel of dewil in arder o compare the wo dat structures. Recent work
is beginning 10 represent quadtrees on reai valued coordinate systcms's.
but little is known of its practical implementation, complexity, and
storage efficiency.  K-d trees show storage cfficiency improvements
over quadtrces”. since they aflow for a more flexible decompuosition
tailored to spatal feature density.  However, they have the same
fundamental Timitations when used to represent map features in a real

vatued coordinare system,

In MaPS we perform geometric computations on the feature data in
e gevdetic courdinate system using point, line, and polygon as map
primitives. We constrain search by using o hierarchical representation
These spatal
contraints can be viewed as natural, that is, intrinsic to the data. and

computed directly from the underlying map data.

may have some analogy to how humans organize a "map in the head”
o avoid search. Fur example, when a wurist who is looking for the
Watergate ilotel is twold that the building is in Northwest Washington,
she will not spend much time looking at a map of Virginia. 1Jepending
on her familiarity with the area. she may avoid lovking at much of the
map sutside of the Northwest District.” - As we begin to represent
large numbers of map features with more complex interrelativnships,
we betieve that the use of natural hierarchics in urban arcas. such as
political boundaries. neighborhoods, commercial and industrial areas,
SCIVe [0 constrain search, They may also allow us to build systems that
organize Jdata using spaual relationships that are close to human spatial

models.

6.6.2. Hierarchical Decomposition

The hierarchical containment tree is a tree structure where nodes
represent map features. Hach node has as is descendants those features
at it completely contains in Slutitudesfongitideselevation space. ‘The
hierarchical wee is initially generated by obtaining an unordered list of
features (cuntinment list) far cach map database feature. Starting with
a designated root node (‘greacer washington d.c.’) which contains afl
features in the database, descendant nodes are recursively removed

If she is toid thar the Watergate is also near the Potomac river, that should.
Turther consirain her scazeh, but that is another slory.

from the parent node list if they arc already contzined in another
descendant node. The result is that the parent node is left with a list of
deseendunt features that arc not contained by any other node. These
descendant nodes form the nex level of an N-ary tree ordered by the
‘contains’ relationship.  This procedure is performed recursively for
every map feature. Teaminal nodes are point and line Features, or arcal
features that contin no other map feature, We will discuss the point
containment and cluscst point computation using the hicrarchy tree in
the following section.

Figure 9 shows & small section of the hicrarchical containment tree.
The use of conceprual features-- features with no physical realization in
the world but represent well understood spatial areas—- can be used w
partition the database. In this case the map feature ‘foggy bottomt’

41 entries far “contates’ for ‘northwest washingtan’

entry 0: ‘memillan reservoir (rale: 0)
eAtry 1. ‘keanedy canter {rala: 0)°
entry 2: "ellipse (rgle: 0)°
entry 3: ‘erecutive office building (rale: 0)°
entry 4: 'white nouse (role: 0)°
antry 5: ‘treasury building (role: 0)°
entry G: “department of commerce (rele: 0)°
entry 7: 'museum of history and technology (role: 0)°'
entry 8: “key bDridge (role: ay-
entry 9: ‘thomas circle (role: 0)°
entry 10: ‘dupont circle {role: 0}*
W entry 11: faggy battom (role: 0y’
entry 12: "whitehurst freeway {rale: 0)°
entry 13: 'melean gardens (role: 0)°
entry 14: 'macomb playground (role: 0)°
entry 15: ‘tineodore roosevelt island (role: 0y
entry 1G: ‘'interior department (role: 0y
entry L7: "district builging (rale: o)
entry 18: "lafayette park (role: Q}°
entry 19: ‘constitutinon hall (role: 0y
eatry 20: ‘national press huilding (role: Q)
entry 21: "23rd street (role: 0y
entry 22: ‘constitution avenue {raie: Q)
entry 23: ‘virginia avenve (role: 0}’
entry 24: “national 200 {rale; 0)°
entry 23: ‘georgetown (role: 0)°
entry ZE: “"glaver park (role: 0)°
entry 27: ‘national cathedral (role: ar-
entry 28: '21st street {rale: 0)°
entry 29: “ngrth 20th street {rote: 0)-
entry 30: “19th streat {(rale: 0}
entry 1 ‘east pennsylvania avenue (role: 0y
entry 32: ‘e street (role: 0)°
eatry J3: 'treasury place (role: 0)°
entry J4: ‘state place {roTe: Q)
entry 35: "26th street (role: aye
entry 36: 'west pennsyvania avenue (rate: 0)°
entry 37. "16th street (role: ()"

eatry 38: "1 street (role: 9)°
entry 39: ‘vermont avenue (role: 0y
entry 40: "13th street {roie: Q)"

dtl] entries for “caontains® for “foyggy bettom’

eatry Q: ‘kennedy center (rgle: L)

2atry 1. ‘washington circle {role: @)°

entry 2: “state department {role: B}’

gntry 3: “american pharmaceutical assgciaticn (rela: 0)°
entry 4 national academy of sciences {rate: 0)°
entry 5: “federal reserve fNoard (raole: 0}

entry 6: "natigaal science foundation (role: 0}
entry 71: "¢rvil service commission (role: 0)°
entry 8: 'c street {role: 9)

entry 3: "27nd street (rgle: )

entry 10: 'sauth new hamgshira avenue {role: 0)°

Figure 91 Maps: Hicrarchical Spatiat Containment



allows us to parition su.ac of the buildings and roads that are contatned
within ‘northwest washington”. As more neighborheod arcas and city
districts arc added to our database, we expect to sce improved
performance cspecially in arcas with dense feature distributions. This
will also improve the richness of the spatial description available to the
user.

6.6.3. Hierarchical Search

In this scction we discuss the use of our hicrarchical organizition to
partition the map database lo improve performance by decreasing
scarch when computing the spatial relationships of map features, The
hicrarchical searching algorithm is basically an N-ary trec searching
algerithm.  Consider a user at the CONCEPTMAP image display who
invokes the geometic database to compute a symbolic description of
what map featurc he is pointing at  First, using image-to-map
correspondence, the sysien. calculates the following map coordinates:

latitude N 38 53 49 (278)

longitude W 77 03 53 {337)
Tis poind is converted into a emporary map daabase feature and is
tested against the rout node o te hicrarchy tree. I it is aot contiined
in this node (not generally the case), then the point cannot coreespond
w a database feature. and the scarch terminares, The user is informed

that the point is outside the map database. * If the "cunaains’ test
succeeds, it recurses down the tree and performs the wst against the
siblings of the node just tested. ‘The search ailows several paths to cxist
for any point, thus more than one sibling may contain a path o the
puint. This sort of anumaly occurs when a feature happens Lo exist in
the intersecting region of two larger regions. However. if the feature is
not contained by the nede. it is not contained by any of the node's
descendants. and that portion of the tree is not further searched. Figure
10 shows the answer to our hypothetical query., The query point is
contained within ‘theedore rovsevelt island’, and two search paths in
the containment tree arc given. The same mechanism is used for line
and polygon features, although the primitive determination of
containment depends on the geometric type of the feature,

This node beiongs in the following piace(s):
3 entries for 'contains’ for “ihecdore roosevelt island’

entry 0: ‘northwest washingten’
entry 1: ‘district of ‘columbia’
entry Z: ‘greater washington d.¢.°

ArassPEREESET N 0 IYSRTRNE LN E Y]
Z entries for "contains’ for °theodevra roosevelt istang’
entry 0: ‘potomac river’
entry 1: ‘greater washingten d.c.’

Figure 10:  MaPS: Conwinment Tree Entry for
Theodore Roosevelt Island

knowledge

This can actuaily occur since users are ajlowed to enler arbitrary coordinates
through the terminal. Therefore the database has some crude idez of il extent of map.

6.7. Toward Feature Semantics

We have begun to investigate the generation of map feature
semantics direetly from the hicrarchical representation of the map
feature data. A simpie example is the semantic description of a bridge:
the feature names and map locations that it connects as well as the
names of the map features that it crosses aver, Figures 11 and 12 show
the result of applying a4 procedural description of the semantics of a
bridge concept to calculate the connects’ and ‘crussover’ relationship
using the map feawire descriptions of “arlington memorial bridge” and
‘theodore roosevelt memorial bridge’.  These resuits are generated
directly using the mMaps hicrarchical organization for spatial data. We
do not pose this as a theory of map feature semantics, but envision a set
of feature specific procedures thae can huiid these types of descriptions.

2 entries foar ‘contains’' for ‘gquerypoint 1°

eatry 0: ‘yirginia’

entry 1: ‘greater washington d.c.’
[EREEY R RN R A N D ASdAdsdduBN

2 entrias far ‘contains' for “querypeoint 1°'

entry O: ‘arlington memorial bridge’

antry 1: “qreater washington d.c.’

L R P T LR S ]

4 entrias for “contains’ far ‘querypoint 2Z°

antry 0: ‘mall area’

entry 1: ‘sputhwest washington”
entry 2: ‘gistrict of columbia’
entry 3: ‘greater washingtoa c¢.c.’

Wearesanmarse 4 [ [] sesmessanssse
2 entries for ‘"contains’ for ‘querypoint 2°
antry Q: rartington memgrial bridge’
entry 1: ‘greater washington d.c.’

LI L L L R TP R I T Y PN Y P R PR R PR AL

5 antries far “intersection’ for 'crossover’

entry 0: ‘virginia’

antry 1: ‘district of calumbia’
entry 2: ‘sguthwest washington'
eniry 3: "mall area’

entry 4: ‘patoma¢ river {Rolae: 0)°

P T L L L L L L e R EE E LY LY ]

2 entries fur ‘connects’ for ‘arlington memorial uridge’
antry 9: ‘virginia’
antry 1: ‘mall area’

1 entries for "crossover’ for 'arlington memorial bridge
antry 0: ‘potgmac river’

Figure 11: wmaPS: Semantic Computation from Spatial Data
Arlington Mcmorial Bridge

The procedure for bridge semantics is as foliows: A bridge can be
represented in the CONCEPTMAP database as an polygonal arca, a list of
lincar scgments. or as a geodetic peint. The polygonal area arises when
the bridge deck is represented, the list of linear segments approxirmates
the center line of the bridge, and the point feature generally represents
that the bridge is a fandmark feature. No semantics are computed in
the latter case. 1F the bridge is represented as o ling, the end points are
selected, otherwise the endpoints of the major axis of the bounding
cllipse are retrieved from the feature (0317 file. At some level of
description, these endpoints define the “connects’ relationship, but this



2 entries for ‘comtains' for ‘guerypoint I’

entry 0: ‘virginia® 5 entries for “intersection’ for 'crossover list’
entry 1: ‘greater washington d.c.’ entry Q: ‘wirginia®
N L B L LTI entry 1: ‘district of columbia’
2 entries for 'contains’ for “querypoint 1° entry 2: ‘northwest washington®
entry 0: "theodore roosevelt memorial bridge’ entry 3: "theodore rooseve!t island-
eatry 1: ‘greater washingtan d.c.’' entry 4: ‘potomac river’
II.‘.."....I..“-..‘C‘..“.-‘.‘.I..“.‘.‘...‘..-‘-‘
L
3 entries for ‘contains® for “querypoint 2° 2 entries for ‘coanects' for “theodore rogsevelt memoria
entry 0: ‘nofihbwest washington’ entry 0 ‘virginia®
entry 1: ‘district of columdia’ entry 1: ‘northwest washington'
entry 2: ‘greater washington d.c.’
seessussnsban A N [ trrseesavases 2 entries for ‘crossover' for “theodore roosevelt memari
¢ entries for “contains’ for 'querypoint 2° antry 0: ‘theodore roosevelt island’
entry 0: "theodore roosevelt memorial bridge’ entry 1: ‘potomac river'
entry 1: ‘greater washington d.c.’
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Figure 12 MAPS: Scmantic Computation from Spatal Data
‘Theodore Rovsevelt Memorial Bridge

AD MAP DISPLAY
MAPS cAn be USED To GenemaTa A 3D Scene of 3 desienated area by combrntne
terrarn, conceptmap patabase and thematic map nata

L/ser specifies ares of mterest by symbelic on sienal access, also specifies
30 viewino pasition and illumination position
2D Themalic/MAR 30 BCENE X 30 SCENET

DispLays searcHes Searcres conceptmap
thematic color nata terrain database database
ta eLevation Folitical
Metat W A CSONCEPTZ  distRict of cowmbia
store /bRiek 5 15 15 15 15 15 N CONCEPT3  NORTHWEST WASHIN GTON
water 13 13 14 15 14 13 Natuaal Features
= composition 2 12 (2 13 12 12 CONCEPTIL.  tioal basin
Zﬂ% eARTHEN WORKS o }1 1; i CONCEPT4d anacosTd
TRESS AR SR S Residennal
bBuiLowmes CONCaRTS] GrEORGETOWNY
LAT: N38 53 21 (499) ConcePT 54 bmuleih

LON: wrz 2 8 (49)
Figure 13: wasi3p; 31 Map Display



is not uscful if we are envisioning generation of a reasonably complex
symbolic representation.

The “conwing' relationship is applied tw cach eadpoint using the
hicrarchical tree to urder the search. As before, this scarch returns a fist
of features ordered by spatial containment, and there may be several
independent containment paths. Redundant paths arc ctiminated by
examining whether the bridge is in the containment path. The first
entry (0) in cach of the remaining paths is ene of the arcas connected by
the bridge. Using the “contains relationship, the ather cntrics in the

path are also valid connecting arcas.

Te compute the crossover’ relatonship,  the “intersection’
relationship is computed for the bridge using the complete list of line
segmients or the polygonal description. A list of all the features that the
bridge intersects is assembled.  Enuies in the intersection list are
removed if they arc also present in cither of the ‘connects’ lists. ‘The
assumption is that those features that didn’t contain a bridge cndp:)im..
but intersected with the bridge description, are those features that the
bridge crosses over. If there is sufficiently detailed clevation data for
man-made foatures it should be pussible 1w compute semantics for
*passes over” and "passes under’ by calculating the feature clevation at

the actual peodetic point of intersection.

Figure 14: wasinD: Vertical View 857 Northwest Washington

7. Synthesis Tasks

1 this sectien we will discuss three applications of the MAPS database
to carlographic and image interpretation tasks, These tasks are 31 seene
generation of views of Washington 1, C.. the use of the map database
to guide image segmentation. and some preliminary results on a rule-
based system for atrpart scenc interpretation.  Fach task requires the
capabilitics of varivus aspects of the MDY model as implemented in the
MAPS system. These applications pull together external and image/map
databases. and are only possible using an integrated system that relaces
imagery. terrain, and map data through a unificd cartographic
representation.

7.0.1. wasH30: 3D Scene Generation

The first application of the Maps database is in the afca of 3D
computer graphics for scene simulation and database validation.
Computer graphics play an important role in the arcas of image
processing, phote-mierpretation, and cartography. In cartography
various phascs of the map generation process usc graphics techniques
or source matcrial analysis, transcription and update, and some aspects
of map layout and production. However, many major steps in the
gencration of a cartographic product remain largely manual. One
impurtant step for which inadequate 1ools exist is the integration of
ain and cultural feature databases. This integration step is often



FRAME 'RGBFRAME®

used o venify the peodetic accuricy of natural and man-made Teatures

in the digital database prior w acwal map layout and production.

.

Anather application is sensor simulation™ 3. Radar, visual, and multi-

sensor scenes are digitally generated to verify the qualily of digital

culture and terrain databases or 10 determine the quality of the sensor
model. Emprovenents e the level of detail contained in the underlying
database can be subjectively measured in 1erms of the quality of the
generaled sceng,

wasi3n® is an interactive graphics system that uses the MAPS system
o integrate o digital errein database. a cultural feature database. and
the CONCEPIMAP database w allow a user (o generate cartwgraphically
dccurale 313 scenes for human visual analysis. WASIED uses the coarse
reselution DIMS database described in Scction 64 to generate a
baseling thematic map,  The thematic map is a 213 image which is
produced by scan conversion of the DIMS digital feature analysis
database (D1 aD) pelygon database. We assign a color to cach region

poiygoen using the DEAD surface material code-- forest and park (green),

.

(8 BITS RGB)

water (bluc), residential {ycellow), and high-density urban (brown).
11 MS terrain elevation data (D110} s interpolated w determine ground
elevations at cach point in the 21> image. Since the resolution of the
DiAD data i coarse, comparable to map scales of 1:250,000 w
1:100,000, we use the CONCEPIMAP database to provide high resolution
I feature descriptions of buildings, roads, bridges, residential and
commerciat arcas. 'he CONCEPTMAP database is derived from imagery
with resotutions between 1:12000 and 1:36000, and the addition of
these features cffectively intensifies the perceived level of detail in the
simulated seene. even though the base map is at a coarse resolution,

Lukes?? describes the utility of selective database intensification for
wiloring standard database products to custom applications and for
time-critical applicativns  which cannot be handled by normal
production schedules. Figure 13 shows the interactive process by which
users can specify an arca of interest for 31D scene generation.  Figures
14 and 15 show two 312 scencs of the Washingion I).C. arca generated

Figure 150 wasinn: Northwest Washington From Above National Airport



7.0.2. MACHINESEG: Map-Guided Machine Segmeniation

The second application of the MAPS database is in the arca of map- -

guided machine segmentation.  Uscrs may specify a map feature from
the CONCEPIMAP  database or intcractively gencrate a  feature
description using the SLGMENT program. 1n the case of a map database
feature, MACHINESEG uses an cxisting image coverage [1CY file (sce
Section 6.5.2) that specifics in which images the feature is found, and
the feature location in the image. For interactive specification, an [1C)
file s crepted dynamically by image-to-map correspandence using the
imagc database.

SET

For cach image, a high resolution window containing the database
feature is extracted and displayed. We expand the sive of the image
window 1o contain an arca of uncertainty around the feature location.
‘I'he expansiun is currently based on the size of the feature, but we plan
o incorporate correspondence error measures based on the quality of
the camera model assoctated with cach image. The image window is
smoothed, and a segmentation is performed using a region-growing
r.cchniquc]4 which combines an cdge strength metric and region merge
acceptability based on spectral similarity to control region growing.

Figure 16: MACHINISEG: Segmentation using MAPS System



Figure 16 shows the scementation of several low-clevation buildings
along the pertmeter of the Washington Ellipse.  ‘I'he uppermost
building is added w the CONCEPIMAP database in the standard manner
described in Section 6.5. The user specifies the image. DCIRAIT, to
perform the seamentation and the MACIINISEG system auwomatically
displuys u reduced resolution window of the image (e38617), and a
high resolution window (eflipse area) containing the database arca.
MACHINISEG creates a copy of the high resolution window as a work
arca (sef aside) for the image processing routines, An image smoothing
operation is followed by the gemeration of sced ICgons using a
conservative similarity measure to insure that potentiaily matchable
regions are not prematurely merged. The initial sced regions are
overlaid on the image using graphics uverlays. Any sced regions that
satisfy the shape criteria for the database feature are extracted and
marked. In this cxample. the database feature itself was marked in the
initial sced region martching. As regions are merged based on weak
edge buundaries and high spectral compatibility, the resulting region is
evaluated witly respect e a list of shape and spectral criteria.  if the
region satisfies the criteria. it is marked. and further merging is allowed
only if the proposed merge improves the overall region scure. Criteria
include fructional fill, area. lincarity, perimeter, compactness, and

spectral measures.

The final results are shown in the second window labeled ser aside.
Five butldings similar w the map database feature were correctly
identified while onc building was omitted.  Six scgments were
incorrectly identified. Had we made use of spectral information in this
parucular segmentation-- that the building roofs were  bright
features-- we probably could have excluded § of Lhe § errors. However,
we are more concerned with using weak knowledge, and one cannot
expect betier performance  without more  sophisticated  analysis,
MACIINESEG  allows the user 1o delete erroncous segments and
gencrates map  descriptions of cach  extracted feature.  These
descriptions can then be used w search for these features in other

database imagery.

The significance of MACHINESEG is that it can scarch systematically
for features in a dotabase of images. an operation that is fundamental
for change detection applications. It directly uscs the map database
descriptivn as an  cvaiuation tool for image segmentation and
interpretation.  Jt alse uses very general hmage processing tools to
perform buth segmentation and evaluation ard is amenable to
supporting other approuches w0 image scgmentation and  feature
recovery, A lurther application of the MACHINESEG system is discussed

in the following scction.

7.0.3. sPAM: Ruie-based System for Airport Interpretation
‘The third application of the MAPS system is in the investigation of
the control

ruic-based  systems  for of image processing and

interpretation with respect to a world model.

In photo-interpretation. knowledge can range from stereotypicat
information about man-made and nawral features found in various
situations (airports, manufacturing, industrial instaltations, power plants
elc.) (o particular instantiations of these situations in frequenty
monitored sttes. 1t is crucial for photo-interpretation applications that
the metrics wsed be detined in a cartographic cooedinate system, such as
Klatitudeslongitude/clevation), rather than an image-based coordinate
system.  Descriptions such as “the runway has arca 12000 pixels” or
“houses are between 212 and 345 pixels” are uscless except for
(perhaps) the analysis of one jmage. [t is the case, however, that to
vperativnalize metric xnowlcdge vne must reliate the world model to the
image under analysis. This should be donc through image-tw-map
correspondence using camera models which is the method used in our
system,

We have begun to build spam® 1o test vur ideas in the use of the
combination of a map database. task independent low-level image
processing tools, and a rule-based system.

SPAM uses the VAPS databasc to store facts about man-made or
natural feature existence and location, and to perfurm geometric
compurtation in map space cather than image space. 1ifferences in scaie,
orientation, and viewpoint can be handled in a consistent manner using
a simpie camera model. The MAPS database facility also maintains a
partial modei of interpretation, scparaie from. but in the same
representation as, the map feature database,

The image processing component is based on the MACHINESEG
program described in the previous section. ¢ performs low level and
intermediate level feature extraction. Processing primitives are based
on lincar feature extraction and region extraction using cdge-based and
regiun-growing techniques. It identifics islands of interest and exiends
those islands constrained by the geametric model provided by Maps
and modei-based goals established by the rule-based cumponent

The rule-bascd component provides the image processing system
with the best next wsk based on the strengthy/promise of expectations
and with constraints from the image/map database system. [t also
guides the seene incerpretation by generating successively more specific
expeceations based on umage processing cesults,

We are in the preliminary stages of develupment for the SPAM system
and have begun to build 4 dewiled map modei of National Airport.
Figure 17 gives an cxample of the ability of the MAPS database © use

image-to-map correspondence o generate unified spatial models from
partial infonnation.  The line drawing labeled 37401.1MG contains the
nurthern section of  National  Airport; 3eR09.(MG 5 a partially
overlapping southern section of National Airport.  Line SCgMCHIs
represent point line, and areul features corresponding to runways,

werminal butdings. access reads. and hangars. inteructively specified



Figure 17: SPAM: National Airport Spatial Model

unified.img

Unified scene of Washington National Airport

using the CONCLPIMAP representation. Fur those features that appear
in both images. the concept rofe mechanism {see Section $.5.2) is used
W specify multiple  arirudeslongitude eievarion> descriptions, A
unified map description is created by maiching corresponding line
segments using the overlapping image arcas {in map space) 1o constrain
scarch. The resuit of unification is the line drawing labeled
AIRPORT.IMG.

8. Future Work

Qur future work will be directed toward two rescarch topics, First,
we have only begun to cxplore the use of MAPS as a componcnt of an
image interpretation system. We will continue our work in the airport
scone interpretation task, using the SPAM system as a lestbed for
integration of a rule-based system with the MAPS sysiem. Second. there
is much to do in cxpanding the CONCEPTMAP database 10 include more
complex 313 descriptions. and in attendant issues of scaling and sizing
tw larger databases. Other tasks we will pursue are the cvaluation of our

37401.img

36809.img

Southern section of Washingten National Airport

hicrarchical spatial vepresentation to constrain scarch in large databascs,
general solwtions to compiex spatial queries for situation asscssment
applications. and the application of spatial knowledge 10 navigate
through a map database.

In discussing future work it is important te understand the strengths
and limitations of the current research. The strengths of this work lie in
several unique features of the MAPS system, First, we have constructed
a system of muoderate complexity which has significant capabhilites in
cach arca of our Image/Map Database model. The system integrates
map knowledge from diverse sources and performs several tasks that
require synthesis of this knowledge, We have the ability to represent
complcx map features in a uniform cartographic coordinate system and
can compute new spatial relationships direetly from the map data.



The major limitition in the MAPS system s the current method for
performing image-to-map currcsp(mdcncc.'m“" From the stndpoint
of the stue of the art in phologrommerry. we muke simplistic
planemetric assumptions in our correspondence algorithm, but they do
give reasonable resulls for several reasons. First. all of vur photographs
are vertical acrial mapping imagery, and offorts arc taken w minimize
camera tilt. Sccond. we have very high resolution photographs, each of
which cuvers a relatively smail arca. and duc to the relatively local level
terrin in Washington 1. C.. vur polynumial correspondence functions

arc reasonably accurate.

The issue is not how to recover camera infurmation from the
imagery. since in cartography and manual phow-interpretation the
sensor models and ephemeral data are well known and modeled. but to
use cxisting photogrammetric twols for basic data  acquisition.
Therefore. in this limitation we sce an opportunity © investigate how
MAPS could be interfaced o a photogrammetric frontend which would
dircctly provide <latinide/longitude/eievation> data from a stereo

LLLITET Y

muodel. ‘The frontend should have a landmark database and
interactive display tools to guide the sterco model setup in a manner
similar to our current implementation.  Nothing in the current MABS
tmplementation preciudes such an interface since we maintain 2 3D
map feature representation throughout the database using the USGS
terrain dawbase. The building of such twols should be the common

vbjective both to cartographers and to computer scicntists.
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MaPs System Major Components

This Appendix contuins 2 list of the major program modules which

compuse the MAPS system.

HAME SI1ZE (bytes) COMMENTS
Browse
browse 305580 interactive image display facility
picpac 530762 interactive image processing facility
Corres
corres ¢B60az interactive image-mapg correspondance
checkcorres 45523 check correspondence errars
cormain 52893 correspongance algorithm
corpairs 75176 edit carrespandence pairs file
creatsdf 50601 create a scene description file
dumpcoeaf 19649 dump a coefficients file
gumpcor 21547 dump a corraspondence file
dumpsdf 25398 dump a scene description file
hypecorpairs 82380 generate hypothesized Yandmarxs
updatesdf 530399 update a scena dascription file
Landmark )
Tandmark 194953 interactive Tandmark aextraction
creatidm 23557 treate btnary landamark fila
etytod3d 50217 make a .dd file from an .aty file
atytoddm 19943 creata landmark file from .ety filas
1describe 43694 giva landmark cescriptions
Tgmriprt jgzrs dumg ail! info absout a landmark
ldmiast 28656 fing landmarks within geodatic area
Segment
segment 170220 hand segmentation program )
nk1df 10537 create ascii file feom binary seg file
segraname 19945 80it segmentation regign names
Machineseg
machineseq 250222 machine sagmentation pragram
Conceptmap
conceptmap 665710 associate conceptual and map data
buildsagmap 38301 build composite segmentations
coetrack 125241 track points using map carrespondence
congeoail 213278 generate geomstric database
d3cump 24629 dump a ¢ fils
d3antcor 93936 create corres entry from .43 fite
d3fdump 31039 dump a 43 feature file
d3tod3f 15826 convert a .d3 file to a featura file
d23teimg 44710 generate dinary image fram .d3 files
dimssag 128324 create OLMS overlay for geodatic area
dmasatract 31544 axtract features from DIMS .fea files
dumpal 207962 dump a querylist file
dumpsdgf 25398 dump a scene descriptian fila
ecdump 9425 dump the contents of a coverage file
ecshow 1arrac display manager for caverage filas
BLsort 26624 sort coverage files by keys
ectoseg 18173 create .seq file from coverage fije
hierarchy 486262 build amd access hierarchical database
hiertrack 321869 track and cisplay pts using hierarchy
idhiar 254739 identify points using hierarchy
imagetoec 34283 associate image with coverage file
imagetomap 54092 <Genericr«<row><col> =» <lat/lon/elevs
photo 299710 nteractive image photogrammetry
sagtndld 57034 convert .seg file to .d3 data structure
segtoimg 32735 convert .seg regions to binary image
ctereoshow 153125 show stereo image pairs
unifyseg 107603 unify segmentation regians
Washid
washid 164517 3d scene generation from MARS datdbase
dfeaprt 45013 print DLMS feature given dims cade
dispfea 137335 display a OLMS inap featura fila
dims §3134 create dims index fileg
dimspin 34604 convert ascii feature files to binary
dimsfind 45419 find a OLMS feature based an attributes
feacumper 45267 dump 3 OLMS feature lile
Terrain
elavation 24097 access terrain data images




