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The Ninth Image Understanding Workshop was conducted under the auspices of Major Larry t.
Druffel, United States Air Forces, program manager for the LU. Research Project in the Information
Processing Techniques Office, Defense Advanced Research Projects Agency. As outl i ned at the Eighth
I.U. Workshop, held at Pittsburgh, Pennsylvania, some six months ago, Major Dr~sffel has diligently
worked toward a narrowing of focus in the program as the time approaches for t’he planned concept
demonstration which it Is hoped will be the capstone to this five year research effort. As previously
noted , the intended focus is suggested as “the development of the tools needed for inclusion in some
future system”, and at this workshop the fornsilation of a scenario which is to provide a context for the

• ; concept demonstration was discussed In an effort to move toward an agreed upon program. It was
also noted that although the plan is to move toward a concept demonstration In the next two or three• years, the I.U. Program has not lost sight of the need for fundamental research 4~Ich is required to• support future capabilities.

Major Druffel has stated his appreciation for the effort put forth by all of the government
research and user personnel in attending these periodic workshops and helping to provide guidance
to the ARPA research coninunity. Furthermore, many of the attendees have indicated their recognition
of the value gained by the entire research conanunity through the interaction and cross fertilization
provided by the various researchers and the diversified user conuminity both In the Image Understanding
and in other relatcd research programs.

These proceedings contain the program reviews presented by the Principal Investigators and
Technical Reports prepared by selected research personnel at the Ninth Image Understanding Workshop

• held at Palo Alto , California on 24-25 April 1979. In attendance at the workshop, in addition to the
University and Industrial Research Personnel , were representatives from many Army, Navy, Air Force
and Government Agency Organizations interested In the accomplishments of this research program. As
usual, the workshop provided for a lively exchange of views between the potential user coninunity and

• those organizations active in the I.U. Research Program. In addition, a panel discussion was conducted
between several government research organizations concerning a plan for utilization of emerging
technology in Image Understanding by the Defense Mapping Agency. Also , participants were afforded
the opportunity to visit the Artificial Intelligence Center at SRI International, the Artificial
Intelligence Laboratory at Stanford University, and the Palo Alto Research Laboratory of the Lockheed• Missiles and Space Company.

The workshop was hosted by Dr. Martin A, Fischler , senior computer scientist at the Artificial
Intel ligence Center of SRI International. The workshop organizer wishes to thank Dr. Flsch ler for
his efforts at making the workshop a success and also to recognize the efforts of Mi ss Jean Burnet ,
Manager of Conference Services at SRI International , for her excellent advice and assistance. Apprecia-
tion is also due Miss Carrie Howell of Science Applications, Incorporated for providing t~’p1ng support• 

I 
• for mailings and the coll ection and arrangement of the conference proceedings as wtll as on-site

assistance during the conference. Typing assistance was also provided by Mis’ Jac kque llne Frye of the
SAl staff .

The cover design was created by Mr. Marco Fillipini of the Art Department of Science Applica-
tions, Inc. from material supplied by Dr. Martin F$schler of SRI International. The map data and aerial
photography shown are representative of that used by the SRI Internitional research group in Image

• Understanding on several of their on-going projects. Dr. Fischler states that caption should read
“ using Map Knowledge to Interpret Aerial Imagery”, an important step in the SRI International Image
recogni tion process. An in-depth description of the SRI International Program is contained in this
volume as well as In the previous I.U. Workshop Proceedings.

Lee S. Bai nn
Science Applications , Inc. •Workshop Organizer
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I$TRODUCT I~~ APP ROACH

Research st SRI InternatIonal under the ARP A To achieve the above capabilItIes , we areI Image lmdersfaeding Program was initiated to developing two “ezp.rt ” subsystems : the “Road
investigate ways in which divers e sources of Expert” and the “Vehicle Expert .” The Road Expert
knowledge might be brought to bear on the problem knows mainly about roads , how to find them in
of analysing and interpreting aeria l Images. The imagery , and what things belong on them. It works
initial phase of research was explor atory and at low—to—interme diate resolution (e.g., frau I to
identified various means for exploiting knowledge 20 feet of ground distance per image pixel) and has
in processing aerial photographs for such military the ability to distinguish vehicles frau other road

• applications as cartography , intelligence , weapon detail. The Vehicle Expert works on higher-
guidance , and targeting. A key concept is the use resolution imagery and can ident ity vehicles as to
of a generalized digital map to guide the process type . We are concentrat ing our efforts on the Road
of image analysis. Expert and therefore will limi t most of our

discussion here to this component of our system.The results of this earlier work were
integrated in an interactive computer system called The major tasks automatically performed by the
“Hawkeye” (1]. This system provides necessary Road Expert are :
basic facilities for a wide range of tasks and a (1) Image/map correspondence——Place a newlyframework wi thin which specialist programs can be acquired image into geographicintegrated. correspondence with the sap data base.

Research is now focused on the development of (2) Road tracking——Precisely mark the centera program capable of expert performance in a line of selected visible sect ions of roadspecific task domain: road monitoring. The in the image.following sections of this paper present an
overview as well as some recent technical results (3)  Anomaly analysis ——Locate and analyze
produced in this ongoing effort , anomalous objects on , and adjacent to ,

the road surface; identi fy potential
vehicles.

O~.7ECTIVE The image/map correspondence task is

F accomplished by locating roads and road features as
The primary objective of this research is to landmarks; corre spond ence is perfo rm ed at

• build a computer system that “ understands ” the resolutions as coarse as 20 feet/pixel so tha t a
nature of roads and road events. It should be reasonably wide field of view ( 10 to 100 square
capable of performing such tasks as: miles) can be pro cessed at one t ime . It is

nominally assumed that the initial combinations of( 1) Finding roads In aerial imagery uncertainties about the estimates f3r the camera
(2) Distinguishi ng vehicles on road s from para meters imply uncertainties on the ground of

shad ows , signposts , road marki ngs, etc. approximately +/— 200 feet in X and Y. The
(3) Comparing multiple images and symbolic correspondence procedure work s iteratively to

refine the camera parameters. A typical goal is toinfor mation pertaini ng to the same road reduce the implied uncertainties on the ground tosegment , and deciding whether significant about +1— 2 teat in K and T.changes have occurred.
The system should be capable of perfor ming the After the image is placed into corresPondence

with our map data base , one or more of the visibleabove tasks even when the roads are partially road sect ions are selected for monitoring. Theoccluded by clouds or terrain features, or are road center line and lane boundaries are found toviewed from arbitrary angles and distances , or pass an accuracy of one to two p ixels in imagery with athrough a variety of terrains , resolution of 1 to 3 teet/pixel.
Given the precise road locations in the image,

anomalous obje cts are detected by scanning on and
along the road pavement. These anomalous object s
are then identified am to type (e.g. , vehicle ,
shadow, road surfaoe marki ng, signpost , etc.).
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shadow. tram .bjecta of t nf e r , s , utilizi n g h The c~ r r e i . ? I in  road ~rsck,r has been slight ly
genera l shape and wIdth of the road (ob ta ine d from mo di f Ied  • .-, produce , in a ddi t ion  ‘- the road track ,
a map) as an aid in road ‘racking ; and prov I~~Ing an I mage array contaIning ‘he difference between
relevant information on ‘he ant icipated size , the actual brightness In the origina l Image and the

• shape , and road orientation of potential vehicles, brightness predicted from the road mode l
(or ig ina lly  th is  additiona l output was in the form• A central theme of this effort is to consider of a binary anomaly mask). The value of thisroads as a knowledge domain. In part icular , we are “difference image” Is twofold: it can beaddressi ng the question of now a priori knowledge thresholded to decide what is and is not anomalous,can be di~ ect~y Invoked by the image —a nalysis and the image with the road profile subtract ed out

‘ 
modules (wnat type of knowledge, how should it be is useful for analyzing shadows and roa drepresented , and wna’. are the mechan isms for its discolorations .use). To achieve our goal of building a very—high —

‘ 
performance system , we are deve loping explicit It turns out that an understanding of shadows
models of the image structures we are dealing wi th  is crucial in making sense ~ut of road scenes.
and , addi tionally, models of the decision Aerial scenes are often photogr ap hed in direct
procedures embedded in the image—processing sunlight , and vehicles oi the road cause anomalies
algorithms so that the algorithms can evaluate that include the vehicle plus its shadow. Large
t heir own performance. Finally, we are planning an objects off the road, suc h as signs , trees, and

• overall control structure that will be concerned utility poles cast shadows that are noticed by the
with the problems of coordinating analysis across a anomaly detector. In addition, the shadows can
spectrum of levels of resolution and with give valuable clues to the size and shape of the
integrating multi—source information, objects casting them.

We employ three basic techniques to identify
shadows. A brightness model allows us to identiryPROGRESS shadows by the ab solute brightness of pixe ls in the
difference imags. A predictive model allows us to

Our work to date has provided the capabilities identify the portion of an anomaly most likely to
necessary to assemble an Integrated Road Export be shadow when we know the position of the sun and
demonstration system , and we are currently planning the height of the object casting the shadow .
to have such a system operational by October 1979. Finally , a projective model , which tries to locate
This system will allow a user to submit new the two long parallel sides of a vehicle, can
photographs from a previously “instantiated” site locate the dividing line between a vehicle and its
for automatic analysis in which image scanning, shadow.

$ image—to-data base correspondence , road marking, A number of “expert subroutines” examine eachand anomaly analysis will be performed “on line”. anomaly. The vehicle expert subroutine exploits
The demonstration system will also permit both the basically rectangular shape of vehicles when

interactive instantiation of a new site and ylewed fro. above. Anomalies tha t are very much
• selected analysis functions (such as road tracki ng) the wro ng size are eliminated at the out set.

on photograp hs for which there is no data base Projecting the average brightnes s and average
support , gradient mag nitude upon a baseline perpendicular to

We have previously described 12, 3] our the presumed direction of vehicle travel enables
finding the shadow and establishi ng a nominal width• approach to both the corresp ondence and road for the vehicle. Height can usually be estimatedmarki ng tasks; work continues in these two areas ,

both to achieve higher perfor mance and to fr om the shadow , and length is inferred from the
size of the total anomaly (allowing for a shadowgene ralize the techniques to a wide r class of fore or aft ) .domains. A more detailed description of this

ongo ing work will  be de fe rred until a later time. Two other anoma ly expert s, the tree—shadow

In the following two subsections we will expert and the road marki ng expert , provide
alternate explanations for anomalies not Identifi eddescribe recent pr ogress in dealing with the as vehic les. To qua lify as a tree shadow (or theproblem of vehicle detection and ano maly analysis , shad ow or some other object of f the road ) anand we will discuss our plans for on—line site

instantiation, anoma ly must have the appropriate average
brightness , a low variance in br igh tness , and touch
the side of the road at the side nearer the sun.
Road mar kings (usua l ly painted arrows or speed

• limit numerals ) ar e usually bri ghter than the road

4

• 1_~ ~ ~~~~~c~~~ 7 ; ~~~~~~~~ ,

~~~~~~~~~~~~~~~~~~~~~~~ ____

pwong
Text Box
Best possible scan



______ -

.4

• - . . 4 . ‘ . c’ ~~~~~~ • • • • 4 4 * 4. 4 .4 • • • •  . .* S. 4 • , . - • — 4l.4 *. 4

gel t .  • I • 0.4 ~ * 0.4 • . 4 • .~. 
- • • •  j4..4 ‘ • ‘~~~~~~~~~ *~~~~ 4 4 .  44

.4.4 4 0.., .o. • 4.
4 0 .  .03 4. 4.4’sJ3 0 .4 •~~ • • — • .• •, ••

• $ ~ ~S C 5.4 I. 44 • S~~4 - 
~ i • 3 4.4 ~4 . ‘. 5 4 4 .* 03’ S 44 “~ 4” .‘ ~~ ‘ ‘ 4

•...s i~~~* ~*f “*~~ .W , 40. 4 - 44 ~~2 . 4 ~~ •
• “ .. C I S ~~ . . —~

. 0.~ S 4 • • 4 34 ~I 
5,44 5 54s. .as i—a..~ ~~~~ A~~ s ~~~~ • ~.$ 4 • 4 •~~~4 SI 5.~ • .. s ’.. ~~~~. .. ., ~~~~~~~ 44

~ s . 4  4,io.:!4 ~~~ ;. ‘~~~~ .~~ . •
.... • .• s•. ef ~. , .;‘ . - •  t•. ~~~~~~~~~~~~ 5*44 * t t  •4. . ~~*S  •.• •

~~~~~~~~~~~~~~~~~ ‘.4 ‘‘. ~~~~~ M.  :.,. ead . $ .  .4 ~ meg. •:.~~ I. ,.,..: ‘ •5 . 5 5. * 4 s  • 0. .$ ’ . ,* 4 , 4 1 4  J

~ct ~4..r • . • ~~~~~~~ Pa ’ ion ‘ • ‘ ~ 44— ’. •-. - . : :  .• 4 3 ~4~~’0. .55 *S44 ..~ emS~~~ ~ 445. 44

, :. : . . ~~~ :* 
• 

. r •~ ,3 S.,$~~*.. !‘ #*  •, .o .r ~~*‘  *344 4~~SaS •

can ~~. •~~~~. ; !~~ r ~~~~~~~~~~~~ ... ‘ • 3 . .  5 ,4 4 .  .
The ~~~~ ~ 

-‘1 ‘ .. r ‘a a ’ s ha,. P - • .0*41k
• . . .: •. d., ere~~,:e,: ~r * •-  ‘~ ~~~ 

F.. .‘ r .
*44 II ~*.1 e.I g . r ’ ‘ i .r * ’ r and P e t  - find

3 i• ‘I a ~ — . rc’~og* .lgable an.d44rt. .~~.

~~ )wr. r ~a~s in t i .w I mages , r *~~’ • heIr ~~i •

l~~a’. anomalies r~a’ sIgh ’ be p er~~L a ~ ~e h I c i e m

~n the roads. The data ba a. aLs ~ contains
information ‘~~ he lp d i s t in gu i sh  y.n~c1aa ~~~~ ‘ ‘N~ Lu L~ N~ C(K*~N7Spermanent road features such as signs and t he i r  -

shadows, and painted markings on the road surface.
We see the military relevance of our work

The current road data bas. contains both extendin g well beyond the specific road monitoringgeometric and photometric infor mation . The scenario presented above. In part icular , a Ro adgeometric part of the road data base was generated Expert can be applied to such problems as:by a variety of means , depending on the level of
detail and accuracy desired. The coarsest level of (

~) Intelligence——Monitoring roads for
data representation was generated by specifying movement of military forces
approximate world location , direction , and width of (2) Weapon guidance——Use of roads asroad segments , eithe r by typing In numerical landmarks for ‘map—matching’ systemsinfor ma tion or by tracing the roa d in a low
resolution (USGS 7.5 minute series) map of the (3) Targeting——Detection of vehicles for
area. The most accurate geometric information was interdiction of road t ra f f ic
entered into the data base both by typing 1~ (it ) Cartograp hy — —Compilation and updating ofprecise numerica l data and by manually traci ng maps with respect to roads and otherportions of °as built’ survey plans of the road linear features (especially thoseobtained from the California Department of
Transportation, concerned with transportation), such as

airport runways, railroads, rivers, etc.
Photometric information associated with a road In accord with our generalized view of thesegment is inserted into the data base by using the

correlation road tracker; as images of a geographic applicability of the Road Expert and the knowledge—

sit e are interpreted by the road tracker, road based , image—analysis techniques we are
constructing , we are attempti ng to achieve a levelphotometry models are automatically entered.

Spatially fixed landmarks , such as painted road of performance and understanding in each of the
functional tasks tha t far exceeds that  which wouldsurface marki ngs, are (at present) manually

specified; and a corresponding rectangular image be required for dealing with the road —monitori ng

patch is entered into the data base. scenario alone.

The data base is currently implemented using
SAIL record structures which conveniently provide REFERENCES
graph structures , lists , numeric arrays , etc . A
general—purpose record structure 1/0 package
co un icat es these structures between SAIL programs 1. H. 0. Barrow et al., ‘In teractive Aids for
and disk files. We recognize the need, in the Cartography and Photo
future , to develop a f i le representation that can Interpretation: Progress Report , Octo ber

• be co~~~inIcated to LISP programs. 1977, ’ Pracesdin,a: ~~~~~ UnderstandimaNorkahon , pp. fl l—12 7 (October 1977) .W e intend to include exmaples of data base
construction as a part of the Road Expert 2, Pt. A.Pischler et al., ‘Interactive Aids for
demonst ration and are worki ng toward a scenario of Cartography and Photo Interpretation , ’
th . following type. An image of a site will be Semiannual Technical Report, SRI Project 5300,

• scanned and digitized at approximately one to three SRI Inter na tional , Menlo Park , Californ ia
feet per pixel resolution; and a photo interpreter (October 1978) .

• will then ind icate the approximate locations of
primary road segments in the image, using a track 3. 1.. Quam , ‘Road Iraoking and Anomaly Detection ,’

Prooead1 ~~~ : ~~~~~ lindars tandima Wor~shon,ball. The automatic road tracker program will be
invoked to accurately trace the roads , generate pp. 51—55 ( May 1978) .
cross-section photometry models , and detect 1$, 0. J. Agin , ‘knowledge—Based Detect ion and
ano malies that might be per manent surfac e ma rki ngs. Classification of Vehicles and Other Objects
The anomaly analysis techniques described in the in Aerial Road Images ,’ Prooaadlmam: ~~~~~
preceding subsection will specify which an omalies Undaratandima Workahoc (in pres s, April 1979).
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SPATIAL UNDERSTANDI NG

Thomas 0. Bin ford

Artificial Intelligence Lab oratory. Computer Science Departmentr Stanford University. Stanford, California W3O~

Abstract

We describe a program of researc h which seeks
mechanisms to solve fundamental problems in image R eports in these proceedings describe progress with task I
understanding. The research is app lied to a set of problems (Binford and Brooks) and task I (Firichem et al~ Previous
from cartography, phocolnterpretatlon and guidance. We aim to reports show prom ising result s w ith task 3 (B inford 19771 We
inte grate solutions across this range of problems by defining a think these results sufficient to predict success soon in
hierarchy of representations within a sinjle system, demonstrat ions of these tasks. Further, we believe that the
ACRONYM. Past work has laid the foundation of ACRONYM system which supports the f irst three tasks will
representat ion by general ized cones, and use of this general ize to many other problems. To carry these
representation in identification of complex objects. We have demonstrations from a first success to reliable accomplishment
built a system which demonstrates automated stereo registrat ion requires better image feature descri ption and improved ability
and separat ion of objects from the ground surface. Stereo and to use shape in interpretation.
motion parallax perception algorithms based on area correlation
and edge matching have been developed. ACRONYM , the Our research has focused on ways to use shape in
model-based vision system, has been designed and largel y interpretat ion and ways to determine and describe surface shape
implemented. R ecent work with ACRONYM has concentrated from stereo or motion parallax. TradItiona lly. Image
on expanding its geometric reasoni ng capability while Understanding tasks have been framed as image matching tasks.
concentrat ing on identifying aircraft at an airfield . Brooks has We take a very different approach. Image Understanding tasks
demonstrated ACRONYM’ s rule.based mechan ism for a re spa tial matchin g tas ks. There begins to be an understanding
segmenting images Into well.formed regions. Work in stereo has that classic Image matching encounters difficulties for some
been applied to navigation using passive sensin g. important problems. The image matching parad igm is: predict

an image then match against the image. That procedure
encounters severe problems; consider visible images in which

• surface markings or camouflage, movable objects. snow. rain.
clouds, seasonal changes of vegetat ion all change Images. While

* Introduction it is extremely difficult to predict images accurat ely. it Is easy to
predict parts of images which give spatial information. These
pred ictions can be symbolic. The spatial matching paradigm is:

• This report covers the Image Understanding program at predict spatial information in the image inf er spatial structure
Stanford University. known as Spatial Understanding, and the from the Image ma tch reference structure with the perceived

• Image Understanding program with Lockheed as principal structure. The ability to infer spatial structure is a key research
contractor , concerning navigation using passively sensed Images . topic , yet one in whkl, there is beginning to be progress. It is a
We have chosen typical tasks from cartography, medium step from image matching to spatial matching. but a
photolnterpretation. and guidance as focus for our research. step with great payoff.
I. A photointerpreter monitors an airf ield . The system identifies
and counts aircraft at frequent intervals to monitor air traffic.
2. An interpreter monitors a building complex for changes. The
system uses stereo, a model of the complex, and identification to
distinguish insignificant from significant changes. The system
might not notify the interpreter about changes from snow or
rain , or moving a vehicle, but notify him about building
additions.
$ An interpreter monitors vehicles in staging ar eas. The system
identifies vehicles and monitors traffic to and from the area
4. A low.flying craft navigates with a flight path which may be
changed at will, wit h low memory requirements from images or
symbolic reference maps using passive sensing by sequences of
fixes using stereo and motion parallax vision.
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ACRONYM Since the ex act dispositIon of objects In the image Is not known
in advance, the Observability Graph can not contain an exact

ACRONY M Is a model.based Image under5talidiflg prediction of what will be seen. Rather, it must consist of
system. It demonstrates mechanisms for interpretation of images lo~ which adequately describe a range of possible
of generic object classes In generic viewing conditions, appearances, generic with respect to both object class and
ACRONY M Is designed to be generalizaW It iflCOtPOfMtI a viewpoint They can best be thought of as supplying constraints
powerful geometric modeling capability with a high level on the way the picture can be expected to look. For instance,
modeling language for natural commun ication with the user In given that the system will be examining aerial photographs of
terms of object models. A user gives high level descriptions of airplanes on the ground, the predictor and planner can tell the
both generic and specific instances of objects. A rule.based matcher that when a candidate fuselage is found, wings should
inference system produces a symbolic summary of the predicted be found adjacent to It, with bilateral symmetry. There will be
appearance of the objects. This geometric reasoning capability two possibilities for the relative angle, and once the actual angle
enables the system to incorporate and relate knowledge and has been found, the front and rear of the fuselage will have
information at different levels. The summary of predicted been distinguished. Then the finer task of locating the rear
appearance drives a powerful syntact ic matcher to find instance s stabilizers (for positive identificatIon of airplane type) can be
of the objects among featu res obtained by image segmentation carried out, confined to a small part of the image.
procedures.

The best sort of observable, to put into the Observabllsty
ACRONYM is intended to be generalizable in the Graph are those which are invariant. This is a very strong

following sense: Systems for different tasks should be requirement , and will often be hard to meet. Often however,
• constructed from a large core of common modules and a small there are predictions which can be made which will be true

set of task.specific modules. It is being tested on aircraft initially, under a wide range of viewpoints. The prediction of where to
later on vehicles, then buildings. look for the wings is an example . sometimes a wing may be

obscured by a shadow cast by a nearby bu i lding, but most
The system has not yet found an instance of an object in ai rplanes will be out in the open, with both wings visible. Thus

a digitized image given only a high level description of the some observables are almost invariant over a wide range of
object class and low level descriptors of the image. However, viewing conditions. We call these quasl.invariant observables.
that achie vement appears near. All the necessary mechanisms Some are qu asi.invar iant with respect to object class, while
for such a test are operat Ional in at least prototype form, and others are quas i.invar iant with respect to viewing conditions.
have been tested individually or as subsystems smaller than the For example all airp lanes have a long cylindrical generalized
total ACRONYM system. As more ru les are written for the cone as the fuselage (invariant with respect to object class), and
Predicto r and Planner we expect to soon be able to run a from most viewp oints (especially aerial views of airplanes on the
complete test. ground ) the fuselage will appear as an elongated ribbon

(invariant with respect to v iewing conditions). Functional
The High.ievel Modeler has been used to construct a observables can be viewed as quasi .invariants too’ as they will

la rge number of models. Object models are graphs whose work well , almost independently of the function parameters. For
primitive parts are generalIzed cones- These models ar e very example , the orientations of the wings within an Image are
compact. They have a natural set of levels of detail which is functions of the orientation of the fuselage. Conditional
utilized for efficiency in Identification . There is a high level observables are a special case.
language for modeling. A geometric editor beginning with
interactiv e facilities like GEOMED. a library of primitives , and ACRONYM ~ the fir st vision system to incorporate a general
extending to rule.based reasoning about spatia l relations. We rea soning system. it is necessary because we wish to predict the
are Involved with mathematical ana lysis of generalized cone appearance of generic objects, from generic viewpoints. The
representation and analytic hidden surface algorithms, Predictor and Planner has been run on a specific model of an

aircraft and a generic model of an airport. It produced the
Given models of objects, ACRONYM attempts to find instances con~plete node structure of the Observability Graphs in both
of the objects in images. The Ob servabi lity Grap h will tell the cases. The detailed rule base must be completed to carry out the
matcher how to find instances. It is a symbolic summary of the aircraft identification.
expected appearance of objects in the image. It contains generic
and specific pred ictions about shape elements and relat ions The Matcher has been tested on a hand coded
between them, with information about how to find them, what Observability Graph , matching against a hand coded Picture
conclusions to draw it Identified and what to conclude if they Graph.
are not there. If information about viewing angles. distance and
conditions is available , it can be used to produce more definite
pred ictions. The Predictor and Planner module is a rule.based
system which uses the Object Graph to produce the
Observability Graph.

The program must choose features of the object which
currespond to image and surface properties which segmentation
programs can find . We call such features observables . The
features which we are using first include shape and two
dimensional spatial relations of shapes within the Image When
dealing with a stereo pair of pictures we also use three
dimensional spatial relations and sssrface Infoumatlon.
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The Stanford stereo system is being tested on images from
Well For med RIbbons the Night Vision Lab terrain model. The stereo system obtained

automatic registrat ion and a camera model for the two images.
Brooks describes an algorithm for linking straight edge A terrain map will be obtained and compared with the NVL

elements produced from a bottom up line finding stage rookil. terrain map. Lockheed is evaluating the stereo system for two
Edges are linked by a best first search algorithm. Heuristics are roles : terrain mapping of relative elevations and terrain
used both to select candidate edges for linking and to prune the matching; measuring Velocitylheight by using the camera model
search tree. A list of chains of edges is the result of this stage of solver to compute chang e in attitude on a non.stabilized
processing. The choice of heuristics determines the chains of platform. Lockheed has evaluated effects of structural flexure on
edges produced . Further heuristics prune the list of chai ns , absolute altitude accuracy for configurations of multiple
Finally regions, described as ribbons, are chosen so that their cameras. Acceptable accuracy does seem obtainable. Of course ,
boundar Ies are approximated by the chains of edges. Ind ividual relative accuracy is easier to maintain.
picture elements may appear in multiple ribbons. Fu rt her
heuristics can be employed to reduce this multiplicity. It Is Auto niat ic Registration of Stereo Images
organized so that a higher level computational procedure can
easily direct this low level algorithm by supp lying and altering Rmarc h has demonstrated high potential for utility of
the heuristics during processing. A selection of useful heuristics passive imaging techniques f o r  high resolution depth

• is described and then shown working on an examp le picture, measurement. Passive techniques have important advantages
with a hand simulated control program, resulting in effective over active rangi ng techniq ues in hostile environments.
descriptions of the image. Sequences of images from a moving aircraft have been used to

find the ground p lane and separate objects from ground. The
system shou ld be effective with camouflaged surfaces. The
accuracy attainable has been demon strated to be 2” height error
for 3” horizontal pixel size on the ground , with a 60 degree
baseline . On a general purpose computer , the process requires
about iS seconds with no guidance information. That can likel y
be reduced at least a factor of 2. With accurate guidance
info rmation , the time required is estimated to be about 250 msec
(most missions would probably be in th is category ). The system

_________ is self.calibrat ing and highly reliable.

The system includes a solution to the problem of
determining the stereo camera model from information within

As it moves, objects on both sides appear to move radially
outward from a cen ter, the fixed point. The fixed point is the

the pa ir of pictures. Imagine an aircraft approaching a run way.

insta ntaneous dire ction of motion. The pilot knows that the
point which does not appear to move is where he will touch $
down, unless he chang es direction. The distance between views
and the apparent displacement of points allow calculation of the
distance of each point from the observer and front the vehicle
path. The touchdown point can be calculated from theFig. 3. An LlOl I. trajectory of centers. That is precisely what is done by the
camera transform solver in the system (Cenneryl ft determines
the transfor m from one view to another in a sequence of views

• from a moving observer.Work is underway to transport the line finding programs
of Nevat la and Babu (197$) to our laboratory. That may be The program first orients Itself in the scene and finds a
used to extend goal.direction down to the line finding leveL model for the transform between the two cameras. This step

• Such a capability should prove usefu l when the Predictor and takes 60~ of the time required for finding the ground plane. IfPlanner has an understanding of the process of shadow two views are an accurately calibrated stereo pair , this operat ionformation. is not necessary. If accurate guidance information is available.
th is operation can be speeded up enormously. The program
finds a camera transform model by finding a sample of featureNavigation using Passive Sensing of interest in one image and matching them with their
corresponding view in the other image. The Inte rest OperatorThe objective of the stud y is to show passive sensing requ ires about 75 msec for a 256*256 frame. Interesting featurestechniques, particularly those based on stereo , which provide a are areas (ty pically 8x8) which can be localized in two

combination of fixes on landmarks , continuous tracking °~ dim~n~ions without a camer a transform. The operator chooseslinear features where applicable, and dead reckoning. The those areas with large variance along all grid directions. That isability to improve dead reckonIng by estimating tr ue velocity roughly equivalent to a large drop in autocorrelat ion along alland wind drift is one benefit. A maior benefit is the flexible grid direct ions , which means that the area can be localized
flight plann ing possible. The required image base ii small, closely. The correistor matches the feature s in the other Image

• 
- particularly with linear feature. Thus. a grid of Check points by a coarse to fine strategy : It has versions of the picture atcan be accomodated. resolutions of 256*256,128*128,64*64, 32*32, and 16416. tt first

matches by a smali search on a very coarse version (16* iS) of
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the image. It then performs a search in the next finer version of Ground Plane
the image, in the neighborhood of the best match in the
pr evious image. That step is repeated until the full resolution is The camera transform model makes it economical to make
reached. The matching process requires only SOmsec for a match a denser depth map. A point in one view corresponds to a ray
of a single feature no matter where it is in the image. If the in space which corresponds to a line in the other view. The
camera transform is known , search Is necessary only along a line search is limited to this line, and In add ition, nearby points
in the Image. In this case, search is about a factor of seven usually have about the same disparity as the ir neighbor s. Thus.
faster. If the depth of neighbor ing points is used as a starting search is lImited to a small interval on a line. A high resolution
point for the search , the match is another factor of seven faster. correlator has been developed which interpolates to the best

• It is planned to Incorporate those speedups; neither is now used. match , and which calculates the precision of the match based on
The matching has about lO~ errors. It encounters fewer statistics of the area.
ambiguities than brute force matching. since not only must the
feature match, but the surrounding context must also match. The system then finds a best ground plane or ground
The procedure shouki not work for parts of scenes where the parabola to the depth points. in the least squares sense. It gives
background of objects (context) changes drast ically from one no weight to points above the ground plane ; it expects many of
vIew to another. This is true only at very wide angles and close those. It includes points below the ground plane and near the
range. Aerial views are mostly planar , so failure of matching ground plane. Since points below the ground plane may be wild
should not be a problem, nor has It been in practice. The points, they aie edited out in an iterative procedure. Of course.
process requires about 50k of 36 bit word s now. It is possible to there may be holes. If they are small, there is no problem. If the
implement the coarse.to.fine search strategy in a raster scan and hole Is big. it becomes the ground plane. The ground plane
keep only a portion of each image In core. This would cut finder requires 5 msec per point.
memory size by a large amount , but it has not been done.

Edge.Based Stereo
The program automatically determines the transform

between the two views. Given corresponding views of five Featu re.based stereo Using edges Increases the accuracy
points which are non.degenerate (I.e. no colinear and planar with which boundari es of depth discominuit ies can be found by
degeneractes) the relative transform of the two views can be about a factor of 25 Ii a lso provides additional information
found~ It is not necessary to know the position of these points, abou t surface markings which are not available in stereo based
only two views that correspond. The transform is d etermined on area correlation. Feature.based stereo is also potentially very
except f9r a scale factor, the length of the stereo baseline. That fast, although now area.based techniques are considerably faster.
does not affect subsequent matchi ng of two views using the tdge.based techniques have not been developed very far, and
transform, and She scale factor can often be determined from would benefit from ~smar t sensor ’ technology. A new technique
k nown scene distances or guidance information . If the scene is has been developed to use edge features in stereo. Edges are

• nearly flat , then certa in parameters are ill.determined. However , linked along smooth curves In 3d (in the image coordinate and
that does not affect the accuracy of measuring heights using she In depth ). The new technique is used In the object modeling
transform. in the present form of the camera transform solver, it and recognition modules of the system. Those edges out of the
sometimes encounters stability problems in degenerate cases. It ground plane delimit bodies, if isolated.
may be possible to improve that. If the scene Is nearly flat , then
a special slntplif led form of the solver can be used. in a stereo pair of images of an aircraft at San Francisco

airport , the succession of edges matched in stereo as a function
The special case version has been used on some images It of height showed a separation in height between wing tips and

is much faster than the full transform solver. Part of the j eb of and wing roots of an L lOlI .
the tra nsform solver is to deal with mistaken matches. The
procedure calculates an error matr ix for each point and iterates Vehicle Location
by th rowing out wild points. It calculates an error matrix from
which errors In depths of point pairs are calcula ted. The solver Arnold demonstrated progress toward vehicle location and
uses typically 12 points and require about 300 miec per point, identification. The system registered images of a suburban
It require about 20k of memory. It requires 60~ of the time for parking lot and obtained the stereo camera model. It separated
finding the ground plane. With accurate guidance information , the vehicles from the ground and succeeded In describing the
this operation would not be necessary. However, it can be used projection of a car by a rectangle of approximately the right ala.
directly to find the instantaneous direction of the vehicle. As and orientation. The length and width of th. car were accurate
mentioned above, as the vehicle moves, points in the image to about St by inspection. A sequence of steps are shown in
appear to move radially away front the center which is the figures 2 throug h 4 which lead to description of the car by a
Instantaneous direction of the vehicle. Three angles relate the rectangular outline of edges above the ground.
coordinate system of one v iew with the other , and two angles
specify the direction of the instantaneous direction of motion. Recsgtiltlen of Complex Objects

Nevatia developed a system which took depth map sofa
doll, a toy horse, a glove, a hammer and a ring using depth
maps from a laser triangulation system INevatia ISMi Thee.
depth maps were described in terms if generelised mass which
werq organised into partlwholo sinIctores. The synesu
recognized dIfferent views of these objects with articulation of
limbs and aome obscuration. The system addressed important 

• -

issues of representation~ indexing into a subclass of similar
objects in visual memory Instead .t matching against all atosed
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IMAGE UNDERSTANDING RESEARCH AT USC

Ramakant Nevatia and ?~lexander A. Sawchuk

Image Processing Institute
University of Southern California
Los Angeles , California 90007

The following is a br ief s*ssnary of our Pratt and his associates, Dr. O.D. Faugeras,
recent ,~ rk. The details of this tm,rk can be and Mr. ~~ . Laws. De the images tested, these
fotn’id in a forthcaning technical report (1). techniques offer high probability of correct

classification. The measures are relatively
I~~~E LllIDE1~TN~DING P~~JEX TS slitçle and hardware ieplememtatlnn seems

feasible. In another project , texture feature
We have continued the develo~ioent of an extraction using the singular values of a

overall system for locating desired features in texture f ield as vector caiçonents has been
aerial Images. A model is si.~~lied to this investigated.
system by a user via an interactive dialog
system. Our system uses both edge and region IPW~E PW)CIESING PIC5~~’lSoe~~~ntatinn techniques, guided by a user
st~~lied model . Symbolic descriptions of images image processing projects during the last
are matched with a symbolic model for locating six months are concerned with image processi ng
desired features. Figure 1 shows an Image of system architecture, image restoration , and
San Francisco area , fig . 2 shows a sketch of radar Image format ion. A novel architecture for
user at~~1ied model , and fig. 3 shows a partial performing tam-dimensional convolution with a
internal model . Figure 4 shows the identified minismon anount of hardware aix) fewer maerical
regions and linear segeents end desired airports operations has been developed. The tedmique
are located for fur ther analysis (shown as being involves repeated sequential convolution with
bounded by rectangles). Details of this system email generating kernels to ~~~oximate the
have been deecribed in previous progress repor ts results of convolution with large kernels.
( 21.

• Several projects in Image restoration have
Further progress has been made on our been active. An algoritlos for ct~~~sting the

teclmiqt*s for detection of roads and similar condition ramber of a Wiener image restoration
structures, bounded by locally linear and operator as a means of predicting the maericel
locally paral lel boundary segments of oonosite accuracy of the restoration process has been
directlnns. leprov ed results can be obtained by developed. Work on image restoration for
bridging ~~ s that are caused by a single blurred images sobjected to Poisson sensor noise
missing edge. Figure 5 slx~.s an aerial image, has been continued. The restoration technique
linear ~~~~~sts detected In it , detected roads is a mowing window nonlinear filter which uses
before br idging g~~~, and roads after bridging maxi*Jn a poateriorl (I~P) and saxisun
geps. Details of this technique are described likelihood (l~ ) estimation cr iter ia. The
in (3,4) . We have also initiated devele~~ ent of experimental results ind icate seme leprovesest
a progres to recognize structures that are well over traditional linear Wiener filters,
described by such description techniques, particularly in the diff icult situation of
Initially, ma are using u ples of airports signal - dependent Poisson sensor noise.
which are usefully charactarised by the Additional theoretical effort has been directed

4 arrangements of their rsaossys aid tasiweys. to deriving Cr~~~ r-Pso lower bounds on the
theoretical estimation error . A new technique

We have developed a new structural texture of blind deaxwolutinn (a posterioci image
descr iption technique that att~~~ts to find restoration ) toning algebraic alnimisstbsn of an
repetitive patterns in edges of images. error criterion by ctssice of filter weights ha.
PSgIidLC t t ures, such as in cities are easily been developed. The experimental results
dlscrlalnat.d aid described. lte’sy of the indicate that the tsdwsiqa produces lepeov ent
results are preliminary but premising. Details with fair ly all c~~~atthg effort.
of this technique are descr ibed in a separate
pager lot the.. proceedIngs (51 . A f inal proj.ct in the imag. processing

area concerns synthetic-iperturs radar signal
Statistical texture ..&surseent tecimi~~~s processing. An analysis of errors associated

have been further itwestigated by Dr. W.k. with data swlSiq In the polar dtaain has been
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IMAGE UNDERSTANDING RESEARCH AT CMU knowledge to different portions of the erro rf ul signal data.
A Progress Report One technique is to apply the Locus search techn ique to the

beckt race to determine thø “best” label.
RaJ Reddy We have begun to experiment with the use of a

Department of Computer SCienCe modif ied relaxation technique within the ARGOS Image
Carnegie-Mellon University Understanding System as en alternative to the LOCUS

Pitteb wgh, Pa. 15213 search. We use the sav* opt ical match , contrast , location,
- and adjacency knowle lge produc ing results comparible to

LOCUS but at a factor of 2 to 4 loss of speed. A report on
INT RODUCTION this work is for thcom ing in “An Experiment with Search

Strategies for an Image Understanding System ”1 (Smi th ,
The primary objective of our research effort i~ to 1979).

develop techniqpes and systems which will lead to
successful demonstration of image understanding concepts
Over a wide variety of tasks , using all the available sources IMA GE FEATURE ANALYS IS AND SEGMENTAT IO N

• of knowledge. We are focusing our attention on three areas
of research. First , we are developing an integrated concept A new approach to deriving three-d imensional sur f ace
demonstration of an image understanding system. The long - orientation from image textural properties is described in
term goal of this research is to understand how knowledge “Shape from Texture: A Computational Paradigm ” (Kender ,
can be used in the image interpretalion process to produce 1979), in this volume. Introduced is a new representational
systems which are 2 to 3 orders of magnitude more cost- and computational tool , the normalized textural property
ef f ect ive tha n cu rr ent systems . Over the next three years map, which uni tes and exploits a large class of low-level
we expect to investigate how knowledge of maps, size and image heuristics. An examp le of an application of the
ahape of landmarks such as buildings and rivers, and parad igm to an abstract textured image is given , and the
contextual relationshi ps can be used in the interpretation of relation of this work to existi ng work on shape is discussed.
satellite Images of the Washi ngton , D.C. area and color
scenes of downtown PI ttsburgh. We are continuing to study the effective use of

knowledge in image segmentation. The KIWI segmentati on
The second area of research is the development and program (Shafer and Kanade , in prep.) has incorporated a

validation of concepts for computer architectures used In fast algorithm f or extracting descriptions of regions
Image understanding. The long-term objective of this resulting from a possible segmentation. By anal yzing these
research Is to develop new computer architectures which descri ptions, noise elimination can be performed without the
will make low-cost image processing a serious possibil ity. USC of global smoothing techniques. The speed of this
We plan to evaluate the desirab ility of new processor process allows KIWI to examine , in parallel , several possible
designs and new instruction sets for image processi ng segmentations based on different image features , and to
applications , select the segme ntation which results In the most viable

region confi guration.
The third area is the development of intel ligan t

interactive aids for tasks such as photo in terpretation and The reg ion extraction algorithm used in the KIW I
map generation. Many of the same techniques which are program is being extended to perform othe r related tasks.
useful in automatic Interpretation are applic able in this area , Shafer is using this procedure to eliminate noise regions ,
except that in this case the human being provides the goal and has found it faster than “smoothing ” techniques which
direct ion. -The availability of In telligent assistants capable of accomp lish the same task. The procedure is less sensitive
examining large image da ta bases and retrieving desired to the size of the image than smoothing, and allows more

• Information ii expected to significantly Improve human f lexible definitions of “noise”. The phenomenon of
- - productivit y In tasks such as photo interpretation and “dege nerate histograms ” has been dealt with by the same

cartography, algorithm , and we are able to identify “busy” (textured)
areas of an image during segmentation without

The followitg is a brief summary of our work over the preprocessing. We have solved the problem of the larg e
lest six months, data tables requi ’ed by this technique, and are extending ii

• to gather addit i onal statistics about the regions pr ocessed~

KNOWLEDGE REPRESENTATION AND SEARCH
3-0 MODELING

~ Jrlng the past six months we have concentrated on
the detailed performance analysis of the ARGOS image II is a common experi ence for us that , given a single

• Understanding System (Rubin . 1978) using hand segmented 2-dimensional picture of an object , we have one (or a few)
data. Problems with inaccuracIes In the camera model used de finite Idea(s) about its 3-D shape, in spite of the fact t hat
to generate the adjacency netork and omissions In th. a large number of possible shapes exist which produce the

• knowledge network wer e identified and corrected. Furt her same picture. This fac t indicates that we use some
work Is being done on mechanisms to resolve pointer assum pt ions or knowledge about the objects and about 11*
conflict In the bac lstrace of the LOCUS search. These image formation.
conflicts arise fre quentl y due to the maintenance of multiple
Intan pretations, each generated by the application of Kanade (Kanade , 1979) has been worki ng to identify

- .
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some of these assumptions, mostly In the geometrical CONCLUSION
aspects , by demonstrati ng how the theory and techniques
which exploit such assumptions can provide a systematic Whil e the primary emphasis continues to be in
shap e-recovery method. The method consists of two parts: effective use of knowledge In the image’ interpretation
qualitative shap e recovery end quantitative shape recovery, process , the research at CMLI is temp ered by the realization
For the qualitative shap e recovery we use a model of the that we must also pay adequate attention to other relevant
Origami world (kanade , 1978), together with edge profiles of aspects such as computer architecture , software design,
lines taken acros~, the li re in the image In order to constra i n Image databases , perhrmance analysis and perceptual
line labels In the sear ct of plausible interpretations, psychology. We cont inuc to have modest efforts in each of

these areas.
For the quantitative shape recovery, we adopt a

technique of mapping image regularities (in particular , the REFERENCES
parallelism of lines and the skewed symmetry) into shape
constraints , which is developed in (Kanade and Kender, Eversofe, W. 1., et. al. (1978). “InvestIgatIon of VLSI
1979). Actual shape recovery from a single image is Technologies for Image Processing ”, Proceedings of the
demonstrated for the scenes of an object suc h as a box and ARPA Image Understandi ng Workshop, Science
a chair. Given an image , the shape-recovery process Applications Inc., Nov., 1978
generates a 3-0 shap e descri ption of objects in terms of -

plane sur f aces, and the description is supplied to a display Kanade , T. (1978). “A Theory of Origamni World” CMU
pro gram which can synthesize images of the same object as Technical Report, Department of Computer Science.
we would see it from other view directions. Septembe r , 1978.

Kanade , 1. (1979). “Recovery of 3-Dimensional Shapes of an
INTERACTIVE AIDS Object from a Single View ” CMI) Technical Report ,

• Department of Computer Science. (in preparation).
We are continui ng with the integration of map

knowledge of the Washi ngton, D.C. area Into our system. Kanade , T. and Kender , .1. R. (1979). “Skewed Symmetry:
The map knowledge consisted of a terrain (elevation) Mapping Image Regularities Into Shape,” Technical
da tabase and cultural features such as rivers , major Report , Computer Science Dept., Carnegie-Mellon Univ.
buildings, fores ts and roads. We plan to appl y this (in preparation) .
knowledge in a system which will match satellite and aerial
photographs to the lerrain model and extract information Kerider, .L P. (1978). “Shap, from Texture : A Th ief Overv iew
from the images using the cultural feature date. and a New Aggregation Transform ”, Proceedings of the

ARPA Image Understanding Workshop, Science
Applications Inc., Nov., 19 78.

ARCHITECTURES FOR IMAGE PROCESSING
Kender , J . P. (1979). “Shap e from Texture ,” Ph.D. Thesis ,

SPARC, the high speed processor being jointly Computer Science Dept., Car negie-Mellon Univ., 1979
designed by Control Data and CMLI, has completed the (in preparation).
design phase and begun layout and fabrication. Currently
th, f our major component boards which contain the bulk of Rubin, S. (1978). “The ARGOS Image Understanding
the cust om LSI circu itry are being routed and fabricated , System ”, Ph.D thesis, Department of Computer Science,
We •xpect that the processor will be delivered to CIA) In Carnegie-Mellon University.
th, fall of 1979. Current gate level simulations indicate that
instruction speeds in the orde r of 2Ons can be expected. Smith, 0. (1979). “An Experiment with Search Strategies for

an Image Understanding System”, (in preparat ion).
• Researchers at CMLI have already designed several

prototype NMOS ISI circuits utilizing graphics software Shafer , S. and Kanade , T. (1979 in preparation ). “KIW I: A
runni ng under the UNIX operating system. Work is Flexible System for Region Segmentation”, CM.)
underway to complete a design laboratory whIch will allow Technical Report, Department of Computer Science.
top down design of VLSI circuits , as well as pr ovide post-
fabr ication packaging and testi ng facilities. The laboratory
Is intended to allow computer scientists with a minimal

• understanding of solid-stats physics and IC design to rapidly
produce wor king circuits. A number of special purpose
chips are expected to be designed to implement common
lm.ge understanding algorithms, such as edge detectors and
smoothing operators.

Our collaboration with Texas Instruments (Eversols el.
at., 1978) to jointly design end develop an eli-digital
programmable VLSI chip set for several low level vIsion
operations has begun to result In breadboard designs for
s v r a l  Important operators: a programmable sum of

• products operator and a 5x8 median operator.
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IMAGE UNDERSTANDING PROJECT STATUS REPORT

Azriel Rosenfeld
Principal Investigator

Computer Vision Labor atory
Computer Science Center

University of Maryland , College Park , MD 20742

ABSTRACT IM~~E MODELLING AND PREPROCESSING

Current activities on this project are reviewed Mosaic models for images
under the following headings: 

Under an AFOSR grant (41 extensive work has
1. Inage modelling and preprocessing been done on a class of “mosaic image models ” based
2 . Edge detection and linking on random geometric processes . In cell structure
3 . Segmentation and texture analysis models , the given planar region is tessellated into
4 . Pattern , shape , and structure matching cells , and “colors” ( e . g . ,  gray levels) are m dc—
5. Hiersrachical region representation pendently assigned to these cells according to

specified probabilities . Examples of such models
are the Poisson line model , in which the plane is

INTRODUCTION tessellated by random lines; the occupancy model,
in which random points in the plane define

This project is concerned with the study of “Dirichiet cells” consisting of the parts of the
advanced techniques for the analysis of r econ— plane that are closer to each point than to any of
naissance imagery . It is being conducted under the others; and the Del,~unay model, in which the

Contract DAAG— 53—7 6C— 0l38 (DARPA Order 3206) , non— tessellation is obtained by joining all pairs of
itored by the U.S. Army Night Vision Laboratory, the random points whose Dirichiet cells are adja—
Ft. Belvoir,VA (Dr. Ceorge Jones). The westing— cent . In coverage (or “bombing”) models, randomly
house Systems Development Division, as a subcon— oriented figures are placed at random points in
tractor , is investigating hardware implementation the plane , and colors are assigned to the figures

of the techniques being developed by Maryland , and background according to specified probabili—

particularly in the area of relaxation ; their ef— ties. An introduction to such models can be found

forts are revIewed in a separate paper in these in [51.
Proceedings. Images generated by mosaic models consist of

The preceding phase of this project (1) was connected components each having a constant gray
concerned with tactical target detection on FLIR level. Analytical results have been obtained on

imagery . The current phase deals with a wider the expected values of various gecmetrical proper—
variety of imagery, and includes work on image mod — ties of these components , including the expected

elling and preprocessing; edge detection and link— area and width (—length of intercept by a random

ing ; segmentation and texture analysis; and match— line) of a component, the expected number of coup —
ing of patterns , shapes, and relational structures. onents , and the expected total perimeter in the

• Particular maphasia is being placed on the use of mosaic . Results have also been obtained on the

convergent evidence and cooperative computation joint gray level probability as a function of sep—

(“relaxation”) in segmentation and matching. A aration in these mosaics, from this , the autocor—
recently initiated effort dea’s with hierarchical relation, edge density , and variogran (—expected
region representations (“quadtrees”) and their squared gray level difference) can be derived . The

uses in image analysis. details can be found in (41 .

Work done during the first six months of the The patterns generated by mosaic models are

current pha se was su~~ari zed in ( 2—3 1 ,  and will be much simpler than real images; more realistically ,
mentioned here only briefly , for background pur— the cells should be blurred and noisy. However ,

- 
• poses. This at atus report deals primarily with if we compare the predicted values of various prop—

the work done during the past six months , one erties for the models with those for suitable real
topic , involving the use of relaxation in segment— images , we find that the predictions obtained from

ation, has been singled out for more de tailed the “plausible” model are much better fi ts to the
discussion in a separate paper in these Proceedings. real data than those obtained from other models.

For example, consider the picture of marble
(Brod atz , Plate 62) shown in Figure 1, which ra—
sembles the patterns generated by a Poisson line
model. Table 1 shows the observed values of

H
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• • total perimeter and of expected component width e2. Selective averaging 2t  P’ La the average
for this picture thresholded at 25 (on a 0—63 of N(P) provided the edge strength at P
gray scale) ; these value s are not very sensitive to is less than t; otherw ise , F’ is the
the choice of threshold. Predicted values based average of the two neighbors in the dir—
on the Poisson line, occupancy, and Delaunay ection along the edge.
models are also shown . We see th at the Possion e3. Selective averaging 3: Analogous, but
line predictions are much better fits to the using four directional edge masks, rather
observed values, The details of these experimen ts than difference s in two perpendicular
can be found in (61. directions , to determine edge strength and

direction,
In principle , one could use the predicted f . Maximum homogeneity smoothing: Five 4x4

total perimeter values to predict the expected neighborhoods surrounding P are used ; F’
edge strength for an image, by averaging the cx— is the average of that neighborhood which
pected edge strength in the interiors of cells (as is most homogeneous.
obtained f rom a model for the gray level populat ion
in a cell) with that on intercell borders (as ob— g. Neighbor weighting (1 ,2) :  P’ s is a weidted
tam ed from the mosaic model itself), However , average of N (P). (The definitions of the
such predictions would not be very accurate for weights are somewhat complicated, and will
several reasons: (1) the model assumes that the not be reproduced here.)
transitions between cells are sharp; (2) the h. Weighted averaging: P’ is a weighted
amount of border (i.e., the total perimeter) can— average of P and the mean of N(P) , where I -

not be predicted very accurately. (For a more the weight given to P depends on how high
detailed discussion of these problems , see (6]). the local image variance is relative to
Further work on the application of these models to the overall image variance. (This method
real images is needed , was not iterated.)

For the detailed definitions of the methods, see
• - Preprocessing [7 1.  A simple Kalman filtering scheme was also

applied to the sair ’ ir &ge s . The best methods were
Many image processing and segmentation tech— median filtering , gradient smoothing , and the first

• niques assume that ideal images are approximately neighbor—weighting method . Evaluation s were based
~‘iecewiee constant , i . e . ,  are composed of rela— on subjective judgment [71, on the improvement in
tively “ flat ” regions separated by relatively the image~s histogram (i.e., emergence or clearer
steplike edges. (Note that the ideal images gen— separation of peaks) , and on mean squared error
crated by mosaic models do have these properties.) [81.
This assumption provides a basis for conventional
methods of image segmentation by analysis of the The best few methods (the thr ee jus t aentio nsd ,
gray level histogram or other pixel feature space and also the E5 method) were also applied to a
(the regions should give rise to sharp histogram color image [8]. Separate noise cleaning on the
beaks or compact feature value clusters) and for individual H, C, B color components was found to be
edge detection (the region borders should give somewhat more effective than “vector” noise clean—
rise to stronger edge values than the interiors) . ing in the three—d imensional color space; but when

a different color coordinate system (U,V ,W) was
In practice , images are noisy, and it is not used , the reverse was true. Details of the results

obvious how to approx imate them by piecewise con— and their evaluation can be found in [8).
Stant functions. Noise can be reduced by local
averaging , but this blurs the edges between the A number of new image smoothing techniques
regions, which is also undesirable. A variety of have also been tested [9]; several of these give
nonlinear noise cleaning schemes have been devised results comparable in quality to those obtained
that smooth noise withou t blurring edges. In (7] , using the best methods tested in (7]. One approach —

~‘ number of these schemes are compared . Their makes use of half—neighborhoods ; it chooses three
definitions are sumearized below; in each method , consecutive neighbors of P whose average gray level
a new gray level P’ for point P is computed as a differs maximally from that of the other five , and
function of the gray levels in its 3—by—3 neigh— averages P with thoae five . Another approach uses

• borhood N(P): a weighted average of the neighbors in which a
• neighbor ’s weight depend s on how different it isa. Mode filtering: P is the most frequently f rom P; however , this scheme does not smooth veryoccurring gray level in N(P). effe ctively . Still another idea is to average P

4 
b. Median filtering: P is the median gray with all of N(P) if it differs from the mean oflevel,in MU’). N(P) by less than the standard deviation, and to

• 
c. E : P is obtained by averaging P with the average p with only its four most similar neighborsk points of N(P) that are closest to it ( i. e . ,  E4) otherwise , The details of these methods ,in gray level. 

, and examples of results , can be found in 19].d. Gradient smoothing: P is the average of -

those points of N(P) that have lower With any point P of an image I we can associ— —gradient values than ~‘• ate a gray level probab ility , ~r(P), estima ted fromci. Selective everaging 1: P’ La the average the image ts histogram. If we regard n(P) as a

ro~~~~e~~~~~~~ r 
differs from at least (rescaled) gray level, the resulti ng image may be
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called the probability transform of I. (Other det~ector , based on 3z3 neighborhoods , is used ,
types of probability transforms can be defined these slopes are quite uncertain . Moreover , this
based on the probabilities of local properties leads to an even greater uncertainty in estimating
other than gray level, or on joint probabilities; distance it the given edge point is far away from
the details will not be given here. Mt example the point where the line through it comes closest
using joint probabilities is the “ texture tra ns— to the ori gin .
form” of Haralick.) Noise cleaning, thresholding , The usefulness of the Rough transform can be
edge detection , and other standard processing improved by increasing the accuracy of the edge
techniques can be applied to a probability trans— slope estimates , This can be done by iteratively
form rather than to the original image . Experi— reestimating the slope and magnitude of edge re—
ments along these lines are in progress (e.g., [9] eponses at each point based on the values of the
gives some interesting noise cleaning results> and current estimates at nearby points .
will be desribed in a forthcoming technical report.

The details of such en edge reinforcement
process are described in (11]. Figure 2 shows an

EDGE DETECTION AND LINKING example involving an aerial photograph of an air-
port.

The Roberts and Rueckel edge detectors
Strip detection

The classical approach to edge detection in-
volves convolving a set of masks, represent ing Iterative reinforcement can also be used to
steps in various orientations , with the image, and enhance parallel—sided strips , i.e., pairs of

- • defining the edge strength at a point jo be the “antiparallel” edges. An example , involving vert—
max of the convolved values. The simplest scheme ical edges only, is given in [12]. We assume that
of this type , due to Roberts , uses the masks the vertical edge strength is a signed quantity,

and ? corresponding to the ~ 450 direct~~na. 
with positive values corresponding to (low,high)
transitions , and negative values to (high,low).

Thus in the 2—by —2 image neighborhood ~~~~, the A cross—shaped neighborhood of each edge point P
is examined. The edge strengths along the verticalRoberts edge strength is m a x ( I A — D ) , I B — C l ) .  arm of the cross provide increments to the edge
strength at P. Thus edges along this arm havingA more sophisticated edge detection technique , the same sense as that at P reinforce F , whiledue to flueckel, find s a best—fitting step edge to those having the opposite sense weaken P. At thea given image neighborhood , and takes the edge same time the edge strengths along the horizontalstrength to be the height of this step. Hueckel arm provide decrements to the strength at F; thusused a relatively large neighborhood , and deter— edges along this arm having the same sense as Pmined the best fit by expanding the step edge and weaken F , while those having the opposite sensethe neighborhood in terms of a set of nine basis reinforce P. As Figure 3 illustrates, a few

func t ions. Various authors (e.g., Nevatia , iterations of this process serve to greatly en—O ’Gorman, Mero and Vassy, Humeel) have investigated hance vertical-sided strips while weakening noisesimplifications of Hueckel’s approach, edge responses. The details of the process, and of
va riations on it , are described in (12] .The simplest possible version of Hueckel’ s

method uses a 2—by—2 neighborhood and three basis
1 1 1  1 1function s, namely 

~ 1~ 11 ’ and :1 1’ When the SEGMENTATION ANT) TEXTURE ANAL’~SIS

beat—fitting step edge is determined using this Se~~~nt a t ion by relaxation
- 

- basis , it turns out that the magnitude of this
- - step is precisely the Roberts edge strength. The Extensive work has been done at Ma ryland anddetails of the proof can be found in [101 . elsewhere on the use of iterative probability
• adjustment schemes (“ relaxation ”) for classifica—Straigh t edge enhancement tion in the presence of constraints. In parti-

cular , this approach has been applied to moat ofThere are a number of standard methods of dc— the standard methods of image segmentation by pixel• tecting straight edges (or lines) in an image , One classification . A package of programs has beenof the most coemonly used of these is the Rough developed to facilitate experimentation with relax—transform , in which , for each edge point P~ we ation methods at the pixel level; it will be
estimate the slope and distance from the origin of described in a forthcoming technical report .
the straight line through P. In this way , the
edge points are mapped into points in (Rlope , A recent application of relaxation to segment—distance ) space. Evidently, acts of collinear ation deals with thresholding, i.e., with the

• edge points map into approximately the same point classification of the pixels into “ligh t ” and “dark”in this “Rough space”; thus we can detect straight classes . Initially , est imated probabilities ofedges, whether continuous or broken , by looking membership in these classes are computed for eachfor high concentrations of points in Hough space , 
pixel on the basis of its gray level (i.e., propor-
tional to the distances of its gray level from theA problem that arises in the use of Rough ends of the grey level range), These probabilities

transform. Is the uncertainty in estima ting the are then iteratively adjusted based on the neigh—slopes of the edge points. When a standard edge

- - 

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ,~ •.. - • - -

_ _ _ _ _ _

___________________  - 
- ~~~~~~~~~~~~~~~ -~~~~~

_
~~~

zj_
~~~ j



- - 
-

~~~~~

‘ S

17

boring probabilities , light reinforcing light and probabilities are estimated only for pairs of
dark dark. (This process is analogous to, but not “special” points , e.g., local feature points.
the same as , image smoothing by iterated local Moreover , instead of joint gray level probabili—
averaging . Rather than smoothing the pictur e , it ties , we can use joint probabilities of other
tends to drive light gray levels toward white and properties associated with a feature point . The
dark ones toward ’ . he oper— point pairs need not be at a fixed separation ;
atian of this process is ahown in Figure 4; it V • -we can define 6 at each feature point based on the
be described in more detail in a forthcoming tech— properties of that point. For example , we can
nical report. Other versions of this approach , use edge strength maxima as feature point.; we
in which the classes need not be “light ” and can take 6 to be in the direction along or across
“dark .” but can be defined appropriately for the the edge at the given point : and we can estimate
given picture , are also under study . cooccurrence prob abilities for pairs of edge slopes

obtained in this way. This yields what we may
Relaxation has also been applied to edge (or call a slope cooccurrence matrix . The slope pair

curve) enhancement . Here edge probabilities are stat~:- $c5 should provide useful information about
initially assigned to each pixel based on the the siaes and shapes of the texture elements de—
relative responses of edge maaka in various orien— fined by the edge maxima .
tattoos, and a “no edge” probability is also
assigned based on their absolute responses. These Alternatively [13], we can define texturn
probabilities are then adjusted iteratively based properties based on the gray level cooccurrences
on the neighboring probabilities. In particular , for pairs of points one or both of which are edge
edge reinforces edge to the extend that they strength maxima. Specifically, at each edge max—
smoothly continue one another; no edge reinforces m u m  P we look for another one (within some
no edge; edge reinforces ~o edge alongside it , and bounded distance) , say Q, in the direction along
competes with no edge at its end, or across the edge , and record the gray levels at

P and Q; the numbers of such pairs having given
The light/dark and edge/no edge relaxation gray levels provide estimates of the desired joint

processes can also be combined; e.g., edge rein— probabilities. Alternatively, we simply move a
forces “light” alongside it on its light side , and given distance 6 from P in the direction along or
reinforces “dark” alongside it on its dark side , across the edge , and pair the gray level found
and so on. This combination gives better results there with that at P. The resulting grey level
than either of the two processes operating m div— statistics will also depend on the texture element
idually. Experiments using this approach are sizes and shapes .
oescribed in a separate paper in theee Proceedings.

Pilot experiments [13] indicate that texture
Using the combined relaxation process for properties derived in these ways are not always as

image segmentation is analogous to using “conver— effective for texture discrimination as the cisc—
gent evidence ,” involving both gray level and edge sical gray level cooccurrence statistics. For
value , in segmentation. In the “Superslice ” example , Figures Sa and 6a show three samples each
convergent—evidence scheme, developed under an of three terrain types and four textures from
earlier phase of this project, thresholding and Brodatz’ album, and Figures Sb and 6b show the
edge detection are applied separately ; when both corresponding edge maxima . Note that two of the
give consistent results , we say tha t an object has terrain types are hard to discriminate based on

• been detected. in the relaxation approach, gray the pattern of edge maxima alone. Not surprising—
level and edge evidence interact from the begin— ly, properties derived from the maxima are usually
ning; if they are consistent , they will mutually not effective in separating these classes, as seen
reinforce , making dbject detection easy. This has in Table 2. The max ima—based properties are more
the potential advantage tha t it does not involve effective in discriminating the Bro datz textures ,
information—destructive steps (thresholding, edge as Table 3 shove.
maximum selection) , as Superslice did .

Texture analysis: gray level cooccurrence based PATTERN , SHAPE, AND STRUCTURE MATCHING
on edge maxima

Feature pattern matching
One of th. most effective current approaches

to texture classification employs properties de— Correlation—based methods of matching two
rived from second—order gray level probability images of the same scene are quite sensitive to
densities. For any displacement 6, let p6(z ,w) relative distortion . One way to overcome this is
be the probability that a pair of points at sap - to extract a set of feature points from each

• aration 6 have gray 1ev.].. z and w. The matrix image, and match the resulting feature patterns.
- ‘ 

whose (i ,j) entry is P 6(i ,j), where i ,j run The computationa l cost of feature point matching
through the possible gray levels , is called a grows only with the numuer of feature points , not
gray level cooccurrence matrix. Statistics cc.— with the picture size. Good match peaks can be
puted ftc, such matrices have proved to be very obtained even if many of the points detected in
useful a. textural pr oper ties. one image are absent from the other one and vice

versa , and the matching process can be made in—
• Davis has recently suggested a generalized sensitive to appreciable amounts of distortion.

approach to cooccurrenc. ansly.ia in which joint Experiments using this approach are described in

I ~
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(14—15) ; some of these were summarized at the pre— approaches to repre senting region. , based on their
ceding workshop (16]. Fuzzy relaxation methods boundaries or their “skeletons”; some of these are
can also be used as an aid in matching feature reviewed in the following paragr aphs Recently , a
patterns , as described in [16,17]. tree representation has been proposed which offers

a number of advantages ; it is also described below.
Relational structure matching Since each type of representation has its own

• advantages , it becomes desirable to develop eff i—
Relaxation methods are also quite effective cient methods of converting from one representation

for “--itching relational structures , e.g., for to another.
finding matches between a “model graph” and sub—
graphs of a given “scene graph” . Experiments The boundary of a simply—connected region is
using this approach are described in (l8— l9j ,  and specified , relative to a given starting point , by a
were summarized at the preceding workshop 116] . sequence of “unit ” vectors in the princ ipal direc—• For symbolically labelled graphs, where exact tions. Such “chain codes ” provide a very compact re-
matching is required , “discrete relaxation ” is gion representation , and make it easy to detect fes—
appropriate [18]; for numerically labelled graphs . tures of the region boundary, such as sharp turns
where the matching is quantitative , one can use (“corners”) or concavities . On the other hand , it
fuzzy relaxation [19]. is harder to determine properties such as elongat—

edness from a chain code , and it is also difficult
Shape matching to perfor m operations such as union and inter-

section on regions represente d by chain codes.
• • A method of applying relaxation to ambiguously

segmented one—dimensiona l patterns has been deve— Another class of region representations lit—
loped under an NSF grant [20], and has been applied volve~ various types of max imal “block s” tha t are
to the disambiguation of handwritten words (211. contained in a given region . For example , we can
(This application makes use of a new probabilistic represent a region R as a linked list of the runs
relaxation formula [22) which can be easily cx— (of pixels) in which R meets the successive rows
tended to allow interactions between triples of of the array. Mere each “block” is a 1—by-.
nodes rather than pairs; this allows trigram ftc— rectangle , where m is the run length; the runs are
quencies to be used in defining node label compat— the largest such blocks that R contains , and R is
ibilities.) Preliminary experiments have been determined by specifying the initial points (or
conducted on the application of this approach to centers) and lengths of the run. Alternatively,
segmentation and labeling of the boundary of a we can represent R by the set of maximal square
shape. blocks (or blocks of any other desired shape) that

it contains ; here R is determined by specifying
An example , involving an airplane shape , is the centers and radii of these blocks . This repre—

shown in Figure 7. (A report on this work is in sentation is called the medial axis transformation,
preparation; we give here only a sketchy descrip— or MAT. It is somewhat less compact than a chain
tion.) In this example , the boundary arc between code , but it has advantages with respect to per—
any pair of negative (—concave) curvature peak s , forming union and intersection operations or
not necessarily consecutive , was taken to be a detecting properties such as elongatednees (in
segment provided its length was between 10% and terms of the smallness of the radii relative to
30% of the perimeter. Initial probabilities for the number of centers) ,
the labels “nose” , “ tail ” , “Lwlng” , - and “Rising”
were assigned to each segment based on some simple There has been recent interest in an approach
shape features . Table 4 lists the 28 segments and to region representation based on successive sub—
the initial probabilities , division of the array into quadrants . If the

region does not cover the entire array , we subdi—
- 

- In the relaxation process , a label was dropped vide the array, and repea t this process f or each
if it was not part of a compatible consecutive quadrant , each subq uadrant , . . .  as long as necessary ,
triple. Table S shows the numbers of segments until we obtain blocks (possibly single pixels)
(having it least one surviving label) and labels that are entirely contain ed in the region or en—
remain ing after each iteration. After three tirely disjoin t from it. This process can be

• iterations, the process had stabilized , and each repres ented by a tree of degree 4 (for brevity: a
node had only one label , as shown in Table 6. All quadtree) in which the entire array ie the root
cycles of length 4 were found in the resulting node , the four sons of a node are its quad rants ,
graph , and their compound probabilities were cc.— and the leaf nodes correspond to those blocks for
puted , as shown in Table 7. There were only six which no further subdivision is necessary. Since
such cycles , and the three with high probabilities the array was assumed to be 2°—by—2~~, the tree
correspond to approximately the same segmentation , height is at most n. This method of region repre—
which is the plausible one. sentation was proposed by Elinger; it has also

been used f or image repres entatio~ It is rela—
t ively compact , and is also well suited to opera—

HIERARCHICAL REGION REPRESENTATION tions such as union and intersect ion , and to
detect ing various region properties. • A recent

Region representation plays a key role in image Ph.D. the.is by Hunter in the domain of computer
• and scene analysis, computer cartography, and graphics develops a variety of algoritI~ s for the

computer graphics. Ther e are s variety of - manipulat ion of quadtree region rspre.enta”~ons.
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moss sigorithas, however , allow a nods to store Center , University of Maryland , College Park ,
the list of coordinate points that describe the MD , March 1979,
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FeatureCooccurrencs
Type Method ASH CON ENT COR

Gray level — (0 ,2) B/A ,C A/sIC I/A ,C A/N/C

~

__ Along edge poor poor poor A/I
. e  X Across edge poor poor poor A/ fl

Moat similar
neighbor along
edge poor poor poor poor

Most similar
neighbor across
edge poor fl/C poor poor

• Gray level Least similar
at and near neighbor across
sdg. maxima edge poor B/C poor poor

• Pair of neighbors
across edge poor poor poor C/A,B

All neighbors
along edge poor poor poor A/N

All neighbors
across edge poor poor poor poor

Table 2. Class separabilitiee for the terrain samples using various
types of cooccurrencs—based properties C / means “separated”).

Cooccurrence Feat ure

Type Method ASH CON EN? COR

Gray level — (0,2) WIG ,R,S G,W/R,S G/W/R,S G/W/R,S

Along edge W /R,S R/S/G,W W/G,R,S G/R/S,Wge max ma Across edge poor R/W/G,S W/G,S R/G,S,W

Most similar -

• neighbor along
edge RIG poor GIRlS/N RIC,S

Moa t similar
neighbor across
edge R/G poor GIRlS/N RIS,W

• Gr ay leve l Least similar
at and near neighbor across
edge maxi*a edge R/G C,S/R ,W GIRlS/V GIRIW

Pair of neighbors
across edge G,S/R ,W VIG ,S GIR lS/N R/G,S,W

• All neighbors
along edge GIRIW W/C ,S C/H/S/V G,S/R ,W

All neighbors
across edge C/H C/R ,W C/ H/S/N C/R ,W

Table 3. Same as Table 2 for the Irodata samples.
, :~
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• ProbabilitiesSegment lange of
Na..ber $s~~snt NOSE IVINC TAIL LWING

1 4 — 8 0.60 0.24 0.16
2 4 — 10 0. 52 0.48
3 4— 2 4  1.00
4 4 — 2 6  1.00
3 5 — 8 0.60 0.20 0.20
6 5 — 1 0  0.48 • 0.52
7 5 — 2 4  1.00
8 5 — 2 6  1.00
9 6 — 8 0.60 0.18 0.22

10 6 — 10 0.46 0.54
II 6 — 2 4  1.00
12 4’- 26 1.00
13 8 — 2 4  0.30 0.70
14 8 — 2 6  1.00 - -

13 10 — 24 0.60 0. 38 0.02
16 24 — 30 1.00
17 24 — 32 0.18 0.60 0.22
18 26 — 28 0.60 0.38 0.02
19 26—30 0.04 0.96
20 26 — 32 1.00
21 28 — 30 0.60 0.18 0.22
22 3 0 — 8  1.00
23 30 — 10 1.00
24 32 — 4 0.46 0.34
23 32 — 5 0.42 0.58
26 32 — 6 0.40 0.60
27 32 — 18 1.00
28 32 — 10 1.00

Table 4, Segment. and label probabilities for Figure 7.

Iteration N* ber Total Nomber of
Na~~ er of Nodes Labels at all Nodes

I .

Tabl 5. Hmeb ers of nodes and labels rema ining at each
iteration .

Segment Range of 1~ LabNomber Segment ~a

1 4 — 8  NOSE
• 2 4 — 1 0  NOSE

5 5 — 8  NOSE

6 5 — 1 0  NOSE
9 6 — 8  NOSE
10 6— 1 0  NOSE

13 8— 2 4  HYING
15 10 — 24 RUING
17 24 — 32 TAIL

24 3 2 — 4  LWINC
23 3 2 — 5  LYING
26 3 2— 6  LYING

Table 6. Nodes surviving at the third iteration, with
their naique labels.
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MIT PROGRESS IN UNDERSTANDING IMAGE S

Patrick II. Winston and the Staff

The Artificial Intelligence Laboratory
Massachusetts Institute of Technology

in this series of Image understanding conference proceedi ngs , we Marr and Hildreth have shown that provided some
have stressed the key issue of represeruauon. in particular , we weak conditions are satisfied, intensity changes at a particular
have described the work of Horn and his collaborators using tile scale in an image l(x,y) are best detected by locating the
reflectance map and file albedo image in working with satellite zero-clossings of V2G(x.y)el(x,y). where G(x,y) is the two
Images, and we have described the work of Mar, and Fits dimensional Gaussian distribution, and V2 is t he Laplac ian.
collaborators using the primal sketch. the 2 112-D sketch , and The operator V2G uniquely satisfies certain critical properties of
body-centered , 3-0 models to work toward a comp rehen sive theory localization in space and frequency. The smallest operator
of recognition. usable in practice has a diameter of 9 picture elements in the

In the November , 1978 Proceedings, we reviewed tile central, positive region, with an overall support of roughly 1000
overall program . brie fly explaining our approach , stat ing tile pixels. Interestingly, this is roughly the size of the smallest
objectives, and ci ting the fundamental tools. Then we summarized channel found in early human vision. The zero-crossings are
the results obtained through an enumerat ion of representatIve then represented by a set of oriented primitives called
Individual efforts. zero-crossing segments, each describing a piece of the contour

Here we concentrate on Horn’s group’s work on hill whose intensity slope (rate at which the convolution changes
shading and atmospheric modeling and on Marr ’s grou p’s across the segment), and local orsentat on is roughly uniform.
discoveries about textu re and about zero-crossIngs, with particula r Small , closed contours are represented as blobs, also with an
emphasis on ~~~~~~~ associated orientation, average intensity slope, and site defined

by their extent along a major and minor axis.
Some intensity changes will give rise to zero-crossings

Zero.Crossings and the Primal Sketch over a range of adjacent scales, while others may be detected
only at a single scale. In combinin g Info rmation from the

The early work in Mart ’s group was largely devoted to the separate channels, we take advantage of the observation that
construction of a raw primal sketch of the Image. a primitive Intensity changes in an Image arise from surface discontinufties,
description of the Intensity changes In terms of edges, bars , blobs. or from reflectance or Illumination boundaries, which all have
and terminations, which are each characterized by position, the property that they are spatially localized. This observation
orientation, contrast, and size, During the last year, the original led to the spatial coincidence assumption, which stases that if
structure of the primal sketch computation has been put aside. in similar information concerning the presence of an Intensity
favor of a better theory, because of recent developments in the change Is found across a set of adjacent channels, they most
theory of early vision. These are Ci) the emergence of likely describe the same physical Intensity change, so their
quant~atlve studies from psychophysics of the exact nature of descriptions may be integrated into a single description of an
the channels Involved in early human vision (for example, edge. Informati on in one channel which does not coincide with
Wilson and Bergen 19791 ard (ii) Marr and Pogglo’s theory of that from adjacent channels Is assumed to arise 1mm a physical
stereopaN. which uses the zero-creu ings In a set of second phenomenon which can only be measured at that one scale, so it
directional der ivative operators for the stereo- matching process. gives rise to an Independent descriptive element. The final raw

Computing the raw primal sketch falls natura lly into primal sketch contains a binary map specifying the position of
two pan t (I) since intensity changes occur In natural images original zero-crossin g contours , together with the symbolic
over a wide range of scales, we first detect and represent the description of the Intensity changes, obtained from the separate
Intens ity changes at a set of different scales ; and (ii) t he channels , Figures I, 2. and 3 illustrate these -components of the
descriptions that arise from these independent channels are then raw primal sketch. Figure lb shows the map of zero-crossIng
combined Into a sing le primal sketch of the Image. Cont~ Irs for the image In Figure Ia, while figures 2 and 3 show
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Figure I: Zero-crossIngs in the output of the convolution of the above image with a ~7
2a filter.
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Figure 2~ Symbolic representation of the blobs detected In the Figure 3: Symbolic representation of local orientations assigned
Image. The arrow marks the blob whose full descriptor appears to edge segments detected In the image. The arrow marks the
in the text. blob whose full descriptor appears in the text.
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symbolic representations of some of the descriptors attached to preserves the bandpass property while allowing the introduction
the locations marked in figure lb. Figure 2 illustrates the blobs of zero crossings with a given gradient. Perhaps the sImplest
detected in the Image , and figure 3 the local orientations suitab le local operator is the derivative of the two-dimensional
assigned to edge segments. These diagrams show only the Gaussian:
spatial information contained in the descriptors. Typical -

- 2 2examples of the full descriptors are dg — (x +j~

(BLOB (POSITION 146 ~
) dx

(ORIENTATION 105)
(CONTRAST 76) This function dies away rapidly with distance from the origin
(LENGTH 16) and its only zero-crossing contour lies on the y-axis and has
(WIDTH 6)) maximum gradient at the origin. The Fourier transform of this

function has the same form and so dgldx has a half power

(EDGE (POSITION 10$ 23) bandwidth slightly greater than that obtained with the
(ORIENTATION 120) dif ference of Gaussian (DOG) convolution. The same holds for
(CONTRAST -25) translations and rotations of dgldx in the a, y plane, and for

(LENGTH 25) sums of these functions. Thus it is possible to construct a
(WIDTH 4)) function which has a given set of zero-crossing contours and

gradients along those contours with arbitrary accuracy with a
sum of the form:

The descriptors to which these correspond are marked with
arrows. The resolution of this analysis of the image roughly F(x ,y) .
corresponds to what a human would see viewing it from a 2 2distance of about 6 feet. Finally, there is reason to believe that N (x-x 1 l +(j~—tJ~

)
this representation is complete, and so, in principle. invertible — -

lMarr Poggio and Ullman 19781 V - 2
~~ 

(a 1 (x-x1
) + b1 (~—tj 1)J e

Zero-Crossings and Prlmal-sletch Inversion 
1.1

The new stress on zero -crossings raises the question of how
complete is the information provided by them. For stereo For example a rough approximation to the surface zero-crossing
analysis, the image is decomposed into a sum of approximately and zero-crossing gradient is obtained if N evenly spaced points
bandpass components (1-2 octaves wide st half-power points) and (x , w ,) are selected along the zero-crossing contours and (a1
zero-crossing contours are obtained for each component. Marr, b1) is the gradient (dfldx dfldy) of the original surface at the
Pogglo, and UlIman 11978] have suggested that each component zero-crossing point (Xi y~ The fixed constant . determines the
may In fact be determined up to a constant factor by just its bandpass range of the sum. SInce the Individual terms of the
zero-crossing contours. By extending a theorem by Logan (1977) sum above are small everywhere except in the immediate
for the one-dimensional case, they showed this to be the case for neighborhood of (x~ y,) and the terms themselves are spaced
two-dimensional entire functions with bandwidth less than an evenly, the gradient of the sum in the vicinity of each point (x 1
octave. However, It is not clear thai this result would apply even 

~) is determined largely by the Ith term. This makes It
approximately for practical signals which do not satisfy the ideal possible to design a simple Iterative algorithm for adjusting the
less than an octave bandpar requirement even at their half ith term so that the position and gradient of the zero-crossing
power poin~ . achieve the desired value at (x 1 ~~~~~ It turns out that a

One way to relax the bandwidth restriction Is to t-ecord two-dimensional function which satisfies the zero-crossIng
the steepness of the surface (surface gradient) throu gh the I~oundary conditions , and which has a similar spatial frequency
zero-crossings as well. To Investigate the information content of bandpass, can be constructed rather efficiently by this means.
zero-crossing contours and the surface gradient along those Such functions can be used to test empirically conditIons under
contours in practical situations, the problem of reconstructing the which the zero-crossing information Is sufficient to determine
origmal surface from that Information was studied, the overa ll function. ~A direct approach to reconstruction would be to fund FIgures 4 through 7 show the results of the
an Interpolation operator which could be used to reproduce the above reconstruction method applied to the zero-crossing
boundary conditions given. These are the ap proximate grad ients of an image convolved with a DOG mask with
bandpass characteristic and the zero-crossing contours and central panel width of 12 pixels. ~Ig~are 4 shows the positive
intensity slopes. Thus one wants an Interpolation function that values of the orIginal 128 by 12$ convolved Image as gray levels.
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The negative values and values near zero appear as white. gradient at each of the x’s. Figures 6 and 7 are overlays of
The x’s indicate the zero-crossing points used for the graphs of horizontal slices through the original surface in
reconstruction which were obtained by dividing the image into figure 4 and the reconstruction in figure 5.
a grid of 6 by 6 squares and selecting one zero-crossing point Further work is planned to explore the
from each square having a zero-crossing contour through it. possibility of using similar techniques to approxImate a function
Figure 5 shows the surface reconstructed using just the surface from just its zero-crossing contours.
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The negative values and vaiues near zero appear as white. graaient at each of the x ’s. Figures 6 and 7 are overlays of
The x’s indicate the zero-crossing points used for the graphs of horizontal slices through the original sur face in
reconstruction which were obtained by dividing the image into figure 4 and the reconstruction in figure 5.
a grid of 6 by 6 squares and selecting one zero-crossing point Further work is planned to explore the
from each square having a zero-crossing contour through u. possibility of usin g similar techn iques to approximate a funct ion
Figure 5 shows the surface reconstructed using just the surface from just its zero-crossing contours.
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Figure 5 image reconstructed from zero-crossings information.
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Figure 6: Overlays of slices through the surfaces shown in figures 4 and 5. Slices are parallel to the x axis at y — 32, 40, 48,
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Zero-Crossings and Stereo Theory Texture

Working with Tomaso Peggio (of the Max Planck Institute for Not all of Marr ’s people have been absorbed by the
Biological Cybernet ics). ~4arr has developed a new theory of zero-cross ings work. Stevens’ new thesis (Steven , 1979) address es
stereo vision. The resulting -algorithm con sists of five steps: (I) the representation of surface orientation, texture gradients. and
Each image is filtered with bar masks of four sizes that vary surface contours.
wtth eccentricity; the equivalent filters are about one octave He has found that the two degrees of
wide. (2) Zero-crossings of the filter outputs are localized, and freedom of surface orientation are usefully described relative to
the local orientation of the zero-crossings are computed; (3) For the viewer in terms of slant and UI:. Slant describes “how
each mask size, matching takes place between pairs of much,” and tilt describes “which way.” In terms of the local
zero-crossings of the same sign in the two images, for a range of surface normal, slant is measured by the angle from the line of
disparities up to about the width of the mask’s central region; sight to the normal, and Uk Is the orientation to which the
(4) Wide masks are used to do rough disparity cakulation. thus normal would project in the image. One benefit afforded by
causing small masks to come into correspondence; (5) When a this essentially polar form is the decomposition of the problem
correspondence is achieved, it us written into the 2 lI2-D sketch. of determining surface or ient at ion into two subproblems.

During the past twelve months, an determining slant and tilt, which are often solvable by distinct
- 

- implementation of the Marr-Pcggio theory has be tested on a and independent methods.
number of images. Such testing has served two purposes: it Texture gradients are examined as a source
helps prove the sufficiency of the theory, and it helps indicate of distance information and of surface orientation. See figure 8
problems or omissions in the theory itself. The Implementation
was found to be quite successful in computing disparity from a
stereo pair of images. The images tested included both natura l
scenes and random dot patterns, a critical test case for any stereo -

program. ___ 
-

The nature of the theory underlying the
stereo algorithm, and in fact the nature of the current theory of — ___ 

—

the primal sketch, require that tl~- stereo algorithm will at best ___ 
___ 

___

only determine disparity values along certain contours in the
image, the primal sketch descriptors. A natural next step Is the ~~ —

determination of disparities for any point in the Image. —

— 

—

The problem consists of finding a surface =
-: which fits the boundary conditions imposed by the disparity —~

contours of the stereo algorithm. In general, a large number of 
____

surfaces will satisf y these conditions- However , by analyzing the
process by which the contours, upon which the stereo-matching
process is performed. are formed, one can determine constraints
upon how the surface may change at positions in the image not
corresponding to prImal sketch elements (i.e. zero-crossings - — 

— 

—

contours). As well, a number of experiments concerning human
perception of surfaces In depth have provided additional
constraints on the interpolation or “fulling in” process. From
such constraints a number of a lgorithms have been proposed
for constructing surfaces from the stereo information. These Figure 8: Texture gradients are a source of distance and
9igorlthms are currently being implemented and will be tested surface-orientation information.

- 
- in the nea r future. it as expected that such tests will help

indicate the viability of such algorithms, both as potential
models for human perception and as algorithms for the
construction of surface representations In general image

L processing. The quantitative measures of texture that would be necessary
for either computation are naturally described relative to the

- local tilt frame , a local coordinate system whose y-ax~s is aligned
with the texture gradient, and therefore corresponds to the

-

P
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surface tilt. The tangent of the slant angle is proportional to curve that Marr call; the contour generator, whose Image Is the
the ra te of change or texture density, area, and lengths surface contour , and (b) determining how the surface lies under
measured relative to the tilt frame. But distance (up to a scale the contour generator. This is analogous to (a) bending a wire
factor ) can be simply computed by the reciprocal of lengths in spac e, so that it appears like the surface contour , and (b)
measured along the x-axis, assuming that those lengths glu ing a ribbon along the wire , the ribbon representing the
correspond to uniform surface texture dimensions. (Texture strip of surface under the contour generator. The first aspect
lying along the x-axis corresponds to surfa ce texture that is may be constrained by assuming the principle of general
equ idistant from the viewer -- those dimensions are not position, planarity, symmetry, and constancy of curvature along
foreshortened.) Stevens has observed that the orientation of the the contour generator. The second aspect may be constrained
ac-axis corresponds to the image orientation in which texture is by assuming either that the contour generator Is a planar,
locally constant , that is. the tilt frame can be determined without asymptotic curve (as are gloss contours In orthographic
considering the orientation of the gradient. Hence a “depth projection) or a geodesic curve. In either case, the surface
map” may be derived from a “texture gradient” without either orientation can be solved once the three-dimensional shape of
determining the orientation of the gradient or Its magnitude. the contour generator is determined.
Surface shape is therefore more simply computed in terms of
distance than local surface orientation. 

- 
Making Faithful Synthetic Images Requires Good

- Atmospheric Modeling

- Turning now to Horn’s work, recall that in the last proceedings.
we listed the following uses for synthetic images: automated
generation of shaded relief maps, generation of low-level.
obliquely-viewed images, generation of special maps that bring
our particular terrain features, classification of ground cover for
crop prediction, matching images to terrain data for satellite
navigation, and making maps for automatic or semiautomatic
change detection.

In general, four factors must be considered
when making synthetic images for these purposes. They are: (I)
imaging geometry - the projection of the viewed scene onto the
Image, (ii) incIdent Illumination the intensities and distribution
of light sources, (iii) surface photometry - the way a surface
reflects light, and (iv) surface topography - the shape of things
in the scene.

Synthetic images that are to mimic obtained

~ I from spacecraft require attention to a filth factor: the
atmosphere attenuates visual signals , scatters spurious light into
the viewin g port of the satellite , and illuminates the ground as a
large , diffuse light source.

If effects of imaging geometry , Illumination ,
topography, and atmosphere are removed, then ground cover
can be identified. Previous MIT research has lead toFigure 9~ Surface contours yield information about shape. 

understanding the geometry of LANDSAT imaging [Horn and
- Woodham 19781 and to success in eliminating topographic

effects and differential exposure to direct sunlIght IHorn 19781
Surface contours are an important source of The nex t step is to consider carefully the nature and extent of

inform ation about surface shape , however their analysis has the sky ’s Influence.
-
~ received almost no theoretical attentIon. See figure 9. The edge The problem of atmospheric effects Is quite

of a shadow cast on a surface, for example, may reP us of the complex and mathematically intricate. The literature of remote
shape of the surface, given some assump tions. The contours In Sensing, atmospherIc science, geophysics, and space science Is
the image of glossy surface s are similarly useful. But In order filled with detailed reports on absorption, transmissIon, and

- 
I that a surface contour may tell us of the shape of the surface , radiance , complete tabulations o~ wavelength-dependent

various assumptions must be made. To explore these behavior , and sophisticated models of partIcle scattering.
assumptions, Stevens has decomposed the problem Into two Howeve r, the emphasis has always been on the degradation of
aspects: (a) determining the shape of the three -dImensiona l visual signals passing through the atmosphere. The little 

- ____--_ - 
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research on the contribution of sky luminance to the Imaging CACM , November, 1978. -

process has been restr icted to fiat areas of the earth’s surface,
either agricultural lands or the ocean. Woodham and Horn Berthold K. P. Horn and Robert W. $joberg, “Calculating the
(1978) have shown that , at least in the shorter wavelengths , sky Reflectance Map,” AIM-495, The Artificial Intelligence
illumination is not negligib le in LANDSAT multispectral Laborat ory, Massachu setts Institute of Techno logy, Cambridge ,
scanner images. Part of this is due to the relatively low sun Massachusetts, 1978. Also to appear in App/lcd OptIcs, June,
elevation (about 9:30 am. local time for LANDSAT I and 2) 1979.
which puts a large portion of rugged terrain in shadow . For
these areas, the sky is the only light source (ignor ing such Bertho ld K. P. Horn and Robert J. Woodham , “LANDSAT
things as mutual illum ination of one side of a valley by the MSS Coordinate Transformations, ” AIM-465, The Artif icial
opposite side). Work is underway to investigate the interaction Intelligence Laboratory, Massachusetts Institute of Technology,
of sky radiance and surface reflectance in areas of rugged Cambridge, Massachusetts , 1978.
topography.

The research approach follows that of prior Berthold K. P. Horn and RobertJ. Woodham, “Destriping
work in the production of albedo maps. A high-resolution Satellite Images.” A1M-467, The Artificial Intelligence
dig ital terrain model represents the topography of a section of Laboratory, Massachusetts Institute of Technology, Cambridge,
the earth. A synthetic image (Horn and Bachma n 19781 Is Massachusetts 1978. Also to appear in CGIP.
created, assuming uniform Lambertian surface reflectance , a
poInt sun at a given elevation in~ azimuth , known LANDSAT Berthold K. P. Horn, Robert J. Woodham, and William M.
imaging geometry. and a model of sky luminance, absorption, Silver, Determining Shape and Reflectance using Multip le
and backsca trer. Point-by-point comparison with actual Images,” AIM-490, The Artificial Intelligence Laboratory,
LANDSAT imagery of the corresponding earth region shows Massachusetts Institute of Technology, Cambridge,
variations from the assumed uniform reflectance, from which Massachusetts , 1978.
the intrinsic reflectance, or albedo. of each point is calculated. A
new pictu re (the albedo map) is created from these albedos, B, F. Logan Jr., information In the Zero~crosslngs of Bandpass
which is suitable for terrain classification. The problem. of Signals,” Bell System Technical Journal, 56, 487-510, 1977.
course, is to develop a sufficiently accurate model of the
atmosphere. The model must be computationally feasible, the David Marr, “Representing Visual Information,” AIM-4l5, The
simpler the better. Therefore. it must use as much local Artificial Intelligence Laboratory. Massachusetts Institute of
Information as possible , that is, be applicable to indiv idual Techno logy , Cambrid ge, Massachusetts, 1977.
pixels and their neighborhoods. By their very nature, however,
atmospheric effects are global. Some theoretical work has David Marr and Ellen Hildreth, “Theory of Edge Detection,”
already been done relating general illumination and surface submitted for publication.
reflectance (Horn and Sjoberg 19791 Work is continuing.

David Msrr and Keith Nishihara, “Representation and
REFERENCES Recognition of the Spatial Organization of Three-dimensional

Shapes,” P/IL!. Trans. Roy. Soc. B. ~~~For an extended discussion of MIT work on Image
Understanding. see Volume 2 of Arliflelal Inlelllgencs:an MIT David Marr and T. Poggio, “A Computanonal Theory of
Perspective, edited by Patrick H. Winston and Richard H. Human Stereo Vision,” AIM-451, The Artificial Intelligence
Brown, MIT Press, Cambridge, Massachusetts, 1979. Laboratory, Massachusetts Institute of Technology, Cambridge,

Massachusetts, 1978 Also to appear In Proc. R. Sec. Load. B.
W. E. 1. CrImson and Dav id Marr , “ A Computer
Implementation of a Theory for Human Stereo Vision, Included David Mar, , T. Pogglo, and S. UlIman, “Bandpass Channels.
In these prooredings. Zero-crossings, and Early Visual Information Processing,”

AIM-491. The ArtIficIal IntellIgence Laboratory, Massachusetts
Berthold K. P. Horn, The Position of the Sun,” Workin g Institute of Technolo gy, Cambridge , Massachu setts , 1978.
Paper 162, The Artificial Intelligence Laboratory. Massachusetts
Institute of Technolo gy, Cambridge, Massachu setts , 1978. Kent Steve ns, “Surfa ce Perception from Local Analysis of

Texture and Contour”, Ph. D. ThesIs, February, 1979. To
Bertho ld K. P. Horn and Brett L Bachman , “Using Synthetic appea r as TR’SIZ The Artificial Intelligence Laboratory,
Images to Register Real Images with Surface Models,” A1M 437, Massachusetts Institute of Technology, Cambridge,
The Art if ic ial Intelligence Laboratory, Massac husetts Inst Itute of Massachusetts.
Technology, Cambridge. Massachusetts. 1977. Also In
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Thomas M. Strat , “Shaded Perspective Images of Terrain ,”
AIM-463, The Artificial Intelligence Laboratory, Massachusetts
Institute of Techno logy, Cambridge , Massachusetts , I978.

Thomas M. Strat , “Application of Data Flow Computation to
the Shaded Image Problem,” Workin g Paper 163, The Artificial
Intelligence Laboratory, Massachusetts Institute of Technology,
Cambr idge, Massachusetts, 1978.

H. R. Wilson and J. R. Bergen, “A Four Mechanism Model for
Spatial Vision,” (in the press).

Robert W oodham and Berthold K. P. Horn, “Looking in the
Shadows,” Working Paper 169, The Artificial Intelligence
Laboratory, Massachusetts Institute of Technology, Cambridge ,
Massachusetts, 197&

- -~~~~~~~~~~

. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -.



_ _ _ _ _ _ _ _  -.- --.~~~.-.—
,

36

PROGRESS AT THE
- 

- ROCH ESTER IMAG E UNDERSTANDING PROJECT 
-

C. N. Brown
- 

J. A. Fe’dman
K. R . Sloan , Jr.

Computer Science Department
The University of Rochester
Rochester, New York 14627

1. Model Ref inemen~ri. Procedura l Description i. Applications !fl Biomedicine

• - One important goal of the Rochester The model—direc ’ed finding of ribs
Vision Project is to investigate a in chest radiographs [Ballard , 1978)
generalized form of procedural provides an i1lustra~ ion of the use of
invocation in which an executive the Rochester Vision System,
procedure chooses worker procedures to incorporating procedure description,
perform a job not just on the basis of utility measures, and tops—down ,
input/output behavior (as traditional model—directed perception. The object
pattern— directed invocation does), but here is to cope with large amounts o~
also taking into account cost/benefit possibly low—quality data without undue
estimates and perhaps other informa•.ion processing time by depending on a
as well. This scheme is motivated by declarative model of anatomical
the desire to have ‘he advantages of struct ures , described procedural
declarative knowledge about what is knowledge about how to locate them , and
doable (•he descriptions) along with the an executive which uses decision theory
advantages of procedural knowledge about to control the image- understanding
how to do it (the workers). The process. A prototype complete analysis
declarative , descript ive component will system is now being developed.
allow conviences such as the modular
addition of procedural knowledge. The A novel and un i form method of
main research issue is to decide what describing arbitrary functions on the
exac•ly needs to be known about worker unit sphere (which define ‘museum—
procedures, and how to express that in a viewable’ volumes) is under

useful and uniform manner. This must inves’igation , with immediate
also be coordinated with the use of application ‘.0 anatomical structures
relational constraints (Russell and (schudy 1978). The idea is related to

Brown , 1978). The most recent and the well- known Fourier descriptions of
presently contemplated work at Rochester two— dimensional shape. Volumes are
explores aspects of these issues (e.g. modelled and described as the leading F

Lan tz, Ballard , and Brown, 1978). coefficients in certain spherical
harmonic expansions of the volume

1.2. Decision Theory functions. This method also allows
least squared e r r o r  fitting of volumes

The use of decision theory not on ly in coefficient space , wh ich interfaces
as an abstract model of intelligent nicely with routines which locate the
perception but as a practical tool to three— dimensional boundaries of volumes
max imize computational benefit/cost is in image data.
being investigated in the context of

continues in the tradition of Bolles,
procedural invoca’ion. This work ~~~~, 

Application in Aerial Image Analysis

Sproul l, and Garvey , and ultimately we The three—level organization of

hope to extend some of their results to image analysis (strategist, executive ,

deal with formal problems that. more worker) and a further exploration of

closely approx imate the sorts of vision useful procedural description mechanisms
problems encountered in our particular are the objects of study in automatic
applications. Ballard (see Section 2) photo— intnrpretation work (Lanta 19783.
uses decision theory techniques to The object is to use the sorts of 

I -

choose the most economica l me thod knowledge— based inferencing used by
(assuring adequate accuracy) 0f locat ing ski lled photoin terpreters , along with
anatomical structures in large—format models inspired by photointerpretation
images. keys for identifying small industries.

to do reliable and flexible

: 4
:1 4
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identification of-a few ypes of small Systems. An Optronics Colorecan C—h Oe
industrial installations. Imagery has drum scanner is on site and interfaced
been acquired from a Rochester, N.Y. to the Vision Eclipse. The fast (50KB)
mapping firm and from RADC in Rome, N.Y. link to the PDP-KL1O has been completed

and is operating well,

4. Image Encoding and Transmission 5.2. Software

~~ l Hierarch ical Image Encodings
Advanced system software support is

Communica tion of images , and now used routinely, and more is under
information about images is an -importap’ developmen . Communications protocols
part of any image understanding project , and distributed computing packages
We have been investigating •the use of (Rovner 1978, Feldman 1978, Sheininger -

var ious hierarchical image encodings. and Sabbah 1978, Selfridge 1978, Sloan ‘

One of the image transmission schemes we 19781 have been developed to allow
have inve~tigated is closely related to access to the GMR—26 through the local
‘pyramid’ data structures. We have ALTO computers or the remote PDP—lB , to
demonsk rated that high resolution raster achieve reliable transmission between
images can be effectively transmitted distributed processes, to produce
over relatively low—bandwidth lines by graphics and halftone images on ALTO
sending a ser ies of low resolution screens from the PDP—10, and to allow
approximations, which converge to the file transfer and telnet to the Arpanet .
final image [Sloan and Tanimo•o, 1978). The IPCF in the TOPS—lO operating system

is the basis for communication between
A second hierarchical encoding is PDP—1O jobs, and these jobs may now

descrioed elsewhere (Ballard , 19791 in create RIG messages and send them to the
these proceedings. A Strip Tree is a local operating system for disposition.
simple encoding for linear features. At Rochester , the RIG message is the
Efficient algorithms have been developed lingua franca that allows processes on
to take advantage of the hierarchy. remote machines to command the G14R—26,

perform file manipulations, and other
4,2 Composition and Re—~nterpretat ion operations. Some of our work has been
of Images utilized by other image understanding

groups, most extensively at SRI. Some
fl is often convenient to specify student projects in our Computer Vision

an image in terms of the combination of courses are aimed at producing useful
several existing images, rather than system software for vision, and the
transmit an entire new image. The common departmental interest in
combination or re—interpretation may distributed computing assures that new
sometimes be performed with relatively and co—operative efforts using the
simple hardware devices. We have dis’ribu ed computation and
developed and implemented several such communications packages will be launched
techniques based on the ‘video lookup frequen’ly. A comprehensive library of
table’ supplied with our Grinnell GMR—26 vision routines [Sloan 1977—78) has been
display [Sloan and Brown , 19791. These developed , centralized , documented, and
techniques are currently being used to incorporated into the NEXUS system.
overlay map features on aerial images, They allow interac’ive users a wide
display three—dimensional surfaces under range of image—processing and display
quickly varying lighting conditions, and (graphics, hal f tone, color and B&W TV)
show short , repetitive motion sequences, capabilities. A program to acquire

images from the Optronics scanner and
S. Component Building package them according to our Raster

- - 
-. 5,1. Hardware Image File Format (Selfridge and Sloan,

1979) has been developed and is in
• - The Grinnell Gt4R-26 display device routine use.

is on site and DMA—interfaced to an
Eclipse comput er. 32K of core has been 6. Motion Understanding
added •o the Vision Eclipse, which is
also used for research in dis’ribu ed Understanding motion pic•ures has
computing (see Section 5.2). The always presented an unusually difficult
orig inal 88MB disk has been replaced problem to comput er vision ef for’s. The
with a 308MB one, aM another 318MB disk compelling gestalt induced in humans by
has also been installed along wi•h a moving objects is not wel l unders tood ,
such faster controller , leading to and so there is little leverage on the
greatly enhanced performance . We are imni edia •e problems resulting from the
acquiring terminals and investigating large mass of data in multi— frame
how to meet our everyday computing needs images. We are hoping to make progress
by commercial , home—bu ilt , or f irst on a pared—down v ersion of the
combination in’elligen t terminal problem which nevertheless offers an

~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ _______
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interesting set of perceptual phenomena in our labora tory and elsewhere (Feldman
to model. The doma in is multi— f rame & Williams l977~ Feldman , 19781 . Many
images of animal motion s initial of the ideas developed in this work are
research is being carried out on being heavily used in image
sequent ial imageo of points of light understanding .
attached to join’s. This data can give
humans a strong perception of coherent
motion, and present work is aimed at REFERENCES
understanding how we correctly identify
points (about 13 in all in present data) Ball , J.E., et al., ZENO: a language
from frame to frame , and how we segment for smart compiler research,
the resulting moving points into Internal Memo, Computer Sciencemeaningful body parts. Ultimately, the Depar tment , University of
results will be appl ied •o multi—frame Rochester , 1978,
grey-scale images. Data presently comes
from a program which simulates a range Ballard, 0.8., Model—directed detectionof human walking mot ion in 3—D. The of r ibs in chest radiographs, TR11,
program is a useful theoretical tool , Computer Science Depar’ment ,
since it allows direct access (not University of Rochester , March
mediated by vision) to movement 1978.
parame te rs, and point locations. It is
also a useful psychological re search Barrow , H.G., et al., Interactive aids
tool, since with it one can for cartography and photo
inexp ensively investigate limits in interpretation , Semiannual
human per formance . . Technical Report , Arti ficial

F In~elligen~e Center , SRI2... Texture International , November 1977.

Textural areas can be thought of as Brown , C.M,, Fast disp lay of certain
those parts of an image where museum—vi ewable polyhedra, TR23,
segmentation based on normal similari ty computer Science Department ,
me asures fails. Meaningful analysis of University of Rochester , Marc h
tex tured areas must include 1978.
discrimination between different
textures and detection of parts of the Feldman , LA. , Synchronizing distant
same tex ture. The similarity of coopera ting processes , TR26,
textures which are identical except for Computer Science Department,
a sca le change , a rotation , or a university of Rochester , October ,
different range of intensities must be 1977.
recogn ized ,

Feldman , J.A ., Systems support for
We approach the texture problem by advanced image understanding .

divi ding texture regions into meaningful DARPA Semiannual Technical Report ,
sub—elemen ts of similar intensity sample May 1978.• points , then using rotation— and
scale—invariant shape measures to Feldman , J.A ., and Williams, G. Some
characterize these regions and finally comments on datatype s, TR2B ,

• determining spatial relationships among Computer Science Department ,
our sub—e lemen’s. By using a decision University of Rochester , DeceMber
‘ree program s’ruc 4 ure , easily 1977.
d iscriminated textures are separated

• quic kly, and more complex textural L.antz, K.A., Procedural knowledg. and
structure is extracted only when control in a model — driven vision
necessary (Maleson, 1978), system, Thesis proposal, Universi ty

of Rochester , February 1978.
8. Programming Language Develop ment

Lanta , K.A., Ballard , D.H., and Brown ,
The Smart Compiler and Distributed C.M. ~~neral invocation through

Computation research groups are procedure descriptions : two
cooperating on a language for research appl ications in image analysis,
into both these fields (Bill 19781. It 22nd International Symposium of the
will contain the ideas of PLITS, Society of Photo—optical
togethe r with i.prov.m.nts and Instrumentation Engineers . San
extensions gleaned from the SAIL-PLITS Diego, CA., Augus t 1978.
imp lom.nta~ ions of ‘he past . There are
several separat. ways in which the Rashid, B.?. Motion understanding ,
programming languag, developments are Thesis proposal , University of
affecting Image Understand ing r.search Rochester, in preparation 1978.
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Rovner , P.O. Flow control and reliable 
Selfridge , P., Name — value pairs in the

transmission in a s-ystem for Roches’er vision header. Internal
distributed computing, TR22, Memo , Computer Science Department,
Computer Science Departmen’, 

¶lniversi ty of Rochester, January

University of Rochester , October 
978.

1977. Self ridge , P. and Sloan, Jr., K.R.,
Rovner , P.O. Automatic representat ion ‘Raster Image File Format (RI??) :

selection for associative data An Aproach to Problems in Image
struc • ures , to appear in Management ,’ TR 52 , Computer
Proceedings of the National Science De,~artment , Univers ity of
Computer Con ference , Anaheim , CA., Rochester , May , 1979.
June 1978. Sloan, Jr., K.R., Rochester vision

Russell , D.R., and C.M. Brown , library documentation, Internal
Representing and using locational Memos , Computer Science Department ,
constraints in aerial imagery, University of Roches’er , 1977 —

Image Understanding Workshop, 1978.
November , 1978. Sloan, Jr., K.R. , and Brown, C.M., —

Sabbah, D. Image calibration , In t ernal ‘Color Map Techn iques,’ ‘o appear
Memo, Compu’•er Science Department , in 

~~
University of Roches’er , in
preparation 1978. Sloan , Jr., K .R., and Tanimoto , S.L.,

‘Progressive Refinement of Ras’er
Scheininger , U., and Sabbab, 0., The Images ,’ TR39 , Computer Science

display process, Internal Memo , Depar’ment , University of
Computer Science Department , Rochester, November. 1978.
University of Rochester , December
1977. Wel lner, 3.A. ,  Two—sample tests for a

class of distributions on the
Schudy , H., A model for sphere, submitted for publica’ ion ,

echocardiography, TR12, Compute r  February 1978.
Science Department , Universi’y of
Rochester , (in preparation) 1978.
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!
£ oomput.r iapl.m.ntetion of e
theory of hunsen st.reo vision

W. S. L. Crimson and 0. Marr

M.I.T. Artific ial Intelligence Laborator y,
545 Technolog y square, Cambridge MA 02139, U. S. A.

Introdmeti.n Design of the prog rem
In a recent article, Marr 6 Poggi o (1979) The implementation is divided into five

set out a computational theory of human stereo modules, roughly corresponding to the five
vision. Acco rding to this theory, the huun sections in the summary tha t we save above. We
visual processor solves the stereoscopic describe each in turn.
matching problem by means of an algorith. that
consists of five main steps: (1) The left and I Input end convolution
right ima ges are each filtered at different The input to the progra , consists of a
orientations with bir masks of four sizes tha t stereo pair of images, digitized on an Optronix
increase with eccentricity ; these masks have Photo-reader. The sizes of these images are 320
cross-section that is approximately the X 320, and grey—leve l resolut ion is B bits (256
difference of two gaussian functions , wi th space grey levels ).
constant s In the ratio 1:1.75. (2) Zero- The main difference in this first stage
crossings in the filtered images are found , between our program and the original description
along scan—lines lying perpendicular to the of the theory is that the initial convolutions
orientation of the mask. Termination points of are performed with non—oriented filters. This
lines and edgts are also localIzed. (3) For Is poss ib le, because Marr 6 Hildreth (1979)
each mask si ze , matching takes place between showed that under rather weak conditions , the
pieces of zero—crossing of the same sign and zero—crossings obtained with the Laplacian were
roughly the same orientation in the two images, equivalent to those obtained with a set of
for a range of disparities up to about the width second directional derivatives , Al thoug h in
of the mask ’s central region. Wi thin this theory, the optimal filter is V2G, where Va is

• disparity range, Marr ~ Poggio showed tha t fal se the Laplacian and C is a two—dImensional
Larget s pose only a simple problem. (4) The Gaussian distribut ion we have used Its
output of the wide masks can control vergence approximation by radially symmetric differences
movements , thus causing small masks to come into of Gausslans , with space constants in the ratio
correspondence. In this way, the matching 1:1.75, (after Wilson 4 Bergen 1979).
process gradually moves from dealing with large There remains only one free parameter to
disparities at low resolution to dealing with specify the filter completely—-Its overall size,
small disparities at high resolution. (5) When which ii conveniently specified by the width •
a correspondence Is ach ieved , it is stored in a of the filter ’s central excitatory region.
dynamic buffer , called the 24-dimensional Wi l son 6 Ciese’s (1978) data indicated value s of
sketch. w for the central fovea of the human visual

There are several reasons why it is system in the range 3’ to 12’ of visual arc. If

• 
important to implement a computational theory one considers the experimental conditions under

4 . like this one. Firstly, it serves as a means of which Wilson obtained his data, it becomes
• testing the sufficiency of the theory. That is, apparent tha t these measurements essentially

correspond to a projection of the two—by running the program on various pairs of dimensional mask onto a line. If one projects astereo images, one can examine the performance radially symme tric difference of gaussians (orof the progra m, and hence of the theory itself , DOG) filter onto a line , one obtains a one—provided the program is an accurate dimensional DOG with sl ightly smaller — -in fact• representation of tha t theory. Secondly, such
an imp lementation serves as a useful feedback
device , enabling one to test the critical Taking this into account, and using the
factors of the theory and to illuminate errors figure of 20’—lO’ for the separation of cones in

the fovea (see Cornsweet 1970 p. 356), oneor omissions of the theory. And thirdl y, it arrives at values of w in the range 9 to 35enables one to assess the val idity of
assumptions made by the theory, concerning for pixels. In our program , three initial filters

ar e used, with . values of 9, 17 and 35 pixels.example the statistica l structure of images. The supports of these masks are roughly 1000,This article describe s an implementat ion 0f 3600 and 15200 pixels respectively.
the stereo theory tha t was written with The actual convolutions were carried out by
particular emphasis on the matching process. We ~ LISP machine constructed at the MIT Artificial

4 I first set out the overall design of the progra m, Intelligence Laboratory, using additional
and then we show two examples and assess the hardware specially cesitructpd for the purpose.
progra m ’s overa ll performance on various types
of image.
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II Detection and description of zero- recording the disparity sign of the matches
crossings c~ith1n that neighbourhood. If the ambiguous

In theory, the elements that are matched point has a potent ial match of the same
between images are (I) zero—crossings whose d i sparity sign as the dominant type within the
orientations are not horizontal, ana (ii) neighbourhood, then that Is chosen as the match.
terminations. From the point of view of the (Th is is the ~pulling

N effect of Julesz 6 Chang
false target problem it is the zero—crossings 1976) . OtherwI se, no match is ass igned to the
that cause the real difficulties, and our point. -

progra. uses only zero-crossings. Two points remain to be specified. The
Because we can ignore horizontally oriented f irst is how the o pr iori disparity value

segments, the detection of zero—crossings can be mentioned at the beginning of this ~ection is
accomplished by scanning the image along obtained. For the largest mask, th $ rough
horIzontal lines, looking for either two shift value is Initially taken to be zero; in
horizontally adjacent pixels containing other words , the images are assumed to be
convolution values of opposite sign, or three aligned. For the smaller masks, the Initial
horizontally adjacent pixel s, the middle one of rough shift value is found by averaging the

• -~ 
- ,i. 

• which is zero, and the other two containing values obtained by the previous mask, for the k
convolution values of opposite sign, closest neighbours to the point. One could also

In addition to their location, we need the use a histogram of local values to obtain the
signs of the zero-crossings , and a rough rough shift value. However, for areas wh ich
estimate of their local orientatIon, In the contain pieces of two distinct surfaces,
present implementation, the orientation at ~ 

separated by a sharp discontinuity, the
point on a zero-crossing segment is computed as histogram will be forced to choose a value
fol lows. Assign some arbitrary but consistent corresponding to disparities belonging to only
axis in the image. Find the line through the one of the two surfaces. If the discontinuity
point in question which minimizes the total Is large enough, this say cause the portions of
separation, from the line itself, of the points the second surface to be shifted out of the
of the zero—crossing in the neighbourhood of the range of the next mask, and hence such po ints
point, will not be assigned valid matches. In the case

of an average of the local values, this will not
III Matching happen. Instead, the average value will lie

Matching between the left  and right images somewhere between the disparities of the two
tak es place between zero—crossings obtained from surfaces. Hence, it is possible that there will
the same si zed mask , having the same sign, and be candidate matches for both surf aces w hi ch are
having roughl y the same orientation, The within the range of the matcher. In the case of
matching process begins with a rough disparity areas which contain only pieces of the same
value for the region, whose derivation we surface, ther e is virtually no difference
describe below, and it implements the second of between the use of a histogram and the use of a
the matching algorith ms described by Mar r 6 local average.
Poggio (1979). Finally, there is the possibility that the

Given a zero-crossing in the left image, region under consideration is not within the 2.
the search for a counterpart in the right image disparity range. This situation is detected and
Is centered on the corresponding location there, handled by tesselating the image, and within
shifted by the a priori disparity value. The each tesselation square, performing the
area to be searched is divided into three pools, following operation. Given a tentative shift
two larger convergent and divergent regions, and value, an attempted matching is performed for
a smaller one lying centrally between them. all the zero—crossings within a particular
Together these pools span a disparity range tesselation. Any crossing for which there is no
equal to 2., w here . is the (corrected) width of match is marked as such. It the percentage of
the central excitatory region of the unmatched points exceeds a threshold of 0.3
corresponding convolution mask. (Marr 4 Poggio 1979) then the region is declared

If one zero-crossing of the appropriate to be out of range and a new shift value Is —

sign and orientation (within 30’) i s found tried. The process continues until either the
within a pool, the location of that crossing is region comes Into range or all possible shift
transmitted to the matcher. If two candidate values are exhausted.

- 
• :ero—crosslngs are found within one pool, (an The overall effect of the matching process,

unlikel y event) , the matcher is notified and no as driven from the left image, is to assign
attempt is made to assign a match for the point disparity values to most of the zero-crossings
in question. If the matcher finds a single obtained f r o m  the left image. An example of the
crossing in only one of the three pools, that output appears in the figures. In this array, a

- • match is accepted, and the disparity associated zero-crossing at position (x,y) with associated
with the match is recorded in a buffer. If two disparity ci has been placed in a threá-
or three of the pools contain a candidate match, dimensional array with coordinate (x,y,d). For
the algorithm records that information for display purpones, the array is shown as viewed I -future disa.biguatton. from a point some distance away. The heights in

Once all possible unambiguous matches have the figure correspond to the assigned
been made, the algorithm attempts to locally disparities.
disambiguate points with double or triple
matches. This is done by searching a I —

neighbourhood about the point in question and
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IV Over all str uotur of the process
The complete algorithm, as we have Dtacesaiom

implemented it, uses three mask sizes. To begin The figures exhibit the analysis for two
with, the two views of the scene are convolved images, a 50% random-dot stereogra. and a
with the largest mask and are passed to the natural image, in this case of a sculpture by
algorithm. The zero-crossings and their Henry Moore. Although one cannot make precise
orientation are computed. An initial horizontal measurements for natural situations , the program
and vertical registration of zero is assumed for appears to be performing on them at least as
the entire image and the matching process is well as on the more difficult stereogra.s.
performed under this assumption. Any points
with either ambiguous matchings or with no match Ref.roocc.
are marked as such.

Any teáse lat ion square whose percentage of Julesz, B. 6 Chang, J.J. (1976) Interaction
unmatched points exceeds a certain threshold between pools of binocular disparity detectors
a - ~igns a new registration value for that square tuned to different disparities. et.z.
an~ the matching is performed again. This Cph,raestca 22, 107—120.
continue s until eithe r all tesselations are
matched or all possible registrations have been )4arr, I). 4 Hildreth, B. (1979) Theory of edge
attempted. The ambiguously matched points are detection. Proc. 1. Soc. Load . B (In the press ).
then considered , and the pulling effect is
applied to them. If ambiguity still remains Marr, D. 4 Poggio, T. (1979) A computational
after this process, the point Is not assigned a theory of human stereo vision. Proc. P. Soc.
match. Load. I (in the press). Al so available as M.I.T.

The algorithm now passes to the next A. I. lAb. P40*0 451 (1977).
smaller mask and repeats the process of
obtaining the zero—crossings and their Wilson , H.R. 6 Bergen, J.L (1979) A four
orientation. For the matching process, the mechanism model for spatial vision. Vtatoa flea .
initial registration for each tesselation is (In the press).
simply the average of the disparities assigned

• in the neighbourhood by the previous matching Wilson , H.R. 4 Close, S.C. (1978) Threshold
process. The rest of the process proceeds as visibilit y of frequency gradient patterns.
before. Viatoa flea . 17, 1177—1190. —

The final output is thus a sparse disp arity
map, with disparities assigned along most
portions of the zero—crossing contours obtained
from the smallest masks.

Examples and Assessment of Perform ance
The implementation of the stereo theory was

tested on a number of images. This section
contains examples of the various stages of the
algorithm , run on several images, and an
assessment of the performance of the
implementation.

A good tool for testing the performance of
the Implementation , and hence of the theory, is
the random dot stereogram. For example , a
random dot stereogras consisting of a plane
separated in depth from a second plane contains
wel l demarked disparity values. Thus, the

• performance of the implementation can be easily
ossessed.

The first pattern had a dot density of 50*.
Each dot was a square four pixels on a side.
Th is correspond s to a dot of approximately two
minutes of visua l arc. The total pattern was
256 pixels on a s ide. The actua l region on
which matching took place was 150 pIxels on a
side. The centra l plane of the figure was
shifted 12 pixels In one image relative to the
other. In the final dis parity map assigned
after the matchin g of the smallest channel ,
approximatel y 0. 6* of the points were
incorrectly matched.

A sici lar test was run on a pattern with a
dot den sity of 10*, and one point (0. it ) was
incorrec tly matched. For a pattern with a dot
density of 5*, every point was correctly
matched.
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• GEOMETRIC REASONING IN ACRONYM

Thea~aa 0 limb ed and Rudmey A. kook.

Artificial Intelligence Laboratory. Computer Science Departmsnt
Stanford University. Stanford. California 9480S

Abstract

ACRONYM demonstrates ~~~snIsms (or generic programming languages.
*nterpretatlon of images In a way that is generalliable It
Includes a high level modeling language for natural S. The system should integrate information which comes it,
communIcation with the user In terms of object models and different levels and different forms. A pl .l..i .,.1at.~ Solves S

observmtlon models. It uses a rule based geometric reasoning puzzle by piecIng together selected and muhiple dues from
system to predict symbolic appearances of objects. This current Images (Image level), background infonnatloit (object
geometric reasoning capability enables ACRONYM to integrate level) and previous Image. In doing so, he relies heavily on
knowledge and data at different levels. ACRONYM constructs spatial Interpretation (roni stereo Imaging and shadows (surface
a Picture Graph using surface descriptors (Arnold) and ribbon level), and spatial knowledge about Iteudure (volume leveO.
descriptors (Brooks) obtained front edge descriptors (Nevada Integrating multiple cues withIn a single task raise technical
and Babul ACRONYM has a powerful syntactic matcher. ThIs requirements for representation.
report describes geometric reasoning with generalized cones to
build the Observability Graph for aircraft at an airport. 4 Systems foe very different tasks should be constructed from a
In .ain.nta to the modeling system were necessary. Initial efforts large core of common modules and a sinaI set of eaik.speciflc
in formalizing the interpretation process are described In a modules. For a single system to map thIs wide range of task
separate paper, Brooks describes a rule-based region descriptor elements onto a common set of modules. it is convenient that use
which demonstrate high level guidance of a low level modules represent a natural dec~wnposftion of the problem Mt.
description process. ACRONYM is In the midst of Its first test physic ally meaningful elements, for ceamp1s~ those we use its our
an real data, aircraft at a passenger terminal 0Wfl description of the problem. Our basis for geserallzabllity is

the use of a tightly structured hierarchy of gs..miIrlc
representations. A photointerpreter performs a wide range of

Introduction tasks which have widely different collateral information at the
contextuai level; tasks deal with widely vary ing objectit they

ACRONYM is Intended to demonstrate mechanisms vary greatly at the Image level becaus, of varied vkwp.Mt.
which provide key capabilities for Interpreting scenes. It is illuminat ion, senso rs. weather, and obscuration sod camoullege.
intended to funct ion within a scenario of cartography and
phctolnterpretation. These capabilities Include Consider some typ ical tasks for ACRONYM:

4 
I. A photolnterpreter monitors an airfield. The system identif ies

I. lnterpretatk’n should be genetic with respect to objects and and counts aircraft at frequent Intervals to monitor air traffic.
generic with respect to viewing conditions. Typical scenes 2. An interpreter monitors a building complex for changes. The
include aircraft , vehic les and buildings. It does not seem system uses stereo, a model of the complex. and identification to
reasonabk to separately enwnevate and identify all disting uish insignificant from significant changes. The syisens

- 
• confIgurations of bulldinp from all vI~..,.olnts. Even if that might riot notify the interpreter about changes from snow or

were possible. it would leave the human designer with the effort rain , or moving a vehicleA but notify him about building
of defining similarity classes. e.g. jet passenger aircraft, additions.
smokestacks, stair s. etc. Defining similarity classes can be S An Interpreter monitors vehicles In staging area.. The system
automated. Traditional graphics approaches might be adequate Identifies vehicle, and monitors traffic to and from the ares.
for single object models from single vk.9olnts but not for
gener ic interpretation. Our approach for interpretatIon of Figure i shows the data structur.m and data flow, and program
generic object classes Is to use object models constructed from modules of the ACRONYM system. Data structures ate ~ c i d
generic parts. which are generalized cones. and to use symbolic in the inner box, while program module surround the inner —

generic predictions of elements from these generic parts. box.

2. Users should be able to specify tasks in a natural and simple
way. Geometric models are natural for both the user and the
vision system. Ukimately, users will be able to Instruct systems in
natural language. The representation hierarchy of ACRONYM
could serve as a bridge between natural language and standard
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__________ 
sections were normal to the spine. This generalization enables
representing a larger class of objects and Is natural for aircraft

_________ 
wings, for example S. The sweeping rule must be piecewise
linear, and continuous. The spine must be continuous and made
up of straight line segments. Circular arcs can also be used as
segments of the spine, so long as the sa~.,4ng rule is ossstant~

Ii 

_ _

i~; ;t;~~t;; ;, the cross section has a piecewise linear boundary and is kept
ripe-mat to the spine. The generalization here over our previous

I I LIBRARY system is In allowing piecewise linear sweeping nsle$. instead of
_____________ 

the former lInear sweeping rules, and afeswffig a
I HIGH LEVEL 

I 

, spine. The class of shapes which Is now re1...untsble Is no

~~~~ 
I bigger than before, as these more complex cones could be bulk

_________  
as structured objects. The advantages are in tee-nat of now being
able to refer to these shapes as primitive volume slsm.scs.
where the intent of the spatial relations between object subparts

I 

CONTEXT 
______

_____ _____ no longer need be deduced.

__________ more major. A previous modeling system based on gane~~Ised
GRAPH GEIERATGR The other change we have made to the representatIon was~~~~Ic S j

cones Miyamoto and Blnford (i975) used a level of detail or
subpart hIerarchy. It tied the spatial relation hierarchy to this

___________ 
same tree structure. The original version of the ACRONYM
modeling system did likewise. Often however, there is no realP~~OICTOR 1 I OBSERVAB ILITY
jostificatton for this correspondence and models must be

____________ 
strangely contorted to accommodate it As a Wnpte ex ample.PLid*~ R 

_ _

consider that in modeling an aircraft it Is natural to affix the
two wings to the fuselage. so that their position in space Is

r—
~

TD
~

—
J 

describ ed In terms of th. position and orientation it the
INTETfRETATION fu selage. However It is not natural to describe an aircraft at

some level of description as merely a fuselage. and include wings
only at a ref died level. In fact often the wings will appear the
same sIze as the fuselage. By separating the two hierarchies we
are able to retain the spatial relation organization d..~ib.J

‘ gIFACE
___________ 

above, while having a top level decc.nposlsion of the aircraft
Into the fuselage and the two wings.

MAPPER 

~~~~~ Work has begun on a geometric editor for constructing object
models. Initially it will provide some of the capabilities of

_ _ _ _ _ _ _ _

_ _ _ _ _ _ _ _ _ _ _  

‘

F
GEOMED (Baumgarc) for convenient interaction, combined
with track ball and other analog input devices. Beyond these

~~~~~~~~~~~ IX PIX initial stages, we plan to include geometric reasoning capabilities

•1 EDGE 
1’ 

relatIons and to draw Inferences from examples. 
implied

MAPPER

• ReasonIng about Cesmetry
FIg.I The ACRONYM system.

The Predictor and Planner is a critical module of the
ACRONYM system. ACRONYM is the first vision system to

Geometric Modeling Incorporate a general reasoning system. It Is necessary because
we wish to make symbolic predictions of the appearanee of

In previous papers (Brooks. Creiner and Binford (197k, ~~~~~ objects, from generic vin.~.AnIs. We have previously
1979bJ) we have given detailed explanations of the ~~~~~~ 

(Brooks. Grelner and Blnford (is7eb) discussed the ~~~~~ of
models used by the ACRONYM system. Recently we have made the Observabi lity Graph. Its automatic productio n Is a dlfficuk
two major generalIzatIons to use ,eprasasstations we use task which requires reasoning about a large body of dIverse -

Geometric modeling suppo rts a broader subclass of generaitued know ledge. We have chosen to use a rule.bassd system to

cones, and the subpart and spatial relation hierarchies have faciiltate experimentation, and to provide additivity of new
been separated Into distinct an~ in~apentiem structures. knowledge. We will fir st describe the control structure we have

implemented for our rules, then discuss some of the hchmlquas
The subclass of generalized cones we now allow i-i, b. used In our early sets of rules to produce Site Obeervability

summarized as follows. I. The cross sections must have a Graph.

boundary which can be d,~.om.,.used into straight line ssgmaulls
and circular arcs. 2. The cross section can be kept at soy
constant angle while being swipe along the spine. Formerly , cross

1
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The basK control strategy we have chosen Is to have Our Our rules have three components; premises (these are the
rules consequent driven (ie. goasdirected. or backward chained), antecedents), side effects and consequents (possibly multIple
The ru~s can be interpreted to mean that the conlequents consequents for a single rule). Rules are Indexed on their
aI-~ould be asserted If the con~mctIon of the antecedents can be consequent,. The backward chaining strategy finds all rules
pn~vid. It is thus easy to write rules which traverse either 

the which might possibly satisfy the current goal. They are tried In
afflament structure, or subpart structure In a depth first turn until one succeeds. A rule is tried by recursively trying to
manner . This is the search order which provides the natural satisfy Its premises, until either one tails (whence the rule Is
way to decompose an object . i.e. process the subparts first, then discarded and the next rule tried), or until all premises have
determine the relationships between those subparts to dexriW 

~~ n satisfied. In this case the side effects are carried out, and
the object. The same Is true of afftxnwnt structures. The depth then the consequents are asserted - satIsfying the original goal.
first nature of the Object Graph traversal means that Thus the control of the reasonIng system Is via the assertions
Inadequacies In some given area of ’ the Object Graph will ~ written into the STM.
tend to be noticed around the same tUne and thus any questions
to th, user will tend to be naturally grouped Into coherent topics FIg. 2 shows the flow of information tram the Object
of interest (see Davis (l9%fl This simple strategy Is not quite Graph to the Observabillty Graph. The assertIon of the
sufficient for the task at hand, however. In our Current system It consequents places them Into Short Term Memory (STM). The
Is poss ible that once invoked and fIred a rule may take control antecedents use sty lized accesses of’ the Object graph or STM. In
for a while, doing some forward reasoning, and possibly setting general an antecedent simply applies a relational operator to the
up stew goals which are attempted before control Is handed back result of an access and scene other value . either a fixed vakae
to the original invoking mechanism. However, depth-first is an within the rule, or the result of’ some other access. Each
unnatural way for strategies for perception. The subpart antecedent returns true or false. There is an implicit conjunction
hierarchy provides an approximate ordering for perceptual of the antecedents. Consequents are stylized write instructions,
search. For examp le. to find an aircraft, find its fuselage and which write Into short term memory. They can get values from
wings first, then find its stabilizers and engine pods the tide effect stage of a rule via a push down stack reserved

for that purpose. This Is a generalization of the technique used
Davis, Buchanan and Shortliffe (1975) use consequent-driven in MYCIN of passing values from antecedants to consequents
rules In the MYC IN medical diagnosis system. Our first via global variables (see Davis, Buchanan and Shortilife
implementation of the rule-based predictor and planner closely (1975)). The side effects of a rule are expressed as a general
followed the MYC IN model (Brooks, GreEner and Blnford piece of LISP code. The highly stylized nature of the
(1978bJ). However, we are working with more complex. anteced ants and consequents should ease the Introduction of
structured data, and have gradually moved to a rather different meta-rules (Davis (1976)). whIch Is tentatively planned for the
system. future. It is too restrictIve , for the difficulty of’ the task involved,

- to so stylize the side effects. Thus the mesa rules will most lIkely
MYCIN-l ike systems use a single, uniformly structuted have to be confined to examine just the aneecendants and

data representation to hold both the original facts and the con~~ uents. This should cause no real problems however,
assertions made during the reasoning process. Rules both read because the control and goal structure of the reasoning system Is
and write into this single collection of object.attribute.vaiue embedded In precisely these parts of the rules.
trIples. Our current system has three data sites. The
ObjectlContext Graph (including extra Interaction with the
user) Is a read.oniy site from which orIgInate most of the facts ________________

used in a deduction. The Observablilty Graph Is an essentially (
~..ECT I

wrIte-only site. Thirdly, there is an assert ion space (or short term 
~~~~ Imemory - STM). This consists of triples of a descriptor, a ______________

context and a value and Is both a reed and write site. Assertions
In the short term memory can be thought of as defining the act one
value of a function (the descriptor) on tome element of Its
domain (the context). The descriptor Is an $.eicpressiOn
currently these are used purely syntactically via tests for equality, $~CRT TERM
but later semantic Information may be explicitly attached ; the ,Er1OR~’context is a structured fragment of the Object graph. Many
descriptors are treated as predicates, by the rules, and so only 

•~~ eff ec tshave values true or false. Production of the Observabillty
Graph is the reason for existence of the PredIctor and Planner.
However Internally, the Observability Graph is produced only
as a side effect of manipulations of assertions In STM. The 

~~SERV~~1Ll TV]
reasoning system can be viewed as trying to prove some theorem GRAPH
In the assertion space, by using rules of deduction (described _____________

below). For Instance the top level goal for producing the

achieve the triple c(OBSERV GRAPH), AIRPORT, T in Fig. I. Producing the Ob~~vabiky Graph
Observabillty Graph for a model called AIRPORT would be to

STM. In finding a proof of the desired theorem, these rules sre

Graph. Thus every valid proof of a theorem, defines some
structure for the Obser’abillty Graph.

Invoked, and their side effects build a correct Observability
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So tar the rules we have written for shape description,
In producing the Observability Graph the Predictor and deal only with very sImple three dimens ional generalized cones,

Planner works with observable s as defined from characterizing flat straight ribbons (such as runways) and right circular
low level feature descriptIon operators. It Is guided by two cylinder s. Rules for a much larger class of shapes will be easily
classes of quasi-Invarlants. Object class quasl-invariants broadly written now that we have the developed a f ra mework, without
determIne the node structure of the Observab lli ty Graph. any new conceptual difficulties. Eventua~Iy as we tackle very
V iewIng condition quas i-invariants determine the detailed complex shapes, we will have to develop some new tools.
contents of nodes, and the arcs and relations between nodes. Of Currently the rules take into account any camera model which is
course this distInctIon Is sometimes blurred. For InstanCe a known (there are different rules for different levels of
mixtu re of the two types of qussi.invarlants directs production knowledge) and predict the shape of a ribbon In the image. To
of the arc which says that runways should intersect a taxlway in do this requires setting up subgoals to deduce the three
the Image. The object model says that they should be connected, dimensional location of the shape In the model, and often
and a rule which knows that connectivity is Invariant under all arithmetic subgoals. The latter occurs for Instance In calculating
viewi ng angles deduces that Intersection of the regions the apparent width of a ribbon arising front a right circular
corresponding to the nodes wIll be observable, cylInder. The radius of the model cylinder has to be multiplied

by two. This happens In the side effects , where the node in the
At the time of writing we have developed some 42 rules. Observab lli ty Graph Is being constructed. The problem Is that

for use in the predictor and planner. These can be roughly the radius may not be known exactly, but rasher only as some
categorized Into classes of rules that tra nsfer values from the description - e.g. a range descriptor, or perhaps a histogram of
Object Graph to STM , rules that build Observa bil ity Graph distribution of expected radii. The side effects of the particular
node structure, rules for deducIng simple shapes, rules for rule which deduces the shap e of the right cIrcular cylinde rs set

‘~ symbolic arithmetIc, rules to calculate relative positions ~f up a goal of multiplying the radius by 2. The backward
objects, and rules about the camera model. Notice that this chai ning mechanIsm is Invoked recursively on this subgoaL
categorization Is In terms of both the actions, and the sIde There are rules which know how to multip ly diff erent
effects, but that the control mechanisms see the rules only In representations of quantities. Currently ther~ Is a rule which can
terms of their actions, multiply simple numbers (by Invoking the LISP multiply

function in Its sIde effects) and a rule which can multIply an
The rules which transfer va lues f rom the Object graph to interval by a number. The premises of these rules control which

STM perform two tasks. Firstly they can greatly Improve one will actually get invoked. The previous example here. is a
efficiency and rule readability , as accessing data in the Object good examp le of the addItivity of’ knowledge that the rule
graph often requires following a long list of pointers. Accessing system gives. As we include more representations for quantities,
the STM is done by an associatIve hashing mechanism. Thus we will not need to go and change all the rules which deal with
having rules refer to STM results in both efficient retrieval quantities, such as the one mentioned above, bus merely add
(with a single complex original retrieval freest the Object graph), new rules which can carry out the primitive operations. such as
and a clear and easy syntax within the rule. Many of these multip lication , which we wish to carry out upon quantities.
simple lookup rules also carry out simple summarizing
operat ions. There are often many ways to represent the same One way to reason al,out spatial relations Is via matrices
g~ometrlc shape in the object graph. This multiplicity is of numbers, and matrix arithmetic. The graphics generator
motivated by a desire to provide a user with a natural and module of ACRONYM takes this approach. It Is successful In
intu itive modeling system. Some of the lookup rules map these carrying out the tasks desired of it because It has embedded in it
representations into named classes, which other rules know how general numerical formulas which hold over the whole range of
to hand le. For Instance both a square cross section and a spatial orientations. In the predictor and planner however we
rectangular cross section with equal width and height might 

~ are dealing with symbolic descriptions af shapes. Often it Is
mapped into a single class SQUARE in STM (and other classes possible to make use of special orientations. and make
too, as there are no uniqueness constra ints ). The classes are deductions whIch hold only for special cases, rather than the
represented In STM as descriptors, and something is a member general case. Thus there are rules which deduce spatial relations
of the class only If ft appears as the context of a triple with that between spec ial named cases. such as the ground plane, a
descriptor, with value T. The intent of the classes Is to vertical plane, the class of horizontal planes. etc. ~y carrying out
summarize the situations of app iicabllty for other rules. spatial manipulations at this level, explicit knowledge about

orientations and positions can be preserved across transforms A
Observabllity Graph nodes can either describe observable strictly numer ical approach wou ld result In this expl icit

shapes, or can be recursively complete Observabili ty Graphs knowledge being lost in an array of numbers, or at best, N m~htFor instance for an airport Observablitty Graph there will be have to be re-extracted by routines which could recognise
nodes which describe the shape ci runways end taxlways and a special cases of numeric arrays
node which Ii the Observability Graph for aircraft. Arcs

- - between these nodes will describe their spatial relations.
Including such facts as runways are connected to taxiways and
aircraft can be found on runways and taxiways. The class of
rules being considered here decides what type of nodes should
be generated, and their premises cause goals to be set up to
calculat, all the relevant details to fill in the node descriptions.
Since nodes can be quantified in a variety of ways (e.g. there are
imen one to three runways in an airport) there are rule to
handle these quantifkallons
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Interpretation We represent the matching process as
T*O - kP , -

The interpreter used thus far is a state of the art graph that is, an Isomorphism of a subgraph of’ volumes obtained
matcher which was described in previous reports. The from the Object Graph with a subgraph of volumes lifted from
interpreter matches the Observability Graph to the Picture the Picture Graph. Let us explaIn. 0 is the Object Graph and
Graph. Semantics of the problem domain are encoded in the P is the Picture Graph. 0 may be a generic or specific object,
Observability Graph. Ordering of the matching process for that is It might represent the class of jet passenger aircraft or a
efficiency is accomplished wish the Observability Graph, also. 747. T Is a transformation from the 3d Object Graph to a

closely related 3d model. I is a 3d Interpretation operatIon which
There are several ways that efficient matching is carried maps from 2d image features, ribbons or edges, to 3d volumes,

out. First , the matching process determined by (he Observability generalized cones. I also maps from surface features obtained
Graph Is tailored to Individual problems. An Observability from stereo to 3d volumes.
Graph is made for the particular objects and viewing condnlons
of each problem. There is no fixed set of operanons which are For example, consider the class of coffer cups. They
performed whether relevant or not . Second, the Observability Include styrofoam conical cups and handmade pottery
Graph encodes a coarse to fine matching. For aircraft , this specimens. They differ greatly In shape, volume and trim; some
means that first wings and fuselage are matched, then smaller have handles, others not; some are cylinders, others distinctly
detail like engines and horizontal stabilizers . These levels of conical; A generic description for this class Is a functional
matching correspond to levels of detail in the Observability description, from the beginning of our work with generalized
Graph. The structure of the Observability Graph reflects levels cones, ‘our guiding principle for dealing with objects has been
of detail In the Object Graph, the main parts of which are form — function. Freillng demonstrated an Interesting program
fuselage and wings. However, Observability Graph structure based on this principle (unpublishedi. Concretely, that means
depends on knowledge about the process of observation. For that if we can d escribe the function, we can describe the
examp le. the smooth intensity gradient along the cur ved edge of relevant form, and use shape to represent classes with enormous
the fuselage may cause problems for most edge operators. In variation. In this example, a coffer cup is a container for fluids
SAR Images, wings and fuselage may not show up. The which is to be held in a human hand. This gives a generic
matchIng process implements this coarse to fine matching specification of the class of cups: it is a container, hence enclosed
structure. We plan to soon Irnpiement an Improvement to except vertically. From a little more knowledge we infer It is
explicitly use the fuselage locations when searching for the open at the top and flat on the bottom, and something about the
wings, and subsequently use these locations to constrain the mare. Ial It is made from. We infer its approximate volume and
search space for the stabilizers and engine pods. We Intend to Its approximate diameter from human measurements of thirst
Incorporate efficient scheduling in a system of rules, and hand size. From a knowledge of fabrication methods we

infer its usual ci rcular cross section, and flat top. In this
We are working to formalize the inter pretat ion . In discussion. 0 Is the class of coffer cups. and T is the

prev ious work , matching has been represented as graph transformation from 0 to the generic description we arrived at,
embedding (Bar row ) That is, consider a gra ph description of a hollow circular cone with diameter approximately specified,
an expected Image of the object, C; then, matching seeks an flat ends, closed bottom , open sop, v ertical orientation, made of
isomo rph lsm of G wi th a subgraph of the feature graph of the one of a few materials. We I’ -‘leve that this Inference capability
picture, what we call the Picture Graph. This representation provides powerful generality at the expense of a moderate
leads to efficient algorithms for matching, but there are several knowledge base. ACRONYM does not have this capability now.
problems with this approach. The first is that feature descriptor
algorithms have serious limitations; e.g.edge finders miss edges. A measure is requIred to compare alternative
The second is more fundamental: objects may be camouflaged, interpietattons. There are many examples in which humans
or have snow or rain on their surfaces. Even more fundamental ignore feasible but unreasonable Interpretations of scenes. We
problems arise when we seek generic object classes, assume that a set of preferred interpretations are used and that

they are In some sense canonical. We assume that the
One approach to dealing with anticipated differences Is to comparison does not involve small differences in a distance

define a distance metric. This approach adds very little measure, but mapr differences in structural descriptions
capability to the ini t ial matching technique, although it adds (Nevatla 1974 , Nevat la and BInford~
considerable comp lication In conceptualIzation and computation.
Distance thresho lds large enough to acco nsodate markings and The interpretation map I includes operators which predIct
configuration differences offer little dIscrImination, obscuration, shadow and IlluminatIon, and the effects of -

perceptual operator s Including missing edges, limited resolution,
One approach to formal Ization will be presented in a and noise. These are all quantifiable and their consistency in

forthcoming memo. Another approach to match ing is the final interpretation can be tested. The advantage of this
generalized Invariance , described here by analogy with formulation over a definition ci a match as a threshoided
generalized translational invariance. Generalized translational distance function Is that weights in the evaluation depend
invariance Is the principle underl ying generalized cones. greatly on object semantics for each element of the match.
Consider two cross sectIons. The guIdIng principle was not Surface markings do not relate to characterizing underlying
equivalence of two cross sections within a distance measure volumes, hence they do not enter into the match evaluation.
under a suitable translation, but instead congruence of the two Inter1 etations will thus be of the form: this is a 747 with the
cross sections under a translation and normalIzIng nose section obscured by a passenger ramp. Th. wing is
transformation, obscured partially by the fuselage and there are markings

Interpretation operators may be top~down or bottom.up.
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ExperIments edge mapper; one invocation to find candidate ribbons for
wings and fuselage (it found the two wings, the fuselage, a

In this section we briefly review som. tasks which have passenger ramp. and a large shed), one to find the rear
already been carried out by ACRONYM. Th. system has 

~~ stabilizers and one to find the engine pods. The last two
yet found an instance of an object In a digitized image given invocations were dIrected by the inferences made as a reisk of
only a high level description of the object class and low level the first.
descriptors of the image. However, that achievement appears
near. All the necessary mechanisms for such a test are w~~ is also underway to transport the line fInding
operational In at least prototype form, and have bent teited programs of Nevada and Babe (1978) to our laboratory. This
IndivIdually or as subsystems smaller than the total added self reliance should allow us much more flexibIlity with
ACRONYM system. As more rules are written for tha predictor our experimental procedures, and also give us the option of
and planner we expect to soon be able to run I complete test. forcin g some goal-dIrection down to the line finding level. Such

a capability should prove useful when the predictor and planner
The High-level Modeler has been used to construct a has an understanding of the process of shadow formation. The

large number of models Examples of output from the Graphics line finder will be able to be directed to search with more global
Generator have been presented In previous workshop papers Information for lines In low contrast areas.
The Modeler and Graphics controller are completely InteractIve,
enabling the user to 1ly around airports or more generally to Other work on stereo. sponsored by ARPA Is proceeding
orient a partially bulk model quickly and easily as one would at our lab. We intend to merge these results into ACRONYM,
orient a phyakai model by hand, to examine any desired detail. In the surface mapping module. Depth Information will give us

surface descriptions to match against, and enabk us to use much
The Predictor and Planner has been run on a specifIc more of the three dimensional information contained in our

model of an aIrcraft and a generic model of an airport. It models.
produced the complete node structure of the Observability
Graphs in both cases, and Included quantifiers in the airport
case, to describe the numbers of allowable numbers of runways Refewncea
and taxiways In * valid airport instance. In separate tests the
Predictor and Planner has deduced the expected shapes ~ R.D. Arn~~ ; Local Context In Matckiusg idges for Stereo
simple generalized cones. Vision”; Proceedings Image Understanding Workshop, Boston.

May 1978.
The Matcher has been tested on a hand coded

Observabllity Graph, matching against a hand coded Picture Sarrow ,H.C., A.P.Ambler, R.M.Burstall; “Souse T.chnipees for
Graph. This test was wed during the debugging phase, and was ogetteti~g r~iciurii g

~ Pl~ij j rsf, InS Cent on Frontiers of
designed to test all modes of operation of the Matcher. Thus the Pattern Recognition, Honolulu, Hawaii, Jan 1971.
particular Observabllity Graph used Is more complex than can
be reasonably be expected to be generated by the PredIctor at~d Brooks, Rodney A. (19793. Coal.Dlrecled Zdge Linking and
Planner, at least until we have had considerably more Ribbon Finding, In these proceedings.
experience.

Brooks, Rodney A., Russell Oreiner and Thomas 0. Binford
tI978aJ. A Model-Based Vision System, Proc ARPA Image
Understanding Workshop, Cambridge, May.. 36-44.

Brooks. Rodney A., Russell Greiner and Thomas 0. Blnford
(1978b), Progress Report on a Model-based Vision System, Proc
ARPA image Understanding Workshop, Carnegie-Mellon,
Nov., 145-151.

Davis, R andall 11976), ApplicatIons if Mete Level Knenkdge to
the Construction, Maintenance end use of Large knenledge
bases, Stanford AIM.2$S.

- 
I.

Davis, Randall, Bruce Buchanan and Edward Shortllffe (19753.
Production Rides as a Representation far a & aowIidge-bas.d
Consultation Prograai, Stanford A 114-266.

Frelling, M~ unpublished, A I Lab, MIT

M arr, D. and H. K. Nishihara (19763. Represensallsn hid
Recognition of the S patio! Orgoniam’ion of Three Dlase,uionaIPIg S. An 1.1011. Slsajbes, hilT AIM-377.

Recent work on the edge mapping module has produced 
Miyamoto, £ikhi and Thomas 0. BInford (19791 DupII~the resists ,~pofled in greene detail elsewhere in thess

proceedings (Brooks (i979D~ Figure S shows the ~~~~ ci Generated by a Generalized Cone R.pves.ntalion, Conference en
simulating the matcher by hand to controi use .~ge snapper Computer Graphics and Image Processing. May~
The ,ibb..,,$ p~~Ji.~aJ are a resist ( three invocations of 

~
‘ Nevatla. R; “Structured Descvlplkns of C.mplex Curved O~eiU
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for Recognition and VISUal M.uiory” Stanford UnIversity
Artificial intelligence Laboratory. Memo AIM .2b0, CS-464
October 1974.

R.Nevatia and T.O.Blnford . “Description and Recognition of
Cso’v.d Objects”; Artificial Intelligence, Vol 8, p 7’?, Feb 1977.

N.vat*a, Ramakant aitd K. Ramesh labu (197$), Linear
Feature Extraction, Proc A RPA Image Understanding
Workshop, Carnegte..MetIon, Nov.. 7S.7$

Thomas, A. J. and T. 0. Blnford (1974 3. information Processing
Analysis of Visual Perception: A Reslew , Stanford A1M-227.
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DESCRIBING NATURAL TEXTURES*

Ram Nevatia
Keith E. Price

Felicia Vilnrotter

Image Processing Institute
Univer s i ty  of Southern Cali fo rn ia

Los Angeles, California 90007

ABSTWCF The werk in what can be called structural
texture description has been more limited (5—7 3 .

There have been many different aWroaches Maleson (5) used susple reg ions as the basic
to texture description, primarily statistical elements and used relations between reg ions and
techniques although there has been some werk On shape properties of the region in his analysis.
Structhral texture analysis all along - We Temura et al. (61 tried to develop a set of
present here a technique which can be used to operators which weuld rate textures on several
easily derive parts of the structural scales, comparable to their ratings by hsonan
description - the regu].arity information in subjects. The proposal s of Narr (73 for texture
particular . Some limits on this method and its analysis based on the pt imal sketch are similar
use in an overal l texture description system are to some of the analysis which we per font.
discussed .

ANALYSIS OF TEX’IURE

INTRU.CTIC$1 One of the most striking patterns seen in
aerial images of a certain scale is the regular

Many t imes, ar eas of an image are best Street or housing pattern of many cities (see
characterized by their texture rather than Fig - 1) - The appearance of this regularity is
purely intensity information . Texture is most its most distinguishing characteristic , and
easily described as the pattern of the spatial because the pattern is so clear in the image it
arra ngement of different intensities (or should be easy to extract. An obvious method to
colors) - The different textures in an Image are extract this regular pattern is the use of a
usually very apparent to a hunan observer , but 2—d imensional discrete Fourier transform . We
automatic description of these patterns has computed this for var ious s~~ vindows fr om the
proved to be very ccn~ lex . We are concerned image in Fig . 1 and other images ( msbvindows are
with a description of the texture which given in Fig. 2 ) .  In the Fourier transform
corresponds, in some sense, to a description resul ts shown in Fig . 3 there is s~se indicationproduced by a person looking at the image . of the regular structure in the urban area

windows, but it is not as apparent (visually) as
Many statistical textural measures have it is in the Image. Other attempts to derive

been pro posed in the past [1—4) , therefore one much of the structur al informat ion fruit the
can use some of their results indicati ng what Fourier transform were only partially successful
measures may be useful . Nsong the statistical (4 ) , so we fel t other methods should be
measures which have been discussed, and used , attempted .
are analysis of the discrete Fourier transform
to find indications of the structure (43, The individual textural elements could be
analysis of generalized gray—level co—occurence located and analysed (53 , but the siirçle regions
matrices (1), and analysis of the edges (or seem to be unreliable when the textural elements
micro-edges) In a subwindow (3) . We are not are very email , which is the case In the urban
int.er~sted in find ing one texture measure which areas. Amother option is to analyze an edge
will distinguish between all regions (this is image to f ind the structure. The patterns in
the ultimate, but extremely difficult problem) the or iginal Image will cause related pattern s
but irs finding a texture measure to use in to appear in the edge image, and those patterns
conjunction with many other features of the should be more consistent arid easier to analyze
region (93 . than the original Image data .

To study textures which are c~~~osed of
___________ muall basic elements, a email window size edge
•Th is research wes su~ x rted by the ~~vaixnd detec tor must be used . We are interested in the

- Maaearch Projects Agency of the Department of edges between adjacent textural elements and sot - -
Defense and wes scmitctred by the eight Patterson so much in edges between adjacent textural
Air Force Base under Q~ntract F-33615-76-C-1203, patterns. The edge operator which we use has
ARPA onder pb. 3119. been used successfully for other types of
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analys is (81 . The operator is appl ied over a is indicated by 10 and no edge/edge by 01.
3 x 3 wir~~~ and generates an edge magnitude and Finally 00 means no edges at either point . The
direction (1 of 8 directions) . The direction is 10 and 01 ~~~binationa mean the smee thing in
defined so that the brighter side is to the terme of the image and thus are cembth ed. The
right when facing in the direction of the edge. most laçor tant nusbera are the ii totals. The
Figure 4 shows the resul t of applying this absolute magnitude is not very meaningful since
operator to each of the s~~~indows in Fig . 2. this depends on the total rs~~er of edges arid on
The edge data must be fur ther processed before the spacing being used (within a given image
it is in a form useable in texture analysis. there are more opportunities for a co-occurrence
Since an edge in the Image appears as a broad edges with a email spacing than a large spacing)
peak in the edge detector output (the width in in addition to the actual frequency of
this case is two for a perfect step edge) , the occurrence of il’s. O~e good way to normalize
edges must be thinned. For the experiments here the nusbers seems to be to use the total of 10,
a alisple non-maximal suppression was appl ied in 01, arid 11 • This gives the proportion of
2 directions (horizontal arid vertical) , but a potential edges for co—occurrence that actually
more eoç&tisticatad suppression which considers co—occur . We c~~~uted these values for 4
the directions of the edge elements could also directions and spacings fron 2 to 32 (at 45° and
be appl ied [8). 135° a spacing of 2 is plotted at a distance of

2/2). Suite of these results are given In
The supçcessed edge Images retain the Pig. 7.

regularity of the initial Image, but now the
regular ity is in the spacing of edge elements There are several ways to c~~~are edges at
not texture elements. A Fourier transform two points , with different features indicated by
~ tplied to this binary edge image would indicate the different caspaz iaon methods. Using all
the repetitive ‘tatur e of the binary Image , but edges for every direction presents severe
is obscured by the degeneracies introduced by problems in the analysis of the output since
the binary nature of the input . Generalized long lines running In the smite direction as the
gray level co-occurrence calpitations 11) have co—occurrence ca~~itation will be included along
been stud ied for texture analysis, and were with lines runn ing perpendicular to the
intended to Indicate sizes of textural elements direction. (T~~ira et al. (61 used this
irwolved in the pattern. These can be applied feature to determine linear patterns In their
~~ e easily to a binary image than a general texture experiments.) Bet, the edge element
intensity Image to indicate the spacing of directions are available and can be uaed to
edges. separate these two different patterns. The

first step is to consider only those edge
E~Z CO-OCCURE~~CE ANALYSIS elements perpendicular to the direction of

search, that is in the cc~~~tation of
General ized gray level co-occurrence matrix co-occurrences in a horizontal direction only

analysis is a basis for much of the statistical vertical edges are considered . There are an
texture analysis. Basical ly, a set of matr ices almost unlimited nunber of variat ions on this
are c~~~~ted for a portion of the Image one for basic restr iction which can either be der ived
each selected spacing aid angle. The entry in fruit other variations or c~~~uted in a amaser
the matr ix at row I and co1i~~ .1 is incremented similar to the sisple cases. The variations
each time the first Image point has the value I include: allow seme fr eedem in the edge
and the point at the given spacing arid direction direction (45° either way) , accept only perfect
has the value J. Usually the Image values are matches (up arid up, down and down) , accept only
pertitlesed Into a mal l set of values (8 rather opposites (up and down, not up and 14), aidthan 256), so that it is even possible to allow seme freedcass in the direction of the last
c~~~~te the initial matrix . Also the two. The diferent cunbinations will all produce
c~~~ tation is applied for many spacings results with different information, so that
(1,2,3,8, etc.) and several directions several different ones can be c~~~ated .
(O°,45°,90°,stc.) as shown in Fig. 6. Because
of the large ns~~ er of large matrices that are DISCUSSICN
generated by this method various measures are
c~~~ated on the matr ix ‘values, and None of this analysis would be worthwhile
cl ifleaticn is performed using these measures if it did not make the job of describing regular
(11. The ~. o n  aid useful measures do not textures any easier . The highly regular
to C~~ttKe the lagortant future In the edge patterns of the San Francisco urban area (the
Imagist the regular specing of edge elements, tC~ row of Figs. 2—5 arid Fig. 7a, 7b) aid raffia

• but this is available In the co-occurrence (the bottem row and Pig. 7c, 7d) produce strong
matrix itself. periodic patterns in the plot of the

co-occurrence measure. A high value In the
Wean binary edge Images are used ~~ graphed measure indicates that edges frequently

co-occurrence analysis, many slsplicaticns in occur at that particular spacing. This spacing
the ~~~ rtaticn can be aide. * will use a 1 to Information can be used to determine the size
indicate an edge at a given point , -J ii to aid specing of the textural .laents , aid the
indicate edges occurring at both the first point overall strength of the peak cart be used to
arid the eecnd point which is at s~~ distance determine how regular the pattern is.
aid angle frem the first. The edge/so edge pair
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The spacing of pairs of textural elements (X2CLLEIO.~is given by the peak to peak spacing using the
~~ e~~e which matches edges only in the exact General texture analysis is a very
sane direction (as in Fig . 7a,c). The size of difficult problem, but this analysis of edge
individoa.l elements is beet given by the measure Images appears to be an effective method to
which ailces only edges in the opposite extract many Isportant structural features fron
direction (as in Fig. 7b,d) . fl* solid line in the textural patterns. Coe major unanswered
the graph indicates the size of dark objects and ~~eBtion is whether or not all of the
the dotted line the size bright objects. The information derived by the hucan user can be
size is fron the first major peak, the reliably derived by a progran . We are still
succeed ing peaks are caused by the repeated working on the autczeatic extraction of this
pattern. By corçaring the results fron the 4 information frow the data which is produced by
directions, the orientation of the texture can this textural analysis method . —

be predicted. Since patterns usually do not
line t~~~ with one of the 4 directions there will ~ 7~~~CFS
be aose contribution to 2 of the directions.
then these directions are 450 apart the dusinant
direction is probably between them (as in San 1. R.M. Haralick, K. ~ tamnugan, and
Francisco, Pig. 7a,b). Bet when they are 900 I. Dinstein , “Textural Features for Image
apart there should be a regular pattern in two Classification ,” IEEE Trans SIC—3, 1973 ,
directions (as in Raffia, Fig. 7c,d). ‘ibis, pp. 660—621.
fr on the data we can say that the San Francisco
ettiwindow has a regular pattern of bright ~~~ 2. .7. Weszka , A. Nosenfeld , “A C~~~~rati ve
dark region, oriented in one direction , near Study of Texture Pleasures for Terrain
45°, with the br ight reg ions being larger (width Classification,” IEEE Trans SIC-6, ~~ril, 1976.
about 10 pixels) than the dark ones (width about
4) • Note that the size of the blocks in the 3. A. Besenfeld and Kak , Digital Picture
other directicw is near the size limit of ~~~ Process .ng , ~~adenic Press: New York, 1976.
co-occurrence c~~~ tation aid also that very few
of the edges at the ends of the blocks are 4. K. BajCsy, “Cooputer Identification of
detected . Visual Surfaces,” C~~~ater Grapbics and ~~~~Processing-2, Oct . 1973, pp. 118-130. —

The irregular textural patterns (e.g. the
s~~urban areas of the second row of Fig . 4, ar id 5. .7.T. Maleson, “(Siderstand ing Texture in
the grass arid said of the third row, first ~~~ Natural Images ” Usiversity of Nochester , Ph.D.
second windowa) do not produce the sane clearly ~~~~~~ to a ear .
periodic patterns of raffia as shown by
rig. Ba,b ( for grass at-ri swhur~an 6. H. Ta*i~a, S. Plori, T. Yanaweki, “Textural
respectively). Bet it is possible to derive Features Corresponding to Visual Perception,”
certain useful features fr em these results, IEEE Trans SIC 8, JLn~~, 1978, pp. 460—473.
pr imar ily that of the size of the textur al
elements. The strong peak near 3 for grass arid 7. D. Mar r , “Early Processing of Visual
4 cc 6 for saburban Indicates a deminant size Intot~~tiom,” Al-*-340, ArtificIal Intelligence
for textural e1~~~ tts (in the case of s~~urban Laboratory, Mrr , Canbridge , ML 1975.
probably 2 different sizes) . The graphs
indicate that the grass has thin dark aid bright 8. 5. Nevatia, and K. K. Babu, “Linear Feature
tsstixai elements, prademinately vertical aid to Eatraction aid Description,” at*znitted for
a lesser extent, horizontal . Th. suburban area pA licatlon to LJCAI-79.

• has only br ight regions e~~~idtat larger. These
descriptions stil l l..’v. open the question of 9. 5. NitV~tix, aid K. Price, “Locating
whether the texturall elements are long and thin Strustures in Aerial - Images,” Proc. of 4th
or email ad romed. Th. lack of a m~ staitial Intl. Joint O~nf. on Pattern Racognition ,
peak in the 45° cc 135° direction for grass Kyoto, Jap an, Nov. 1978, pp. 686—90.
indicates that it i. probably long aid thin and
the ali, tho.gh rsidily apparent peak in ~~ 10 • P. Bcodatz , Textures, Mew York, tover,
gr~ *ts for the siturben wthdoue indicates that l~~~.
the regions are probably mesh and rowid or more
lihely ,r.ctaigul ). 11. R.Nevatia, K.E . Price, arid F. Vilnrotter,

~0escr thing ibtural Textures,” USCIPI Raport
This is sot a c~~ lete description of the 660, Usiversity of Southern California, Los

• textures, but erves as a good initial Angeles, Ca., llerch 1979.
description of the patterns. There are still
other 1~~~rtant featur es of the textures which
are not derived by this asthod , but could be
~~~ rtsd by other techeiques. This procedure
has ~~~ ~~ hid on ~~~ other irregular aid
nencegialar , patterns with nasirits similar to
those for the wUidoisi in rig. 2 (liJ . 
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BLOB EXTRACTION BY RELAXATION

Azriel Rosenfeld
Alan Danker

Charles R. Dyer

Computer Science Center
Universi ty of Ma ry land
College Park , MD 20742

Relaxa tion [1,2) has been used to improve
ABSTRACT the results of both thresholding (3) and edge

detection (4 ,5). To apply relaxation to thre e—
A blob is a compact region lighter (or darker) holding, we inf tiahly assign “light” and “dark”
than its background 2 surrounded by a smoothly probabilities to the image points based on their
curved edge. Relaxation can be used to enhance gray levels. We then iteratively adjust these
the blob ’s interior, i.e., initial “light” and probabilities at each point based on the proba—
“dark” “probabilities” can be made less anbi— bilities at the neighboring points , i.e., light

; guous. Similarly, it can be used to enhance the reinforces light and dark dark. This has the
blob ’s edge, i.e. , initial (oriented ) “edge” and effect of shifting the probabilities initiall y
“no edge” probabilities can be disambiguated. assigned to noise points so as to make them
This paper uses two cooperating relaxation pro— more consisten t with their surroundings . Even—
ceases to imp rove both sets of probabil it ies by rually. the ligh t probabilities at all points
allowing then to interact with each other as of a light region should become uniformly high,
well as with themselves; for example, “light” and vice versa , so that thresholding becomes
and “edge” mutually reinforce if the light point - easy, and should produce non—noisy results.
is on the light side of the edge . Results ob— Note, however, that the process say still extract
tam ed in this way are better than the results regions that are not bounded by edges.
obtained using either relaxation process alone.

To app ly relaxation to edge detection , we
initially assign “edge” and “no edge” probabili-
ties to each image point (or , alte rnatively , to

INTRODUCTION each adjacent pair of points) based on the relative
values of the gray level differences in various

Segmentation of objects frog their back— directions around the point. We then iteratively
ground is basic to many image unders tanding teaks . adjust these probabilities based on the probsbil—
This pape r deals with the relatively simple case ities at neighboring points: no edge reinforces
in which the object is a “blob” . i .e . ,  a compact no edge; edge reinforces edge if they smoothly
region, generally lighter (or darker) than its continue one another , and rei nforces no edge (and
background, surrounded by a smooth edge. It vice versa) if they are alongside one anothe r.

2 - points out how even this case cannot always be This has the effect of strengthening the appro —
handled by elementary segmentation methods , and priate edge probabilities at points that lie
describes a compound relaxation process that along smooth edges , and st rengthening the no
makes use of both light/dark probabilities and edge probability elsewhera , so that edge detec—
edge/no edge probabilities to discriminate blobs tion should yield less noisy results.
fro. their background.

As we shall see in this paper , f ur ther La-
In principle , blobs can be extracted by three— provement in the quality of the results is ob—

holdi ng the image at an appropriate level. How— tam ed if we use both the light/dark and edge/no
- • - ever, if the image is noisy , thresho lding will edge relaxation processes , and also allow them to

produce noisy results which may or may not be re— interact with each other . For example , “l ight ”
pairab le by postpr oce.sing. Moreover , thres— and “edge” at a pair of neighboring points rein—
holding may extract regions that are not bounded force one another if the light point is on the
by edges, but are smooth continuations of the light side of the edge point , but they weaken
background, if the grey level fluctuations in one another if it is on the dark side. The
the background happen to cross the threshold details of this joint probability adjus tment pro—
level.’ cess will be given in the next section.

Edge detection is somet imes useful in object The joint (ltgh t/da r k~~.dge/no edge) relaxa—
extraction. Ncr. again, however , there may be tion process can be regarded as asking use of
many edge detecto r res ponses in the interio r of conver gent evidence in (probabilistic) segments—
th. obj ect or background du. to noise , and there tion. Cray level and edge value are used jointly
may fail to be sufficiently strong responses on for segmentation in the (nonprobab ilistic) “Super—
the object/backgroond border due to blur . slice” scheme (6—83, among others. In this scheme

p

me.. -_- —-— — — — - — - -- - - -
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a set of thresholds is applied to the image; for in which these classes lie, ar. described in [33.
each of these, the connected components of above—
threshold points are extracted; and we call a Figure 1 shows another FLIR image of a blob
component an “object” if there are many local , and the results of applying sight it.rations of
maxima of edge strength around its border. Thus the light/dark relaxation process to it. We s.c
Superslice first makes two independen t decisions that the contrast between the blob and its back—
based on gray level (thresholding) and edge ground has been greatly enhanced, but that some
strength (selection of maxima), ~nd then checks of the light pitches and spots in th. background,
them against each other; when they agree, we say which do not seen to be bloblik. U..., they lack
that an object has been detected. The joint re— good edges) have also been somewha t enhanced. We
laxation process described in this paper , on the shall next see what happens when the edge r.laxs—
other hand , never makes decisions; it estimates tion process , and then the joint process , are
probabilities based on the gray levels and edge applied to Figure 1.
strengths, and then iteratively adjusts these
probabilities so that both types of inf ormation EDG E RELAXATION
are able to interact. This process thus combines
the convergent evidence princip le with the prin— Let e~(iml.. ..,8) be a measure of the gray
ciple of deferred commitmen t. As Narr has pointed level difference at point P in direction 45i’.
out, both of these princip les ar e very desirab le (In the experiments described below, we used the
characteristics of an image understanding system . set of masks

LIGHT/DARK RELAXATION —l 0 1 0 1 1 1 1 1
—l P 1 —l P 1 0 P 0

Let g be the gray level of point P. end — l o 1 , —l —l o , —l —1 —1 ~~~let b,w be the lowest and highest gray levels
in the shape so that b S g 5 w for all P. We to compute the e ’s.) Let E the largest e
take p s ~~~~~~ as the estimate of the probability value at any point of the image, and let bsw v-b

•~~~ 0
that P is white , and p s —u as the probability the largest value at the point P. We takeb v—b
that P is black. p, s e.~,/E as an estimate of the edge probability

at 1’, and p u i—p as an estimate of the no edge
The compatibilities between the black and probability 

n

white probabilities at adjacent points can be Mor eover, we take p~ s (ei/s)pe,
est imated by p~p~/p~p~, where i,j — b or w. Hera where a — Z p~ . as an estimate of the probability

and are the average probabilities of colors of an edge in direction 45i at P, thus Z
i and j, while is the average of the i—i

The pairvise compatibilities among p ,...,product of these probabilities taken over all
pairs of adjacent points. These compatibilities ~8~

I
~n 

are estimated using rati s of averag~ pro-

can then be used as coefficients in the relaxation babilities , as in the preceding section, and these
process descr ibed in (9]. (Alternatively, their are used as coefficients in the relaxation process
logs, suitably resealed, can be used as cosffi— of (9].
cian ts in the process described in (1]; the re-
sults obtained are essentially the same (3],) Figure 2 shows the initial p, values for

Figure 4 of (10] showed the results of the same image as in Figure 1, rescaled as gray
levels (i.e., g — b+p,(v—b)), and eight itera tionseight iterations of the relaxation process just

described, applied to a FLIR image of a tank. In of th, edge relaxation process applied to these
these figures , the probabilities have been redis— initial values. We see that the edges of the blob
played as gray levels, i.e., g • b + 

~~~~~~~ 
— are significantly enhanced , but some edges also

beg in to come out of the background.w — Pb (i
~
b). The histogram gradually turns into

a pair of spikes at opposite ends of the gray— JOINT (LIGHT /DARI)/ (EDGE/NO EDGE) RELAXATION
scale, and the resulting discrimination between
tank and background (it is not a segmentation, Suppose now that we define compatibilities
since we have not actually thresholded) is quite between 

~b’~w 
and •~~5iP in the same manner

good. as in the previous two sections. Given the two

It should be pointed out that in this simple initial sets of probabilities for each point, we
can then compute adjusted probabilties ; but wescheme, if .ost of the points in the tank and the normalize each of the two sets separately , i.e.,background had gray levels in the sane half of at each iteration we divide the new estimatesthe grayscale , the relaxation process would have

driven them both to the same end of the gray— p~ and p,~ by P~,+P’. and the new estimates
scale. More general gray l.vel relaxation pro- ~~~~~~~~~~ by Pj+...+p~+P~.
ceases which do not require that there be only
two classes (“light ” and “dark”), and do not The results of doing this for the image used - -
depend for their success on restricting the ranges in Figure. 1—2 are shown in Figure 3. This con— I -
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sists of pairs of images, in one of which p,, is center of curvature have higher probability of
being inside. These probabilities can then re-displayed as a gray level, and in the other 

~e
’ inforce one another , i.e., inside reinforces

We see that the use of the joint process has in— inside and outside reinforces outside for a
hibited the growth of edges in the background neighboring pair of points , to the extent that
(compare Figures 2 and 3). However, it has not they are not separated by an edge. Initially,
entirely inhibited the emergence of white patches , the probabilities at a given point of the blob
not bounded by edges, from the background . This border will depend on whether the border is con—
is because (understandablyU the no-edge probabil— vex or concave at that point ; but eventually the
ity has no inhibitory effect on either the light interior of the blob should be uniformly labeled
or dark probability. “inside”, and the exterior “outside”, with high

probability. Note that this method can also be
Improved results are obtained if we tnt— used to label the interior of a closed curve ,

tialize 
~b 

and 
~w 

differen tly , so that p,, even if it does not differ in gray level from
the exterior. Processes of this type might beis initially high only adjacent to edges on~ their used to model figure—ground ambiguity (the Rubinlight sides . (The idea that the human visu~l

system “colors in” regions based on the grays vase). Similarly, processes involving lightl
dark labels might be used to model pseudoedgeslevels adjacent to their edges is well known~to (the Craik—O ’Brien—Coru sveet phenomenon) endperception psychologists.) Specifically, fo r!, virtual edges.each of the masks shown in the preceding sect ton ,

we add the difference value e~ to the pointn An interesting possible extension would be to
marked by l’s. This is done for every mask in use a (light/dark)/(edge/no edge) relaxation
every po;ition. The result is an array of “bor— process at several different resolutions (e.g.,
derness” values which are high on the light sides at each level of a “pyramid”), and allow the
of cages and low elsewhere , levels to interact. Note that blobs look like

(local) spots at the appropriate level , so that
We can now initialize 

~b 
and p based imeediate interaction between the blob interiorw and the edges on all sides of it becomes possible;on a combination of the gray level and the border— in the process described in this paper , on theness value at each point. Let B be the maximum oth er hand , a considerable number of ite r ation sbordernesa value in the image , let P be the is required in order for the parts of a large3/B. Let p* ~value at point F, and let — v blob to reinforce one another. Thus extending

6~~ +(l—a)~~. where 0 ~ a 5 1, and let s l—p . blob—detection relaxation to a pyramid represen— 
- 

-

tation would permi t fast interactions among allThe results obtained when we use the initial
values pA and pA , rather than p and ~ 

, parts of the blob; this is an example of the
w b w b speed advantage of a pyramid cellular processor

for a • .25 and .5, are shown in Figures 4—5 , over an ordinary cellular arru. Similar remarks
respectively. (Results for the light/dark pro— apply to the inside/outside labelling process.
cess alone uaing these initial values are shown
in Figures 4’ —5’ .) The c o ef f i c i e n t s  are the sane The pyramid extension , which is currently
as those used earlier; only the initial values being explored , also provides some other possible
are different. We see that there is good in— benefits. A compact blob maps into a spot at
provemen t over the results in Figure 3, as Some level of the pyramid, while an elongated
rega rds inhibiting the emergence of light patches (but relatively straight) blob maps into a line
from the backg round, segment. By suitably designing the in terlevel

interactions , one could bias the process to pre-
fer elongated blobs over compact ones, or vice
versa . This would provide an interesting basis

POSSIBLE EXTENSIONS for using primitive types of shape information
from the very beginning of the segmentation pro—

This paper has illustrated the advantages of case , rather than performing general—purpose
allowing interactions between relaxation pro— segmentation and then rejecting regions that have
cesses. This approach can be regarded as using the wrong type of shape. Conceivably , multi—
convergent evidence at the probabilistic or fuzzy level interactions in a pyramid may also provide
level , prior to making any commitment to a firm a basis for (fuzzy) hierarchical representation
decision. of complex shapes, but it is not yet clear how to

do thia . Some other mechanism than a pyramid
An alternative idea , currently under inves— would certainly be necessary for representing

tigation , is to use “inside ” and “outside” labels the shapes of curves.
in addition to the “light” and “dark” labels.
Initially , most points would have equal probabi l— Interactions among relaxation processes may
ity of being inside or outside (assrmin g we do also be useful in processing multiple images,
not know whether the blobs are light and the back— e.g., in detecting objects in atsopairs or in
ground dark or vice versa), except that points time sequences of images. This would involve
adjacent to an edge on the side away from the iterative estimation of disparity or velocity
center of curvature have higher probability of at each point concurrently with the estimation
being outside, while those on the side toward the of lightness/darkness and edgeness. Some work

- —--
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on the time sequence applications is currently in
progress, and will be reported elsewhere.
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Figure 4. Same as Figure 3, but using initial Figure 4’. Same as Figure 4, for the light/dark
values based .25 on gray level and process only .
.75 on “borderness” ( see text) .
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_ _ _ _ _ _ _ _ _ _ _  
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Figure 5. Same, but using ( . 5 , .5)  initial Figure 5’ . Same as Figure 5, for the light/dark
values, process.

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -

~~~~~~~~~~~~~~ ~~~~~~~~~~~ -
. 

--



66

KNOWLEDGE—BA SED DETECTION AND CL A SSIFICATION OF VEHICL ES AND OTHE R OBJECTS IN AERIAL ROAD IMAGES

Geral d J. Agin

SRI International
Men lo Park, California 914025

ABSTRACT The data base contains information about some
l imited geographical area of interest. As a
min imum , it  should have the locations of known

We describe a set of techniques for roads in the area. Other relevant information
identifying and classifying vehicles in aerial could include (but not be limited to):
images of road scenes . The approach Is knowledge-
based and draws on three sources of knowledge : • Road width
generic knowledge about the domain , a data base
containing information specific to the site , and ~ Brightness profiles across the road
data associated with the image Itself.
Understanding shadows is crucial to successful ~ Terra in info rmation
scene understand ing in this domain, and we present
three techniques for dealing with them. After a ~ Bu ildings , railroads , and other cultural
correlation road tracker locates a road and fea tures
identifies visual anomalies, the anomalies are
examined by a set of expert subroutines that seek ~ Inter sections , overpas ses , and access roads
to establish if the anomaly is the image of a
vehicle (plus its shadow ) or of something else. ~ Signs and permanent road markings
Vehicles may be separated into types accordi ng to
their dimensions. ~ Previous photo coverage of the area, in

digital form.

I INTR ODUCTION

- - z’_ ,
One of the overall goals of the SRI Image ,.~ ‘ ‘ ‘~~

‘

4 1 Understanding project Is to explore the ways • W’ , - ..

knowledge can be used on prob lems of Interpreting ...4~~
’ /  ‘ “ ‘

aer ial imagery (1]. It has been demonstrated 
-
~ Irepeatedly that the more knowledge is availa bl e and -

~~~~

used in artificia l intelligence programs, the 
- - 

‘ Il .* •~
‘ ‘ ‘

better the results tend to be. The ideal system
Should be flexible enough to use the info rmation .•, ~~

‘

• that It has, but also to be able to function , - - . 
-

albeit with somewhat reduced capabilities, if some
of the information is not available. 

~

‘ ‘ 

—
This paper describes an approach to finding 

--

and Ident ifying vehicles in aerial images , using • - - -

diverse sources of knowledge. The following - -

traffic— .onttoring scenario provides a domain for ‘ ‘ - - ‘~~~~ ‘
this work: Give n a digi tal aerial image and a data - •~~ 

—

base, the problem is to deteot vehicles on the road - .
and tO classify them as to vehicle type . The image .\ 

~~~~should have sufficient spatial resolution to allow
recognition (about one root per pixel , ain laum) .
F tgw 1 shows a typical image of’ an area
containing a freeway interchange. Figure 1 An Aerial Road Image

4

I,  
-

~~ 
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* calibration procedure (2 ) establIshes and painted road ma rkings are located. All the
correspondence between image coordinates and foregoing can be used to make sense out of a road
geographic coordinates , allowing us to convert scene.
quickly back and forth between coordinates In the
data base and pixel locations in the image. A road The data base is a useful source of
tracker (3) uses the road location predicted by information. Its principal use is to predict the
the data base to trace the road centerline and approximate road centerline so that the road
boundaries by correlati ng successive profiles tracking subroutines can operate . But other kinds
perpendicular to the road direction . Areas where of information can be brought into play . Terra in
the Image disagrees with the expected road profile infor mation can be used to refine position
are identified as “anomalies.” Theee areas are estimates when the viewing angle is not vertical,
passed to the classification routines for furthe r and to predict shadows better if the ground s~cpes.
scrutiny . Classifying shadows of objects off the road is very - -

much simplified when it is known what objects are
Many d i f ferent conditions could give rise to likely to cast shadows. Ambiguous anomalies in the

an anomaly . Vehicles usually show up this way, but image can sometimes be distinguished if a picture
so do the shadows of objects off the road (trees , can be compared with a previous one or , better yet ,
buildings, signs, utility poles), overhanging if the data base stat es what anomalies were found
trees , painted markings on the road, and changes or in previous images and how they were classified.
irregularities in the road surface (such as tar Intelligence reports and expected traf tic
patches). There are also some less usua l conditions can help the program decide what to look
situations with which a practical system ought to for or what strategies to use.
dea l , such as road cons truction , floods , bomb
craters, smoke , and dust clouds. The classifier The greatest single source of data is the
must first decide if the anomaly arises from a image itself. It is easy to overlook some
vehicle or from some other cause. Only then can it information that is associated with the image but
proceed to classify the vehicle type . may not be in the actua l raster. For example , it

is usually possib le to ascertain (at least
Although the scenario assumes some rather approximately) the altitude , position, and heading

specific resources and goals , the knowledg e—based of the aircraft from which the image was taken.
approach we have developed for vehicle Scaling parameters , view angles , and compass
classification is generally applicable to a wide headings can be derived by calibration , if the
range of object—recognition tasks in cartography time and date the picture was taken are known , the
and photo—interpretation, sun position can be calculated, but even without

these data the sun position usually can be
estimated f rom shadows. - -

In short , detection and classification of
II SOURCES OF INFORMATION vehicles is not based solely on what is in the

4 image. In the following sections, we deta il some
of the ways we use the available information.

A wide variety of information can be helpful
for detecting and classifying vehicles. We can
identity three kinds of knowledge relevant to this
problem: knowledge about the problem d omain
( generic knowledge ), knowledge about the site (the III USE OF THE CORRELATION ROAD TRACKER
data base), and knowledge about a particular place
and t ime ( information associated with the image).

We depend on the correlation road tracker
Generic knowledg, includes information that designed by Quasi (3) to isolate anomalies in

can be deduced from functiona l descriptions . A Images or roads. These are regions where attention
road is a narrow, linear region upon which vehicles should be focused.
may travel. The road is usually continuous in the
image——it it appears discontinuous it may be that The road tracker is based on the assumption

• there are obstructions , or there may be shadows or tha t variations in road surface materials ,
diacolorations on the road surface. Roads have centerlines , and int ralane wear patterns correspond
minima l variation in the direction of trave l but linearly to the road itself. Vehicles and other
may hav, considerable variation in the anomalies , however , stand out as being quite
perpendicular direction , because of the differ ent differe nt fro m the pattern of the road . Detecting
oospoeitions of road bed , shoulders , and an these anomalies is important to the operation of
expected pattern of oil atai ns in the center of the road tracker. Where substantial disagreement 

- 
-

- ‘ each lame. We have some idea of the expected occurs between successive profiles , the
shapes of vehicles viewed f r au different angles , correspondi ng pixels are marked as anomalies, so
and an expectation tha t they probably will be that these points can be eliminated from the
aligned parallel to the road direction. Our correlation calculations. If the anomalies were
illumination models take Into account the physics not so masked, they would perturb the location of
and geometry of shadows , and we can sometimes use the correlation peak and introduce errors.
shadows to make inferences about objects. We know
the usual places bhere road signs, utility poles ,

-~~ ~~~~~~~~~~~~~~~~~ 
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Figu re 2a shows a representative excerpt from
the area covered by the image of Figure 1. The
road tracker is initiated by specifying a single
profile approximatel y perpendicular to the road
direction and centered on it . This initial
baseline is selected manually now , but facilities
exist for using the data base to draw the baseline
automatically.

The road tracker prod uces several forms of
output. As indicated by Quas (3], the progr am can L

produce a point list describing the track of the
road center , and a binary image of all points in
the road that are anomalous. But for vehicle
identification , another form of output has been
added. The road reflectance model may be
subtracted from each pixel considered , resulting in
a difference image that has the road profile
subtracted out. Figure 2b shows the baseline, the
road center , and anomalies detected . Figure 2c
shows the difference image. Figure 2a Road Scene

The grey—scale difference image may be
converted to a binary anomaly image by
threaholding . Although we now use a threshold
identical to the one used by the road tracker to
produce the anomaly image , the th reshold value
could be adjusted as a funct ion of various
considerations, such as success or failure of a
previous analysis.

In the difference image , shadows tend to have
a relatively uniform intensity,  even though the
road reflectance profile varies considerably. If
we adopt the simplifying assumptions that any
object casting a shadow may be approximated by a
half plane of inf ini te  extent that hides all but a
fixed proportion of the sky , and neglect reflected
illumination from nearby objects, then the rat io of
intensities across the shadow edge should not
depend on the reflectivity of the underlying
surface. W hen the original image is digitized on a
logarithmic brightness scale, this constant ratio
become; a constant Intensity in the difference Figure 2b Baseline , Centerline , and Anomal ies
image. Because the assumptions are approx imate at
best , the constant—diffe re nce test is almost never
exact. Nonetheless , by subtract ing the road

that demonstrate these peculiarities. Both kinds

p rof ile from the image, we can expect the intensity
of shadows to be more un iform in the difference
image than in the original one.

On the other hand , when anomalies are caused
by vehicles , subtracting the road profile will
cause its inverse to be superimposed on the
anomaly. Figures 3a and b show an original image
and a difference Image (from another road site)

of image are useful in classifying anomalies.
I —

As the road tracker proceeds, It constantly
keeps track of the average correlation between
successive road profiles at their opti*aa
locations. This correlation value, a useful
estimate of noise In the picture , is made available
to succeeding classification stages. Figure 20 Difference Image

-
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It should be possible in principle to automate this
procedure , for example by using the using the data

~~~~~~~~~~~~~~~~~~~~~ 

base to predict or find known shadows.
Alterna tively , it seems likely that a formula can
be derive d that will give the expected distribution

- - - -~ based on calibration of photometry .
- - 

In situations in which the correlation road
- - tracker is not applicable , shadows located by the

- - brightness model might indicate areas of the
picture that deserve scrutiny.

•4Figure 3a Figure 3b :-

Original Image Difference Image —:

:1: - fr~IV SHADOW S -

An understanding of shadows is crucial to
•aking sense out of high—r esolution aerial images. • -

The scene is always out—of—doors, and Is usually
illuminated by direct sunlight because
pbotoreconnaissance missions are flown mainly in
clear weather during the day. Sunlight produces
deep , dark shadows. Freq uently ~hadows are the
most prominent visual feature of an image.

— Figure ~ Vehicle with  Shadow
For vehicle classification , many of the

anomalies the classifier is cal led on to consider
are only the shadows of objects off the road , suc h
as trees , signs, or utility poles. All vehicles ‘, ,
cast shadows , and , w~leas the bounda ry betwe en the *“~ •~~~~~ -

vehicle and its shadow can be determined, .-r~ -
claasifioation on the basis of shape is ho~elesa. 

- -

Furthermore the existence or nonezistence of a
shadow can aid in deciding whether or not a given
anomaly is a vehicle. The size and shape of the .

~~~~~ ~

shadow can give valuable clues of the height of the ~. -
vehicle and its profile. As a dramatic .
demonstration of this , consider the vehicle shown
in Figure IL Because the refleotance of the 

~~~~~~~~ 
%.

vehici. is almost the same as that of the road, the
• vehicle might have gone un—noticed were It  not for

the shadow. But the shadow not only gives away its
position , it tells us the vehicle is probably a Figure 5a Figure 5b
Yolkswag.n beetl..” Original Image Difference Image

We have a number or techniques at our disposal
for Identifying shadows. The simplest is based on
the brlahtmaaa ~~~~~ The technique is simply to
search for all pixels in the image whose intensity
Is in the range of values expected for shadows.
This worka somewhat better in the diffe re nce image
than in the orig ina l, because the effects of

• - variation in the road surface are reduced . Figure
5 shows the central port ion of the area analyzed
in Figure 2 , which we will use to illustrate
shadow-finding techniques. Figure 6 shows the
shadows extr acted from Figure Sb by this method .

In our work so far , the expected range of
shadow intensities has been inferred fro. the
statistics of areas manually indicated as shadows. Figure 6 Shadows Found by Brightness Criterion

L~. ~~~~~~~~~~~~~~~~~~~~~~~ 
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Another device , based upon a oredictive ~~gg1, given anomaly could be a vehicle (plus its shadow) ,
depends on knowing the sun angle. The shadow of and if so , attempts to say whether the vehicle is a
any raised object is always on the side away from car or a truck. The tree—shadow expert tries to
the sun , and if the height of the object is known , say whether or not the anomaly could be the shadow
the width of the shadow can be predicted . Figure of an object of f the road, and the road-marking
7b shows the areas identified as shadow from the expert similarly looks for painted markings. Other
Image of Figure 5b by threaholding the difference expert modules could easily be integrated int o the
image to locate anoma lies, and assuming each scheme. The experts operate in parallel, each
anomaly to be due solely to an object five feet expert forming its decision without interacting
tall plus its shadow, with the other experts. The top level prograa

chooses the most likely interpretation of the
anomaly. If no expert subroutine Is able to
account for the anomaly,  it is labelled
“unclassified.”

The vehicle expert is the most involved of the
expert subroutines. It firs t examines the overall
size (area) of an anomaly. If the anomaly Is too
small or too large, it-is rejected. Next, a search
is made for long edges that might be the sides of
the car, by projecting the gradient image to a
baseline. For the projection a binary mask is used
so that only those points near the anoma ly are
considered——the mask is generated by expanding
(“growing”) the anomaly three pixe ls. Figure 8a

Figure 7 Shadows Found by Predictive Criterion shows the results of applying a gradient operator
to the image of Figure 5a. The masked gradient was
projected on the axis drawn in Figure 8b , where

The third technique is based on a orolective the average projected gradient magnitude is
22daJ.. It tries to look directly for the shadow plotted.
edge. Vehicles tend to be rectangular when viewed
from above , and , unless the sun is directly ahead 

-
of ‘r behind the vehicle , t here will be a long,
straight edge separating the vehicle from its
shadow. Th.s edge can usually be found by
performing a Hough transform (k] on the gradient
of the Image, or (equivalently ) by projecting the
grad ient onto axes oriented in various direction s
and finding the direct ion from which the gradient
points tend most to reinforc e each other , However , -

much better results are obtainable when the
direction of the edge is known or assumed a priori .
Such is usually the case , for vehicles tend to be
oriented parallel to the road direction .

An example of shadow detect ion by project ion Figure 8 Use of Projection to Find Shadow Edges
is presented in the next section.

The three techniques are based on different A line perpendicular to the direction of the
sets of assumptions and are applicable in different road is used as an initial baseline. If some
circumstances, The projective method is useful evidence of edge s is found, small perturbations are
only F or finding shadow s of vehicles. The made to the orientation to find a local maximum .
predictive model is more generally useful , being If the edges are not found , a global search is made
applicable to objects off the road as well as on ror a direction of projection that will show the
it. The brightness model makes no wssumption s edges. If the edge s are not found again , the
about the object oaating the shadow——i t only anomaly Is rejected .
requires that the background on which the shadow is
cast be relatively uniform. Note that there are three peaks in the plot ,

• corresponding to the boundaries between road and
oar, between car and shadow , and between shadow and
road. The three highest peaks in the projected grad .
ient are examined to see if they are in the correct

V CLASSIFICATION OF ANOMALIES relationship. Average brightness is projected to
the same baseline to see if t~e brightness of the
shadow portion is appropriate . A figure of merit is

For classifying anomalie s , we have chosen to computed from these tests , ind icating the closeness
construct a number of “expert ” subroutines , each of of measured spacing and brightness to the expect ed
which tests a specific hypothesis. For example, spacing and brightness. The figure of merit is used
the vehicle expert determines whether or not a later in choos ing the most likely interpretat ion of

the anomaly.

I 
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The average width of the shadow and the interpret part cf the anomaly, subtract the
location of the sun may be used to estimate the explainable part , and ask the other experts to
height of the vehicle. A tolerance or range of classify what remains. The vehicle expert would
uncertainty is also computed at this time , because have to take the situation into account and not
the comb ination of low spatial resolution and a look for a -separate shadow for this anomaly.
disadvantageous sun angle may make the height
figure not particularly useful. A nominal height Figure 9 is difficult to analyze withou t
of 6 feet Is used for predicting a shadow to the higher— level knowledge. A more direct link to the
front or the rear of the veh icle , and this data base would be particularly useful in this
predicted shadow length subtracted from the lengt h case , enabling us to separate the anomaly into
of the origina l anomaly gives the length of the portions that are “expected” (the visible portions
vehicle , of the arrow) and “not expected” (the car and its

shadow).
Classification as to vehicle type is

-‘elatively crude at this time . If the overall Much generic knowledge tends to be expressed
~ngth of t he veh icle is grea ter than 20 feet , or In the coding of the computer programs that analyze
: the height can reliably be stated to be greater p~ctures. In this form it is inflexible——adding

than 6 feet , the vehicle is called a “truck” , new knowledge involves writing new computer
Otherwise it Is called a “oar.” programs. A long—range goal of this research is to

find new ways of expressing this kind of
Another expert subroutine identifies shadows information , for example in the form of rules or

of objects of f the road. To qualify as such a templates. Such a capability would lead to highly
shadow , an anomaly must have an average brightness competen t computer visual capabilities that would
lower than the average road brightness , and extend greatly enhance interactive and automatic
to the edge of the road on the side nearer the sun. cartograhpy and photo—in terpretation .
A figure of merit Is calculated from how well the
average brightness (in the difference image) 

— - -

corresponds to the pred ict ed value , and from the - - -- -
~ -

variance of brightness inside the anomaly. ‘
~ - 

- 
- - -

The expert on painted markings on the road is -

similar to the shadow expert Painted markings are
always bri ghter than the road surface and limited - - ~~- 

- 
-

in total area. The figure of merit is based only - - - -

on vari anoe of brig htness; a much lower varian ce is - - 
-

expected for road mark ings thin f o r  shadows. - - : - 

- 

-
- - -

~~~~

VI DISCUSSION -

The state of our experiments in anomaly
classification is such that it is too ear ly to -report any quantitative results. however we can - -

am y , qualitatively at least , that the methods
outlined above succeed on the easy cases and break
down on the difficult ones. We have tested our Figure 9 A Vehicle over a Road Marking
programs on approximately 20 different scenes
extracted fro. three diverse road areas. Where
good contrast exists between an anomaly and the REF ERENCES
road , and (in the case of vehicles) the shadow is
visually distinc t from the object casting It , we 1. N . A. Fischler , et al., “The SRI Image
have little difficulty in obtai ning a correct Understanding Program,” Proceedings: ARPA
identt fioat ion. Where condit ior s are not as good , Image Understandi ng W ork shop , Menlo Pa rk ,
the programs tend to fail to make any Calif . ,  (April 1979) .
identification rather than to come up wit h a
mieolassifjoatjon. Additiona l robustness in the 2. H. C. Bolles , et al., “The SRI Road Expert:
classifier wil l be necessary to enable it to hand le Image to Database Correspondence ,”
unusual oases . Proceedings: ARPA Image Understanding

Workshop, Pi ttsburgh , Pa., (November 1978).
The various expert subroutines are not now

Integrated in any way . Each reports its figure of 3. 1.. H. Quam, “Road Tracking and Anomaly
merit to the top—level program, which selects among Detection in Aeri al Imagery ,” Proceedings:
the hypotheses. A more useful system should allow AP RA Isage Understanding horkahop, Cambridg e,
interaction among the various experts. Mass., (May 1978) .

FIgure 3 shows a good example of a case tha t 1L H. 0. Duds and P. E. Hart, “Use of the Hough
could be handled by cooperation of the tree—shadow Transformation to Detect Lines and Curves in
and the vehicle experts. It might be sufficimat if Picture*,” Cn minatioma ~~ the ~~~, V. 15,- 

- - 
the shadow expert were to realize that It could No. t (January 1972).
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GOAL.DIUCflD 1DGI LINKINC AND RiBBON FiNDiNG

R.daey A. Breeks

ArtifIcial Intelligence Laboratory. Computer Sdence Department
Stanford University, Stanford, California 94305

Abstract
an approximate area for the object of search, then use I

We describe an algorithm for iking straight edge modified depth-first search method to follow contours. The best
elements produced from a bottom up line finding stage. Edges successor pixel is taken ax each stage of the search. Both these
are linked by a beet fIrst search slgerithma Heuristics are used systems rely on powerful techniques heavily dependent on the
both to select candidate edgea for Uniting and to prune the application to constrain the search.
search tree. A MM of chains of edges Is the result of this stage of
processing. The choic, of heuristics determines the chains of MartellI (19723 formulates the problem of edge following

‘v~ 
pro~~ced. Furt1~~ hmt~~~ P~~~ the ~~ ~ ~ ~ short est path graph search and u~~ the tradK~onal A”

Finall y regions, described as ribbons. are chosen so that their algor ithm to carry It out. In Martelli (1976] he shows how e
bound aries are approximated by the chains of edges. Individual priori knowledge of the shape of the contour can be embedded
picture elements may appear In multiple ribbon s. Further In the cost function to constrain the search.
heuristics can be employed to reduce this multiplicity. We
describe the algorithm and its implementation, is is organized so In this paper we will describe a system which uses
that a higher level computational procedure can emsily direct heuristic search to link edge elements (rather than pixels) Into
this low level algor ithm by supplying and slim ing the heuristics contours, and further heuristics to evaluate the worth of
during processing. A selection of useful heuristics Is described contours so produced. The system is quite general. and relies on
and them shown working on an example plaure. with a hand the heuristics supplied to constrain the problem. It Is intended
simulated control program, resulting in extremely useful that the system be controlled by other sections of a general
descriptions .1 the Image. purpose vision system (the ACRONYM model-based system. am

Brooks, Orelner and Binford (197k). (l97tbD. Thus it needs to
be both powerful and easy to program.

iatrodmctloa
We deal with unregistered Images of cluttered scenes.

A number of people have used goal.dlrected heuristic Simple bottom up procedures are not adequate to dial with such
search methods for low level vision. These algorithms have a situation. In a typical example the algorithms we describe here
primarily dealt with pixel data. The heuristics used have been will be invoked many times, by a higher level program, which
either fixed, or dependent on a few parameters. Some of these will change the heuristics and associated parameters, depending
parameters are altered depending on knage quality, and OthSfl on Its current belief of the scene contents , based on the prevIous
depending on the contour being sought. results from the edge linking routines.

Many of those using these approaches have tried to locate The edges we use as data come from segment flies
- i ribs and tumors in radlographs of human chest cavities. For produced by Nevatla and Babe (19751 They use directional

Instance, Ashkar and Modestlrso ($976] use a itandird best tint masks to detect edges which they thin , threshold and fit with
tree search algorithm (they call this the “Ziganglrov.j elinlk stack piecewise linear segments. The linear pieces are directed suds
algorithm”) to follow contours. The branches of the tree arts . that their right sides are brighter than their left In th. original
from examining the pixels neighboring the node pixei which image. Further they are often linked Mite longer comletsest edges
are not akeady members ci the path. The metric, or evaluation wh ich are called supsrssgenents We will refer to Individual
function used, measures the continuity of the contour , linear pieces as edge .L,..ents or ..gmanla. Figure 2 shows edge
smooehneu of curvature and a amnparlssn to a p~ Ietype alem.stt s produced by Neratla and Babe from the photo Ms
contour. The weighting of these three factors Is aMen d Figure I.
depending on the noise In the image . relying less en the
proeceype for cleaner pictures. Since their example domain Is
finding human ribs in n-ray Image., they can hopefuly be m. 1*. MappIng Algerithena
confident of an image unckstssn.d with unexpected obJ~~ Tue
method relies on th. existence of either gssd quaBty In this section we will outline the algorith ms we have
unlnesrvvptad contours, or good predictions of die centaur. developed fOr extracting region descrIptions from edge dMa.

The slgionldwms are goal.dlrected and need a higher level
Ballard and Sklonsky (19763 look fOr tumors, and sysann to supply them with heuristics. We wil refer to the

Wedssler and $kbssa&y (i9773 IC, ribs. In bath CNN Shsy ebtain higher level syssun as the executive. The algorithms we d.iuIb..
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here are all implemented and running In MACLISP. They form imag. which is not already on its edge list. To find the best
th. prototype edge mapping module (we will occasIonally ~~~ contour starting with a given edge element we must search the
10 U U EM) Of the ACRONYM smdsi~btisd ~~~ ‘7’~’°~ ~~~‘ tree to find the the node with the best score.
Iroo~s, Oreiner and Blnford (197k, 197$b) and Blnford and
Brooks (l979D~ The EM will have its heuristics supplied by. There an, tour Issues to resolve for such a tree search.
and be directed by th. predictor and planner moddie V I . Which edges should be chosen as root nodes of search trees?
ACRONYM, v ia the matcher. We defer the discussion ~ 2. The tree as defined will clearly be enormous (of size (Is.1)!
particular heuristics which might be used until the Mat StsiOfl. where a is typically ~OO to 1000). Therefore the tree must be
Often the heuristics mentioned below are described as pruned, and not all nodes searched. How should this be done?
predicates. It should be noted that they can be paramsterlzed s. What scoring function should be used?
via global varIables. 4. In what order should the tree be searched and when should

the search be terminated?
There are four relatively Independent phases of the aigonlthm The solutions to these four problems Incorporate a capability for
linking candidate contours, discarding unsatisfactory candidates, the execut ive to direct the contour finding process.
finding ribbon descriptions for contours and the regions they
bound and finally disambiguating redundant descriptions of a To choose root nodes for the search trees, the executive
single part of the two dimensional Image. We discuss these four supplies a list of candidate egde elements and a list (called
phases In order below. In general we expect that for a given root-tens, perhaps empty) of pred icates on edge elements. An
goal, the first three of these phases would proceed In a serial edge w1~ich satisfies any of the ro ot-f ists has Its search tree
manner. alehough the resuks from a single invocation of the expanded. Note that there is some redundancy In the two
phase of linking candidate contours may be used by mukiple mechanisms. This is to provide efficiency. The predicate list
Invocations of the next two phases, with varying goals. The last provides a uniform selection procedurs, and there is a single
phase may occur as part of the actual matching proous we will Instance of the control structure within the low level edge
howeb~.r demonstrate a useful heuristic, in the next section. tar mapping module. in many cases the executive will simply
use In a bottom up situation, provide a list of the edge elements to be pruned by the mt-tens.

However suppose the executive is only Interested In a restricted
area of the total Image and the edge elements are hashed on
their two dimensional location. It will then be more efficient for
special purpose routines within the executive to provide a list of
location specific edges. rather than use a predicate WithIn
roof-tests, as the latter can not benefit from the having the edges
hashed . Is must test each edge In win.

We use a best first search algorithm to seasch partially a
sub-tree of the total search tree. The sub-tree which may
actual ly be searched is defined by two lists of heuristics

- provided by the executIve~ the pr oducers and the rio pars. As we
will see below the ordering of produc ers Is Important for the
order in which the search tree Is traversed, and so In the case of
Incomplete search (th. normal case), this ordering can effect the
search outcome. The ordering of r.ap.rs can effect the efficiency

- of the the search but not the outcome. The depth fIrst search,
combined with the scoring function determines the search order.

Pig, L Digitized photograph. 

- / -

_ _ _ _

• Linking edges into a contour can easily be formulated as a
tree searching problem. Each node is an ordered list of edge ~~~~~~~~~~~~~~~~~~~ “s “
elements, with a score attached giving a measure of goodness of
the contour specified by the list. There Is also an optional
di rection. Recall that the edge element, are dIrected so that their
right sides are brighter than their left A direction of “rlght will a
be nI..~ ,etes2 to mean that the ed~e list Is following around a
relatively brighter region, and 1.ft a darker region. The root
node of the tree Is a list of a single edge element. A descendent
node es of a nodenwlth edge Nit(ç,lrfl~~�0~~wIll haveedge
Nat (i

~~ i’n2”nk”nk.l~ 
I... each descendent nod, extends the

~ 

- contour by one new edge element. if a node has a direction then
Its da.c ioni nodes ha-re the sam e direction. In its most general
fOrm. each node has a descendant far wey edge element in tiss Pig. t. Lines found in image.

______ ____________________________

~ 

—— - -

~~~~

-—  — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ a -’--: — 

- -

~ —

-- ~~~~ 

~~~~~~~
. 

~~~~~~~~~~~~~~~~~~~ .. - - -  
. --



-~~

74

descrIbe the ares defined by a contour as a ribbon. We
A best first tree search algorithm works as followe. A list currently use a subset of the general definition of the class of all

of nodes Ii kept in decreasing order of theIr score. Init ially the ribbons. In particular, they must be defined by sweeping a
list contains only the root node, which Is assigned score zero A sym~~J ic width element normally along a straight spine while
node Is said to be fully developed If all Its descendants in the changing the width linearly with distance swept. We will call the
sub-tree defined by the p roducers and respers have already been two lines defined by the width element as K Is swept along the
placed on the the ordered node list. A node is partially spine, ribbon edges. Thus the ribbons we use can be fully
developed if It is not fully developed. ItesI fl.-st starch finds the specifIed by a line segment (the spine) and a width at each end.
first partially developed node on the ordered list (I.e. the
partially developed node with the hIghest score)i calculates Fitting a ribbon to a contour is currently done by a fixed
another descendant and Its score. and inserts the new node Into algorIthm with no mechan ism for goal direction from the
the list, ThIs continues until there are it _iiod.s (a parameter executIve. it proceeds as follows. A hIstogram of the angles of
supplied by the executive) fully developed at she head of the the edge elements making up the contour (weighted for edge
list. The result of the search is the edge list associated with the levsgth) Is constructed at 20 degree Intervals. The two peaks with
node at the head of the list, which will be the highest scoring the largest areas, between local minima, are found, and the edge
node found during the search. Note that a node can never be elements which contribute to each are IdentifIed. The two edges
promoted an the ordered list. Further, the search for a node to of the proposed ribbon descrIption are fined to these collections
develop will never proceed past the first *,jsodes, (or then there of edge elements. First the mean angles (weigh ted for edge
would have to n_nodes fully developed, and so the tree search element length) are calculated, and then straight lines.
would terminate. Thus only the f irs t ,t..nodss of the OfdeTSd 

~~ constrained by these angles are fitted by least squares. weighhd
need be retained, by length once again. The line whose angle is the mean of the

ribbon edge angles, and which Is equidistant from the ribbon
The prod ucers are functions of an edge element and a edges. is calculated. The edge elements which defined the ribbon

direction, used to produce descendants of a node. They are edges, are normally projected onto the center line, to define the
applied to the most recent edge of a node, and the node’s extremities of the spine. The width function for the ribbon can
direction. A producer returns a list of descendants, and a score then be easily calculated from the spIne and the ribbon edges
for each of those edges. When the search procedure wants to
develop a node, by fIndIng another descendant, it checks to see Dtsamiegwiring RlMons
If there are any edges left from the last producer used. If not It
calls the next producer. It continues until It has an edge element Often there will be mu ltiple ribbon descriptions
which Is neither already In the contour, nor has been previously constructed for essentially the same region of an Image The EM
suggested by a producer. It also demands that If the parent node provides no explicit mechanism to apply heuristics to this
had an associated direction, the exterior angle made by the new problem. The dlsambiguatlon problem requires comparisons
edge element Is within slop degrees of continuIng in that amongst ribbons, and Is thus essentially an pmeess. for *direction (slop Is a parameter supplied by the executive). Finally ribbons For indivIdual heuristics, large savings In the constant
the search procedure tests the proposed new edge element with of proportionality can be made, by saving partial resuks
the predicates In the list mea per s. These are pred icates of edge
list from the parent node, the proposed new edge ~~ ri~ 

between ~~ comparisons (e.g. In the example given later, it I5
direction of the parent node. When the starch procedure finally prudent to precalculate all the centers of grav ity) We have not
has a new edge It makes up a new node, with that edge added found a convenient mechanism to h andle the most general case
to the contour, and a score from the parent node. incremented efficiently, thus we have left the problem to special purpose
by the score associated with the new edge prograntmmg by the executive.

Thus the decisions about which edges to link are mostly
made on the basis of very local Information, namely the Some Examples
previous edge linked, and the general rotational direction of the
contour. For small values of slot the contours tend to encompass In this section we will discuss some heuristics whIch can
almost convex regions, be used to direct the EM towards prescribed goals. It should be

noted that the goal direction Is not explicit, but rather Implicit
Discarding Contours In the Choice of heuristics and their parameters. We will use as

examples here, the Image of an L ,lOl I airplane on the ground at
Since the contours are found using only very local San Francisco airport shown in fig. I, working wish the edge

properties of the edge elements, It Is necessary to make more elements shown in fig. 2, and edge elements derived from an
global checks before proceedIng to fit ribbon descriptions. The ~erIst photograph Of an airfield, shown in fig. S. We will
EM uses an executIve supplied hst of predicates, ctdkp’s, which consider the pictures Sri be I unit square In the Mowing
each take two arguments; a contour and the dIrection used In ~~ Iscusslon. -

ending that contour. A candidate contour Is retained only if It
and tes i~ ,d direction sat&sly all the predicates in cull.rs. To Increase the efficiency of the heuristics we hash the
N~~ skin these predicates too may be paramneterized by global edge elements on their angles at i degree intervals, and on a lIst

em by the executive Also the ordering of cullers of thei r angles at 20 degree Intervals and the X and y
atm ta. final ...s. ms, but it can effect ~~~~~~ coordinates of the edge beginning, to * resolution of one

sixteenth of the Image. Only edges which are at least five pixels
long In the original image (~ l2 by 517 pixels) are hsshed - This
restricts the number of edge element s which might be considered

~~~~~ . — ~~~~~~~~~~~~~~ wised~ am, ct, two at all to 477 for the airplane scene and 170 for the airfield
— —~~~~. u~~~~~~ in I_k.J’s (IS7IJ p uuirlbled omee. We 5CetSE.
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decreasing order according to their scores.
The only root-len we used In these experIments passed

any edge element whose length was greater than some threshold, The reaper: we have used have all been concerned with
or which had a successor in some super segment Using a the convexIty of the contour so far generated. They check
threshold of aos and considering all the edge elements this whether the proposed new edg. element Mows a previously
results in 252 search trees for the airplane scene, and 1$ for the established dIrection for the contour, and whether there Is a
airfield scene being expanded, possible path from the end of the new edge element to the start

of the contour, which keeps the region so defined convex. All
these tests are loose. In the sense that concavities caused by
edges withIn parameter slop of being convex, are ignored.

U / J - 
FIgure 4. shows ribbons fitted to 194 of the 2S2 contours

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

If .  
produced by usIng the three producers nuns. conri*uinisw and
get_nearby, In that order, and the cullers described above (the
rIbbon fitter failed on the remaining 5$ contours, as they had
only a single peak when hissogrammed on angles of the edge
elements). The param eter n_nodes wse set at va ue 2 for this

- and all experiments described her& Thus only two nodes of the
search tree were kept in the ordered list, and the search
terminated after completely developing two nodes. The effect of
thIs is that for most nodes, the fIrst edge suggested by a
heuristic In the frroducers list, is the one which was used in the

— final solution. Thus super segments tend to get followed, unless
they violate the direction of the contour str eady established
The second choice is for continuasions of edfes to be rollowed

“~~~ 

~~~~~~~~~~~ ~~~~~~ 
“ wherever porsitsie

~~~~~~~~~~~~~~ 
_ / ‘‘
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Fig. 3. Airfield edge elements .

We have so far experimented with three producer
heuristics. Recall that a pro ducer Is supplied with the most
recently linked edge element and possibly a direction for the
contour being linked . The simplest heuristic we have used .
called wssm simp ly checks whether there U a super segment
whIch cont aIns the pre vious edge element, and continues past It.
If so, that succeeding edge Is returned , with a owe of two. The
continuat ion heuristic tries to find an edge element which lies on
the linear extension of the previous edge For examp le If Is Is
given the edge defining the fuselage forward of the starboard
wing (see fig. 2) the continuation heuri stic suggests the edge
behind the wIng. Thus continua tion is useful for following
straight edges which are broken by intru sions. There are a
number of parameters which can be adjusted; the varIation \ 5.—..—
allowed between the angles of the two edge elements, the
dIstance the proposed continuatIon edge can start from the first PIg. 4. All the ribbons.
(novrnahzed for the lengt h of the fIrs t), and how close the
beginning of the new segment must actua lly be to the straight It takes about thirty seconds CPU time on a KL .I O to
line which continues the first edge elensenL The first two of produce all the contours for Figure 4. and approx imate them
these are necessary to compensate both for the digital wIth rlbb~ns. It should be noted th at the current implementatIon
apprexlmaiJons of where the edges are , and for errors sti ll carries a lot of developmental baggage. and has not yet been
Introduced by the line fInding stage where good edges have optimized. Clearly there are too many ribbons for a matching
been slightly deflected by small dIsturbances at theIr ends, phase to do anything usefuL We have used five cullIng

hash tables described above. Multiple continuation edges whiCh control over the types of contours retained.
incorrectly linked to them. The conttnuOliOit heuristic uses the heuristics so prune them. Setting the heuristic parameters gives

meet all the above requirements may be found. The longest one
Is returned, wIth a score between 1.0 and 20, dependent on ItS The simplest cutler dIscards contours wIth less than a
length. The lass heuristic we have used. get nearly looki for prescribed number of edges. In the experiments descrIbed here,
edge elements which sta rt near the and of the last edge in the we demanded at least three edges be linked together. To ensure
contour. There Is a parameter which controls the range Of that the contour bounds a region, we have a cutler which

— angles allowable for these edges. If the dirett ion of the contour calculates the exterior angles of the contour , and checks that
ha known, than the search is constrained to the appropriate sIde their sum meets some threshold. Here we have used a threshold
ci the list edge. Candidates are scored bets.~ n 0.5 and l.& of ISO degrees. The next culler estimates the are aofthe regtcss
d~~endI ng on their length. A list of candidates Is returned in bounded by the contour, by filling In gaps between successive

~i~i1 5.
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edges with straight lines, and finding the area of the polygon. occurs because many edges which appear in a single ~~~~Again this Is thresholded. The final two eullei’s rely on picked as root nodes for further tree searches, and so produce
hlatogranwnlng the edges of the contour, by their angles contours which are subsets of an already found larger contour.
weighted for length. The first histograms module 180 degrees, Nevatha (1974) also had this problem In fitting generalized cone
finds the best peak and checks that It is greater than some descriptions to three dlenenslonal laser range data. He discusses
threshold. This heuristic tends to catch contours which don’t methods for choosing which description to use, based on the
really bound a well defined region, but have managed to get am ount of shared boundary. $~ far the only dlaamblgutoor we
past the exterior angle check. For instance, a contour made up have used is based on area comparison. It simply compares two
of a wing tip, the trailing edge of the wIng~ the forward part of ribbons (rather than contours) and If the center of gravity of
the opposite side of the fuselage, and the nose cone, passes the each falls withIn the boundary of the other, then the ribbon
exterior angle check, but not the hIstogram check. Also if the corresponding to the contour with lowest score attached to its
threshold Is greater than 0.3 (as In all the experiments described search node is discarded , The heuristic described here
here) It lands to discard ribbons whIch are not longer than they eliminates most of those types of mukiple description.
are wide. The last heuristic histograms weighted angles for a
fuR 960 degrees, and then checks the angular separation of the Figure 5- show the resuks of applying the above cadlsrs
two best peaks This can be used to ensure parallel sided and dlsamblgu atlng heuristic to the contours which produced
ribbons Another useful heuristic would be a length to width the rIbbons in figure 4. The cullers were parasneterlsed to look
teas We have not used that In these experiments, for large regions. with almost parallel main edges. This was

done by setting the area threshold to three percent of the total
picture, and the size of the sIngle peak heuristic to 0.7. and by
confining the distance between the two peaks to be wIthin 10
degrees of ISO degrees. The callers reduce the number of
contours to 12, and the disambiguator to the final 5.

~~~~~~~~~~~~~~~~~~ FIgu re 6 shows the same image with the area thre shold
- lowered to half of one percent of the total Image area. Ther ’ l  Inadequacy of the area based disalnblguator can be seen here,

where there are ribbons of largely varying areas. FIgure 7 shows
the airfIeld from fIgure S processed with precisely the same
parameters. The runways are pIcked out much better (see figure
8) when the continuation heuristic has Its parameters loosened.

- 
- ! as the lIne finder Introduces large errors for some edges which

- actually correspond to a single broken straight line. A heuristic
• - for findIng antl.parallel lines to link would also improve

performance.

Fig. 5. Large regions.

. 7  

H

FIg. 7. AirfIeld.

Finally we give an example where fleer work has been
done looking for more detail in the airplane picture. We assume
that the executive has found a tentative match for an airplane

Fl.. S. Lower area threshold . from the rIbbon s displayed In fIgure 5. and wants to look for
rear stabili zers to confirm the match , and engine pods to

mulop~~r l bb e s s t o r a ngle region of the atiu& hmqs. T~~
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Given the results of figure 5. the EM was set going once again. Is known.
but the edges list of candIdate root nodes was restrIcted to those
starting near the rear of the fuselage. On th. basis of the wing Already the system seems powerful enough for specIal
and fuselage areas, new ranges were set for the area of purpose executives to be written to Identify cillain daises of
acceptable rIbbons, and the condItion on the pazallehsess of the scenes, The ACRONYM project has more general gas1.
main edges of ribbons relaxed because of the known shape of however. Th, predictor and planner will be a general purpose
the stabilizers. The rest of the heuristics and parameters ~~~ executive, “prograanmed by the generIc and specific model, of
unchanged. objects it Is trying to locate in Images. The predictor and

planner will thus require knowledge of how volumetrIc elements
For the engine pods the ~~ P~ *IM~~$ ~~~ and their relations will effect the type of heuristics which should

once more and the conslnuaslsn heuristic was removed from the be used for edge linkIng and region finding. It wIU need to
producers list. The search was restricted to the leading edges of know how to translate the explicit goals It can deduce front the
the two wings and the rear of the fuselage. An automatic modes, Into a choice of the correct heuristics and parasnetsTs.
executive could use the results of such a search to help Identify Knowledge of this sort will be incorporated into the rule set
an airplane type. For this particular Image, removing tISI which It uses for reasoning (see Binford and Brooks fI979~continuation heuristIc did not alter the results, however an First, however , we will need to experiment further , to discover
automatic executive might decide that the engine pods are lfltcll for ourselves how to better predict the heuristics to use, on the
and unlikely to have their edges Interrupted by Intrusions. basis of what is expected In an Image. Some of the reasoning
R emovIng the heuristic reduces the possIbility of making which will be required was given during the explanation of the
erroneous lInks to edges from nearby objsc*s. such as truCks. It examples. This reasoning will have to be mechanized. Also we
may seem strange that the small truck near to the starboard may find It necessary to increase the number of heuristict, front
engine pod was not Found in the engine search. It was the current set. For instance an anti.panllel heuristic should
consIdered but dIscarded by the single peak heuristic described Improve the performance on runway and roadway type scuses.
earlier. If it had been elongated rather than square (or If we
were looking for squarer engine pods) It would have been
retain ed. Higher level processing In the executive would have
then been responsible for deciding how to fit the candidate
engine to the model.

N

I

Fig S. An LIOII .

ft should also be noted that ACRONYM includes very
powerful methods for disasnblguathon and Identification in the
matcher using the symbolic descriptions provided by the

Fig. S. Airfield with looser ContInuatIons. Observablllty Graph. Thus, while the results presented In this
paper seem very promis ing, the total system should be able to
perform reasonably with an edge mapping module wh ich
doesn’t meet our current expectatIons.

DIscussIon

Although the experiments so far have been limited to a
small number of images, we have found the algorithms and Acknow ledgemessts
heuristics to be fairly stable over a wide range of parameter
values. Often variations of 50 or 100 percent of a particular Prof. Nevatia . and Mr. Pabu of USC have been
parameter produce only minimal changes in the ribbons extremely cooperative in providing us with the segment tiles
identified. it thus seems promising that a reasoning system used for this work. Tom Binford , Michael Lowry and Hans
which Is to select heurIstics for the EM will be able to use fairly Moravec of Stanford have provided assistance and Insights.
qualItative reasoning in deciding between a small number of
values for each parameter. Furthermore, Ii should be possible to 

-‘

select heuristics which will be valid for a rang e of images for
which only an approulmate camera model (and thus rIbbon size)
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HILL-SHADIN G AND THE REF LECTANCE MAP

Berthold K. P. Horn

Artificial Intelligence Laboratory
Massachusetts Institute of Technology

Cambridge, MA 02139

Abstract. Shaded overlays for maps give the user an I Digital Gradient Ref lectancel I~á~ tiic Iim mediate appreciation for the surface topograph y since ~ Esti mat ion q 
CaIC UI.tlOnj....~...j Output

they appeal to an important visual depth cue. A brief Model Processing
review of the history of manual methods is followed by a
discussion of a number of methods that have been
proposed for the automatic generation of shaded overlays.
These techniques are compared using the reflectance map Figure 1: Block diagram of a system for the generation
as a common representation for the dependence of tone of relief shading. The grey .value is calculated

or gray level on the orientation of surface elements , by app lying the reflectance map to the
gradient estimate obtained by samp ling
neighboring points in the digital terrain model.

Intro duct ion a method for calculating the gray tone based on the
orienta tion of each surface element has however been the

Of several w a s  of dep icting surface fonn on maps, subjec t of occasionally bitter controversy for almost two

hill-shad ing has the most immediate appeal and provides centuries. Much of the difficulty stems from a lack of a

for quick comprehension of the topograp hy. In this Common representation that would allow comparison of

sense, hill-shading is complementary to the use of m e thods which appear at first glance to be incomparable.

— 
contours, which provide accurate terrain elevations but The recently developed reflectance map constitutes

require carefu l scrutiny if one is to ascertain the surfnce such a common denominator. It is a simple device

form . Shaded maps are most important when the developed originall y for work in machine vision where

In ter preter ’s time is limited , as in aviation , for users that one is interested in calculating surface shape from the
are not trained cartographers and for small scale maps , gray levels in an image. This is clearl y just the inverse

where contours degenerate into messy tangles of lines, of the problem of producing shaded pictures from a
Wh y the n do we not see more shaded maps? One surface model. The reflectance map is a plot of apparent

reason is the expense of present manual methods of brigh tness versus two variab les, na mely the slope of the
pr oduction , which require skilled artists with good insight surface element in the West-to-East direction and the
in to cartography. Workin g from existing contour snaps, slope in the South-to-North direction. Producing a
rid ge and strea m lines extracted from such maps and at shaded overlay for a map then is sisnply a matter of
times aided also by aerial photography, they wield calculating these two slopes for each surface element and
airbrus hes in what is a slow, tedious and imprecise looking up the appro priate gray level in the reflectance
oper a tion. Attempts a t automation began with the map (see Fig. I). This is a very simple, local
notion that the gray levels used in the shading should com puta tion that can be carried out efficientl y even on
deri ve from a model of how ligh t might be reflected from enormous data-bases. The resulting gray levels can then

a surface. Ignoring shadowing and mutual illumination be fed to a graphic output device that will produce a
effects, it seems clear that the reflected intensity will be Continuous tone or ha lftone photograp hic transparency
a function of the local surface inclination. The choice ~~ 

from the given stream of numbers.
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One important question that has to be settled is assumed to be near the top left of the map, when it is
what reflectance map is to be used. Careful comparison oriented properly for viewing. For map s with North at
of more than a dozen proposed shading methods shows the top this corresponds to North-West. Surface patches
that some of the simplest provide a good impression of sloping down in that direction are po rtrayed with a light
the shape of the surface. These experiments also show tOflC , while those sloping up in that direction get a dark
that the most commonl y used assumptions about sur face tone. Since flat areas have no lines of descent, they
reflectance do not lead to she best results, while sim ple remain white. This effect is unfortunate because it is the
monotonic functions of the surface slope in the direction only departure from what would be seen if a diffusely
away from the assumed light source work admirab ly. reflecting model was illu m inated obliquely. This makes - -

Wha t matters is the visual impression , not theoretical such m aps a little difficult to interpret. They are - 
-

rules [1). One goal of this paper is a review of various nevertheless superior to those made by the earlier

hill-shading methods that have been proposed in the past method, as evidenced for example by the “Dufourkarte”
in terms of their reflectance maps. of Switzerland made between 1842-1864 using this

approach (I). These methods for portraying surface shape
preceded the widespread use of contours (7), in part

Early History Of Hill-Shadin g beCause the latter require detailed surface measurements
that were not available before the advent of

Shading has been used in hand-drawn maps for photogrammetry.
many centuries. Leonardo da Vinci put it to good effect While lithography was invented by Alois Senefelder
in his maps of Toscana, drawn in 1502 and 1503, that in 1796, it found little application in cartography until
contained oblique views of relief forms illuniin atc d from around 1850. It permitted the production of
the left [1). Wood-cuts of the area around Zurich in multicolored maps, but m ore importantly, led to the use
Switzerland drawn half a century later by Murer use of halftones, destined to ultimatel y replace lines as a
shaded side-views as well. Overhead views using relief m eans of m odulating the average reflectance in the
shading appear for the first time in maps of the same printed map. W. H. Fox Talbot invented a
area drawn a century after that by Oygers, but these photomechanical halftone process in 1852, but
then gave way to less desirable forms [1). comnserical success came only years after the patenting of

The choice of the repre aentat ion for relief forms the halftone screen by Frederick von Egloffstein in 1865,
depend to a great extent on the avai lable reprodu ction and the crossline screen of William A. Leggo in 1869.
technology. Woodctmts and engraving methods lend Having access to these new reproductio n schemes ,
themselves to linear forms, where brightness of an area in Wiechel (8) developed shading methods
the reproduction is controlled by the spacing and width (Schrliglichtscht ;mmerung) to replace the use of hachures
of darkened lines. Useful directional , textural effects can as described above. His fundament al paper, based in part
be generated by orienting these line fragments, or on work by Burmnester j 9J on shaded pictures of regular
hac hures (Schraffuren ), along lines of steepest descent. surfaces, placed the field of hill-shading on a sound
Crowding of such lines in steep areas may have given rise foundation. Wiechel discovered the error regarding fl at
to notions of “steeper implies darker ”. surf aces, for example, and developed a graphic method

Lehmanii proposed the first rigorous relationships for determining the gray value from contour interval and
(2,3J between surface slopes and quantities measurabl e on di rection. Unfortunatel y, the means fat’ controlled
the printed map. In 1799, when his method generation of halftones in response to surface orientation
(B~Sschnngsschraffen) was published anonymously, the did not then exist and his work was ignored for a long
techni ques for measuring the surface accuratel y a t a large time.

eno ugh nu i iber of points did not exist . Results of this
first m ethod of illustra ting shape are in some ways

analogous to those one might obtain by illuminating a Hill-Shading in ThI s Centur y
model of the surface from above , an arrangemen t that
gives rise to images that are not easy to interpret. Two m ethods based on lines, this time contours

Partl y as a result of this , an alternate form instead of lines of steepest descent , were explored by
(Schattenschr affen) evolved [4—6), in which the line Tanaka in the 1930’s. His first method used the lines of

thickness is varied according to the orientation of the in tersection of the terrain surface with uniformly spaced,
local surface patch with respect to a light source usually parallel, inclined planes (10,111. Tan aka’s initiative gave
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rise to considerable discussion (12—19), partl y in th e form nu merous to mention individuaUy (65—72).
of an acrimonious debate (20—23), His other method Brassel (73—77) took Imhof’s admonitions seriously
was based on portrayal of a terraced model of the terrain and tried to implement as much as had been formalized
(24—26), an approach that had been used previously, of the “Swiss manner ”. With the outpu t devices available

S unguided by his careful analysis [27—30). While line- to hmmn at that time it was not easy to jud ge whether the
based methods give rise to beautiful , easy to interpret added comnp lexity was worth the effort. All of these
maps, they cannot show the fine detail of surface COmputer based niethods require detailed digita l terr ain
topography possible with halftones and must be based on models. The storage capacity and techniques for
smoothed, generalized information such as contours . handling this kind of informa tion now exist [33,78—84).
These lines also tend to interfere with others used to as do the photographic outpu t devices needed. There has
portray planimetric information. ~~~~~~~ significant progress, too, in the automa tion of the ~ 

-

A shaded overlay can also be produced by generation of digital terrain models directly from aerial
photographing an appropriately illuminated scaled model photograp hs [84—91], part ly as a byproduct of work on
of the surface. If this model has a matte or diffusely ort hophoto generation [92—95). More compact and
reflecting surface, a map overlay of hi gh qual ity will appropnate representations for these terrain models are
resul t provided attention is paid to the projection under Investigation [96—99), as are alternate methods for
geometry. While this was an approach taken earl y on relief protr ayal such as block diagrams (100— 303].
[27j, it really only became practical in the 1950’s with the Considera ble progress has been made recently in the
introduction of milling machines that allow an operator computer gra phics area in the portrayal of regular objects
to carve a model by tracing contours on an existing m a p  with simple surfaces [104—115). Early models for the
(31—38). This is still an expensive, slow process however, reflection of light from Inane surfaces [116—119] are
in part because of the manual work required to smooth being elaborated , including some for the material on the
out the resulting “terraced” model, lunar surface [120—129). In this context, work on

The Swiss school of cartography improved on earlier m odels of the microstructure of surfaces is relevant
forms (28 ,29,30,39—4 1] arid developed shading to a fine 1130—135). In a recen t effort in the m achine vision area .
art , producing numerous outstanding maps in this time a method was developed for portraying the dependence of
[42—SO). lmhof argues that automated methods, such as brightness on surface orientation using the so-called
relief model photograp hy, cannot produce results nearly reflectance map [136—140). The reflectance map can be - 

-

as im pressive, since the carto grapher cannot easily de t ermined if the detailed geometric dependence of’
influence the process [1). The manual shading method is reflection from the surface (141,142] and the distribution
however slow and expensive, and consequently has not of light sources are known. Alternatively, it can be
been used except for small areas and those of particular found empiricall y, or derived directl y by analyzing the
intere st or military importance. One cannot expect , with interaction of lightr ays with the surface microstructu re.
significant areas of t he world still not mapped at large As a result of the developm ent of the reflectance
scales, and the rising cost of labor , that shaded overlays map, the availability of detailed digita l terrain data , small
produced this way will be used in many maps. computers able to perform the simple calcu lations

Yoéli 151—59) saw the potential of the digital required and geom etrically accurate gray-level output
computer in dealing with this dilemma. It is possible to devices, we may say that automatic hill-shading has come
implemen t Wieche l’s method based on oblique of age.

illumination of a diffusely reflecting surface if terrain
elevations can be read into a computer and suitable
continuous tone output devices are available. Yoéli was Digital Terrain Models
h a m pered by the lack of such devices at that time.
Blathut and Ma rsik tried to simp lif y the required For m any applications of cartographic data it is
calculations to the point where a computer might not useful to have machine .readable surface representations.
even be rcquir ed (60,61). Peucker helped popularize the Such terrain models are used for example in the desi gn of
whole idea of computer-based cartography (19,62—64), roads and in order to deter m ine the region irradiated by
and found a piece-wise linear approximation to the a radio frequenc y antenna. Initially, digital terrain
equation for the brightness of a diffuse reflector that models were generated mnanua ll y by interp olation from
works well (63). Many other interesting reports appeared existing contour maps . This is a tedious, error-prone
during this time on the subject of hill..shading, too process producing a digitized version of the surface
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represented by the contours, which in turn is a smoothed, The Reflectance Map
generalized version of the real surface .

The contour information on topographic maps is The human visual system has a remarkable ability
produced by manual scanning of stereo pairs of aerial to deter m ine the distance to objects viewed, as well as
photographs. Today, fortunately, stereo-comparators their shape, miri ng a variety of depth cues. One such cue
often come equipped with coordinat e readotmts that allow is shading, the dependence of apparent brightness of a
the extraction of infor m ation needed for the generation surface element on its orientation with respect to the
of digita l terrain models (84). Conveniently taken during light source(s) and the viewer. Without this particular
orthop hoto generation [92—95), the data tends to be depth cue we would be hard pressed to interpret pictures
accurate and detailed . Even more exciting is the prospect of sm ooth, opaque objects such as people, since other
for machines that achieve stereo fusion without human cues like stereo disparity and motion parallax are absent

help (84—91], since they will lead to the automatic in a flat , still photograp h. It can be shown that shading
production of digital terrain models. In the past such contains enoug h information to allow the observer to
machines had difficulties dealing with uniform surfaces recover the shape. In fact , a computer progra m has been
such as lakes, featureless surfaces, large slopes, and depth developed that can do this using a single di gitized image
discontinuities, as well as broken surfaces, such as forest (136).
canopies. This is apparently still true when aerial Such work in the area of machine vision has led to
photographs are used with disparities large enough to a need to mm dcl the imnage.formning process more carefully
ensure high accuracy. [137]. The input to the visual-sensing system is image

Various representations can be chosen f or the irradiance, which is proportional to scene radiance (here
surface - elevation informatio n . Series expansion , a loosely called apparent brightness) (139]. Scene radiance
weighted stun of mathe mmm at ical functions such as in turn can be related to the underly ing geomnetric

• pohnomials, Gaussian hills or periodic functions m a y  be dependence of reflectance of the surface material and the
used. These tend to be expensive to evaluate however distributi on of li ght sources 1141,142). Here we
and not accurate in approximating surfaces that have concentrate on the dependence of scene radiance on the
slope discontinuities. This is important for mn any types of orientat ion of the surface clement. Shaded overlays for
terrain , at all bum the largest scales. Perhaps the simplest m aps are interpreted by the viewer using the same
surface representation is an array of elevations, {zj j ) ,  mechanism normnally emp loyed to determine the shape of
based on a fixed grid , usually square. Deter m ining the three-dimensional surfaces from the shading found in
height at a particular point is simp le and the interchange their imnages. Thus shaded overlays should be produced
of terr ain models between users is easy since the format in a way that emulates the image-forming process, one in
is so trivial. One disadvantage of this kind of surface which bri ghtness depends on surface orientation. This is

represent ation is its hi gh redundancy in areas where the why the reflectance m ap, which captures this dependence,
• surface is relatively smooth. The illustrations in this is useful in this endeavor.

pape r are based on digital terrain :mmodels consisting of Consider a surface z(x,y) viewed from a great
arrays of elevation values, distance above (see Fig. 2). Let the x-axis point to the

Methods that achieve considerable data compression East , the y-axis North and the z-axis strai ght up. The
by covering the surface with panels stretched between orientation of a surface element can be specified simply

specially chosen points have been developed [97—99). by giving its slope, p, in the x (West-to-East) direction
These exploit the fact that real geographical surfaces are and its slope, q, in the p (South-to-North) direction. The
not ;irbj trars sets of elevations but have definite structure slopes p and q are the components of the gradient vector ,
and regularity. Such representations may ulti m ately (p. q). The apparent brightness of a surface element
replace the simpler , more voluminous ones, if users can be R(p, q), depends on its orientation , or equivalentl y, the
persuaded to accept the greater programming complexities local gradient. It is convenient to illustrate this
involved. dependence by plotting contours of constant apparent

Digital terrain models may also be referred to as bri ghtness on a graph with axes p and q. This reflectance
dig ital elevation m odels if they contain no information map [137) provides a graphic illustration of the
other than the elevation values , dependence of apparent brightness on surface orientation.

The pq~plane, in which the reflectance map is drawn , is
• called the gradient space , because each point in it

corresp onds to a particular gradient.
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,~~~~ This second precursor of the reflectance map also appears
to have found little following.

Pos I tIon Dependent Effects
a

~ 
(North) Since the reflectance map gives apparent bri ghtness

as a function of local surface gradient only, it does not
take into account effects dependent on the position of the
surface element. One such effect is illumination of one
surface element by another. Fortunatel y this mutual

\ N.~ illumnination effect is small unless surface reflectance is
‘
...

~~~ 

qui te high [137). It is not known whether mutual
illumination effects aid or h~nder the perception of
surface shape. They are difficult to calculate and so
have not been emulated in work on hill-shading.

Another position dependent effect on apparent
bri ghtness is the blocking of ligh t by one portion of the
surface before it reaches another. Cast shadows can be

a (East ) calculated by determining which surface elements are not
visible from the point of view of the light source (138).

. . . . Shadows cast by one complicated shape on another areFigure 2: Coordinate system and viewing geometry. The hard to interpret however and apparently detract from
viewer is at a great distance above the terra in the visual quality of shaded overlays (1 ,36,37). They are
so that the projection is orthographic, 

thus rarely included.
Scattering of light by air molecules and aerosol

Surface orientation has two degrees of freedom. particles changes the apparent brightness of a surface
We have chosen here to specify the orientation of a element viewed through the atmosphere. The brightness
surface element by the two comnp onetm ts of the gradient . is shilted towards a back ground value equal to the

• Another useful way of specifying surface orientation is to brightness of an inimnitely thick layer of air. The
find the intersection of the surface normal with the unit diffi~ence between the brightness and the background
sphere. Each point on the surface of this Gaussian value decreases with the thickness of the gaseous layer
sphere again corresponds uniquely to a particular surface through whic h the surface is viewed (l43J ~ The resulting
orientation. If the terrain is single-valued, with no reduction in contrast as a funct ion of distance is referred
overhangs, all surface normals will point mnore or less to as aerial perspective and can be a useful depth cue,
upwards and pierce the Gaussian sphere in a hemisphere although there is no general agreement that it aids the
lying above an equator corresponding to the horizontal perception of surface shape. It has been used at times by
plane. Gradient space happens to be the projection of map-makers and can be modeled easily (1,74,76,77). The
this hemisphere from the center of the sphere onto a effect has not been added to any of the hill-shading
plane tangent at the upp er pole. schemes presented here in order to simplify comparisons.

• While we will not use this representation in the
calculation of relief shading, it is helpful in understanding
previous attempts at graphical portrayal of the Where Do Refl ectance Ma ps Co.e Fro •?
dependence of apparent brightness on surface orientation.
The first such method was developed by Wiechel more A reflectance map may be based on experimental
than a century ago (8). His brilliant anal ysis app ears to data. One can mount a sample of the surface in question
have been largely ignored partly because it depended on on a goniometer stage and measure its apparent
mathematical manipulations that may have been brightness from a fixed viewpoint under fixed lighting
inaccessible to many of the intended users. Later, conditions while varying its orientation. Instead, one can
Tanaka invented another method showing the variation take a picture of a test object of known shap e and
of apparent brightness with surface gradient (10,11,24,25). calculate the orientation of the corresp onding surface
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element for each poin t in the image. The reflectance diffusely reflecting material like paper, has a limited
map is then obtained by reading off the measured dynamic range. Reflectance is limited at the low end by
brightness there. the properties of the ink and at the high end by the

Alternatively, one may use even more detailed paper, which will at most reflect all the light incident
information about light reflection from the surface. The upon it , unless it fluoresces. The diffuse reflectance is
bidirectional reflectance distribution function (BRDF) thus always less than or equal to one. Similarly, if
describes how bright a surface will appear viewed from absorbing substances are used on a transp arent substrate ,
one specified direction when illuminated from another a limit applies, since tra nsparency cannot be larger than
specified direction [141,142). By integrating over the one.
given light source distribution one can calculate the The problem of fitting a given image into the
reflectance m a p  from this information [139). Crudely available dynamic range is fundamental to all methods of
speaking, the reflectance map is like a “convolution” of reproduction. A normalization is applied so that the
the BRDF and the source-radiance distribution , maximum apparent brightness to be reproduced is

Most commonly, reflectance maps arc based on represented by a reflectance of one (or whatever the
pheno tnenological models, rather than physical reality. maximum is for the paper being used). This scaling will
The so called Lambertian surface , or perfect diffuse r , for have to be app lied whenever relief shading is based on

• example, has the property tha t it appears equall y bright models of image-formation by light reflected from the
from all viewing directions. It also reflects all light , terrain surface.
absorbing none. It turns out that these two constraints
are sufficient to deter m ine uni quel y the BROF of such a
surface, and from it the reflectance map, provided the Grad ient Estimation
positions of the light sources are also given. Some
reflectance maps are based on mathematical models of The apparent brightness of a surface element
the interaction of light with the surface. Such models depends on its orientation with respect to the viewer and
tend to be either too complex to allow analytic solution the light source. The orientation of the surface element
or too simple to represent real surfaces effectively, is described full y by a surface normal, or equivalently by
Nevertheless some bave come quite close to predicting the the gradient. The component s of the gradient are the
observed behavior of particu lar surfaces (133— I 35). slopes p (in the - West-to -East direction) and q (in the

Here, new reflectance maps will be determined, South-to-North direction). These slopes have to be
based on proposed methods for producing shaded overlays estimated from the array of terrain elevations. It is
for maps. Their derivation will not depend an convenient to use a short-hand here for elevations in the
understanding of the image-formation process or the neighborhood of a particular point (see Fig. 3). In the
physics of light reflection. Instead , they will require an context of a single point at discrete coordinate (ij), we
analysis of how the brightness of a point in the overlay will denote the elevation at that point by oo’ while
depends on the gradient of the underlyi ng geograp hical elevations of the adjacent grid points to the West and

- • surface. East will be called z,~~ and Z,K, respectively. Similarly,
Which reflectance map should be used? The elevations at the points to the South and North will be

answer to this question must depend on the quality of the denoted ç,.., and
impression a viewer gets of the shap e of the surface __________________________________________________

• portrayed. Various methods for producing shaded
overlays can be compared by evaluating sample products z z z
and classified according to the corresponding reflecta nce —+  0+ ++

maps. It wift become apparent that in this way general
conclusions can be drawn about a new method just by zinspecting its reflectance map. 00 +0

Normalizatio n of Gray Tone Z Z Z

ligh tabsorbing substances, ~~~~~~~~~ ~~~~~~ ~~~~ 
FIgure 3: 
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The simplest estimates for the slope p might be Gradient Smoothing Effecti

(z.~ — z00)/b.x and p_ = (zoo — z.<~) fAx, More complicated slope estimators than the ones
described tend to introduce a smoothing effect, as can be

where ~.x is the grid interval in the West-to-East seen by app lying them near points of discontinuity in
direction, expressed in the same units as the terrain slope. To illustrate this more clearly, consider two
elevations. These estimates are biased, actually horizontal smoothing operations H+ and H— that modify
estimating the sIo~e half a grid interval to the right and the terrain model as follows.
left of the central point respectively. Their average
however, the central difference, is unbiased, 11+: z’~, (zoo + z~~)/2

— (i.f~ — z~,)/ 2b~ 
and H-: z’oo = (z~, + zoo)/ 2

It can now be seen that the central difference slope
Numerical anal ysis 1144—1461 teaches us that for estimate, p~, on the original terrain model, equals the

certain classes of surfaces an even better estimate is biased estimate , p.,., calculated fro m the terrain mot el
obtained using a weighted average of three such central smoothed using H— , or , equivalently, the biased estimate,differences,

p..., calculated from the terrain modef smoothed using
H+. Next consider two vertical smoothing operation Vi-

• PW and V— in which the terrain model is modified as follows,
((zi-~ + 2z,,.~, + z~_) — (z_~ + 2z..o + z...J~/8~ x Vi-: (z~~ + zo-,.) / 2

and ~L: z~~ (zo-. + zoo)!2Symmetrically, one can estimate the South-to-North slope,

The complicated slope estimate, ~~ can be shown to= produce the same result as the fi rst difference p.,.
calculated from a terrain model smoothed by applying((z i-

~ 
+ 2z0~ + z_~) — (z~.. + 2zo-. + z~~) VMy 

H-, Vi- and V-. Similarl y the slope estimate, q~ equals
q÷ calculated from a terrain model smoothed by applying

These expressions produce excellent estimates for V— , 11+ and H— (Actually, since all of these operations
the components of the gradient of the central point. The are linear , their order can be arbitraril y rearranged).
results depend on elevations in a 3)( 3 neighborhood, Perhaps any “smoothing” desired should be done as a
with individual elevation values weighted less than they separate editing operation, combined with the removal of
are in the simpler expression for the central difference. “glitches” from the digita l elevation model, rathe r than as
This has the advantage that local errors in terrain part of the slope estimation. Also for terrain models of
elevation tend not to contribute as heavily to error in relatively limited size this smoothing may be undesirable.
slope. At the same time, more calculations are required Some other slope estimators are simpler and introduce
and three rows of the digital terrain model have to be less smoothing. For example one can combine two biased
available at one time. estimates of the slope to get,

Care has to be taken to avoid corru pt ion of the

values. Numerical problems due to the division of small
slope estimates by quantization noise in the elevation — f(

~~ ++ + z+~) — (z~ + z01,)JJ26.x

integers may result when a terrain model is too finely and symmetrically,
interpolated, with limited vertical resolution. If it is
necessary to generate many pixels in the output, it is ((

~++ + ~~~ 
— (

~~i-~~ 
+ zor,)j/2Ay

better to interpolate the gray values produced by the
shading algorithm. - Here the average gradient in the top-right quad rant,

(eon’ ~~~~~~~ Z.i -,  
~~~~~~~~~ 

rather than at the central point is
being estimated, using elevations in a 2 X 2 neighborhood
only. For the graphic illustrations presented here, the
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expressions for and ~~ w~re used to estimate the -l ~
gradien t.

At this time some terrain models are still produced
by hand and have rather limited size. Rather than 

__________ __________

smoothing the terrain, one may wish to increase apparent
resolution by some means. This can be done quite
effectively by combining biased slope estin.ates (see 

(p qi) (p+q+)Fig. 4). For every point in the terrain model, four gray
values are produced corresponding to the four quadrants -I 4

around it. Each is based on a different combination of (P—’(L- ) (p+,q—)

the slope estimates (p_ or p~) and (q_ or qi-) as
appropriate for that quadrant. No miracles should be
anticipated; this method cannot create information ___________ ___________

where there is none, but it can stretch what is available
to its limits.

Rotated Gradients

It has been cartographic practice to assume a light Figure 4: Com binations of biased slope estimates can be
source in the North-West at a 450 elevation above the used to plot four times as many grey-tones as
horizon. It is hel pfu l in this case to introduce a rotated there are elevation values in the terrain model.
coordinate system (see Fig. 5) with The limited amount of data in a small terrain

model may be stretched this way to produce
p’ (p — q~/42 and ;‘ = (p + q)/4! reasonabl y detailed hill-shading output.

If ~~r = Ay — A say, then the slopes in the North-West
to South-East and in the South-West to North-East
direction , can be estimated particular ly easily by
combining the formulas for p,,, and q, ,, -

L
[(z~~ + z+_ + so-..) — (z~~, + s_i- + z

0i-
)V4 42 A

L (z0+ + zi-~ + zi-~
) — (z~~ + z + ~~~~ 42 A 

/ 

~~ 
4 1

If one wishes to estimate the slopes for the center
of the top-right quadrant (in the unrotate d coordinate
system) rather than the central point one may combine
the expressions for 

~½ and q½ to get the simple
formulas,

— (z.,.~, — ~~)/42 A

and — (zi-,. — A

One advantage of the rotated coordinate system stems Figure 5: Rotated coordinate system that may be
from the fact that models of surface reflectance convenient when the assumed light-source is in I -

- - considered here are symmetric with respect to a line the North-West. The reflectance map is
pointing towards the source That Is, a surface element symmetrical about the V-axis.
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with slopes p’ — p’0 and q’ = q’
~, say, has the same straightforward. (see Fig. 1). For each point in the

apparent brightness as one with slopes p’ = p’~, and q’ terra in model the local gradient (p. q) is found . The
—q’0. Thus a lookup table based on the rotated reflectance map then provides the appropriate brightness
coordinate system can be smaller, since only that half of R(p, q), to be plotted on a suitable gray-level output
the table corresponding to q’ > 0 need be stored . device. All computations are local and can be -

So far we have assumed that the grid of the terrain accomplished in a single pass through the image.
model is aligned with the geographical coordinates. If To illustrate these ideas a simple program is shown
instead the whole model is rotated anti-clockwise by an (see Fig. 6) that does not incorporate any of the
angle 8~ then slopes p” and q” can first be estimated elaborations described later on. Two arrays are used, Z,
from the model as described and then transformed as to store the terrain elevations, and B, to store the
follows: calculated briithtness values. The l ter has one row and

- 
- one column fewer, since its entries correspond to points

P = p” cos 6 — q” sin 0 lying Iwf w~ n those in the elevation array (the formulas
and q — p

” sun 8 + q” ~~ 
for P½ and are used). The spacmg of the underl ying

Altern.Thvely, t he model can be resampled to produce a
new version on a grid aligned with the axes.

More complicated slope estimators than those
discussed here do not seem called for , since the simp le begin Si/A DING (~~~ 

.if, DX. DY),
ones shown produce excellent results. Further m ore, array Z ~‘J~ M,)
estimators having wider support, while known to he more array p (N-I. /4-!):
accurate for certain classes of functions such as

polynomials, may perform worse on typical terrain with 
~~~~~~~~~ ~~~~~~~~~~~ e;evaiions into array z>

its discontinuities in slope along rid ge and stream lines.

do J = 1 to if-!:

Exaggeration of Terrain Elevations do I = I to Xi:
B(1- 1. f- i) := R( PE(I. I). QE(I. 1)):

Compared to objects of a size that allow for easy end do:
manipulation by a human observer, the surface of the end do:
earth is in many places, though not everywhere, rather
flat. The range of slopes is often so small as to cause <write brig htness values from array B> f I

disappointment with correctly proportioned models, so
that height is often exaggerated in physical mnodels. begI n procedure PE(I. I):

F Similarl y, shading based on models of light reflection (Zf’L I) Z(1i J) - Z(J. .11) - Z(Ii, Ii)) 1(2.0 *
from a surface tends to have undesirabl y low contrast. DA ):

Here too terrain elevations may be exaggerated for all end PE:
but the most mountainous regions. This is equivalent to
multiplication of the components of the gradient by a begin procedure QE(I, J~
constant factor, and corresponds to a simple (Z(Z I) + Z(I. Ji) Z(bi, I) - Z(Ii, Ji)) 1(2.0 *

transformation of the reflectance map. For reflectance D1):
maj * based on reflection of light originating from an end QE:
assumed source, a similar effect can often be achieved by - a

a decrease in the elevation of the source. For flat begin procedure RI’P. Q):
surfaces the source may be lowered to a mere 100 or 200 m4!X(0.O. min(!.0. (1.0 + P - Q) /2.0)):
above the horizon, where normally it might be at 450 end R:

end SIL4DJNG;
Producing Shaded Overlays

The genera tion of shaded images from a digita l Figure (~ Simple program W’ pswraW shaded ~ utp~.’
terrain model using the reflectance map is from a se r ria m.’dri
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grid is DX in the West-to-East direction and DY in the second justif ication for the use of a lookup table is the
South-to-North dIrection. The procedures PE(JJ) and quantization of the gray values produced. It makes little
QE(LJ) estimate the slopes, while the procedure R(P.Q) sense to calculate the apparent brightness with very high
calculates the corresponding brightness using a precision only to coarsely quantize the result. A
particularly simple reflectance map. The resulting values convenient rule of thumb is that the number of possible
range from 0.0 (black) to 1.0 (white) and have to be discrete values for each gradient component need not be
scaled appropriately before they can be fed to a more than the number of gray levels available from
particular gray-level output device. output device. The final choice of quantization must

Typical terrain models are quite large and may take into account both of the above considerations.
exceed allowable array storage limits or even the address One can separa te the estimation of slope from the
space of a computer. Fortunately only two (or three) calculation of gray value, and produce an intermediate
rows of the terrain model are needed for the estimation tile of coded surface gradient values. This file need not
of the local slopes. The program given can be easily be large r that the original terrain model if the gradient is
modified to read the terrain model, and to write the quantized properly (if p and q can each take on 64
calculated gray values, one line at a time. This makes it values, each gradient can be encoded as a 12 bit value).
possible to deal with terrain models of essentially Such a surface gradient file can be fed through a lookup
arbitrary size. table procedure to produce the final output. In this

Next one should note that terrain models typically fashion different reflectance maps, encoded as different
are stored using integer (fixed point) representation for lookup tables, can be applied to a terrain model easily,
elevations to achieve compactness and because elevations with little more effort than reading and writing a file.
are only known with limited precision (an elevation may The illustrations here were produced this way.
be given in meters as a 16-bit quanti ty for example). Many gray-level raster displays have a translation
Similarly, gray values to be sent to a graphic output table between the image memory and the digital-to-
device are typically quantized to relatively few levels analog converter driving the cathode ray tube intensity
because of the limited ability of the human eye to control. The quantized , packed reflectance map can be
discern small brightness differences and the limited ability loaded into this lookup table, while the image memory is
of the device to accurately reproduce these (a typical loaded with the coded slope matrix. This allows one to
output device may take values between 0 and 255.) The view the same terrain with a variety of assumed
calculations can thus be carried out largely in integer reflectance properties simply by reloading the translation
(fixed point) arithmetic and even a simple computer is table, which is small compared to the image memory.
adequate.

Taxonomy of Reflectance Maps
Use Of Lookup Tables

Here we have discussed some of the issues one is
Some of the formulas for reflectance maps discussed likely to encounter when developing a program that

later on are quite elaborate and it would seem that a lot produces shaded output. In the remainder of this paper
of computation is required to produce shaded ~~~~ 

we will analyze a number of proposed hill-shading
using them. Fortunately it is possible to make the methods in terms of their equivalent reflectance maps
amount of computation equally small in all cases by Notational tools will be introduced as they are needed.
implementing the reflectance map as a lookup table. Rather than proceed in strict historic order, we will
This table is computed only once, at the beginning, discuss relief shading methods in the following groups:

Since elevations are quantized, so are the estimates
of slope. It is therefore not necessary that one be able to 1) Rotationally symmetric reflectance maps —

determine the apparent brightness for all possible values gray tone depends on elope only.
of the gradient (p. q). Further, it is reasonable to place
an upper limit on slope, so that only a finite number of 2) Methods based on varying line spacing or
possible values can occur (For example, if slopes between thickness to modulate average reflectance.
-1.55 and +1.60 are considered, in increments of 0.05,
then there are only 64 possIbilities for p and 64 for 

~
, 3) Ideal diffuse reflectance and various

and a lookup table wIth 4096 entries can be used). A approximations thereto.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~.:
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to the lines. if we ignore diffusion of light in the paper,4) Gray tone depends only on the slope of the then the average reflectance of the surface issurface in the direction away from the
assumed light source. R (w r,~, + b rb)/(w + b)

3) Methods depending on more elaborate Or, R ri,, — b (‘~ 
— r11)/(w + b)

models of diffuse reflectance from porous
material, such as that covering the lunar If, for example, the paper reflects all the incident light,
surface. and the ink none , then r~, — 1 and — 0, so that R —

l—b/ (w + b).
6) Models for gloss and lustrous reflection —

smooth surface, extended source and rough
surface, point source. Slope Of The Surface In An Arbitrary Direction

In the calculation of gray value produced by some
Average Reflectance Of Evenly Spaced Dark Lines methods of hill-shading it is necessary to know the slope

of the surface in an arbitrary direction, given the slope p
Some early methods for hill-shading achieve the in the West-to-East direction and the slope q in the

desired control of gray tone by varying the spacing South-to-North direction. Note that p and q are the first
between printed lines. One advantage of this approach is partial derivatives of the elevation z with respect to x
the ease with which such information can be printed, and p respectively. Consider taking an infinitesimal step
since it is not necessary to first screen a continuous tone dx in the x direction and an infinitesimal step dy in the
image. One disadvantage is the confusion created when p direction. The change in elevation, di, is given by
the lines used for this purpose are layed on top of others
portraying planimetric information. While the directional dz — p dx + q dy
textural effects of the lines are important in conveying
information about shape, we concentrate here on the Along a contour line for example, the elevation is
average reflectance, consta n t, so that for a small step dx — a di and dy — bConsider inked lines with reflectance ‘b covering an di, we can write:
area of paper with reflectance r

~, 
(see Fig. 7). The ratio

of the area covered by ink to the area not covered is the (
~ q) . (

~
, b) di — 0

same as the ratio of the width of the lines to the width
of the uninked spaces. This in turn equals b/w, where b where “.“ denotes the dot-product. The local direction of
is the width of the inked line and w the width of the the contours, (a, b) is of course perpendicular to the local
uninked space measured along any direction not parallel gradient (p. q).

Now consider taking a small step in an arbitrary
direction, (p0. q~,) say. That is let dx — p0 di and dy
— q0 ds. The length of the step, measured in the xy-
plane is,

I 
_ _ _ _I 4 p oZ + q02 di.

V 

While the change in elevation ii,

dz — ( p 0 p + q 0 q )ds

~~~— b —~~~ ~~~— w —~~~

Consequently the slope, change in elevation divided by
Figure 7: Magnified portion of surface covered with length of the step, is,

lines. The average tone depends on the
fractional area covered by the lines, as well as s — (p0 p + q0 q)/4 p02 + q02
the reflectance of the paper and the ink.

—~~~ _.~ _~~
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If we let a be the angle between the vector 
~~ q0) and results from the width and spacing of these lines. In

the x-axis, then, the above can also be written, analyzing his method we have concentrated on calculating
the average reflectance produced in the printed product.
It should be pointed out that this method also gives rise

The direction in the xy-plane in which the slope is Another interesting aspect of Lehmann’s method is
maximal can be fou nd by differentiating with respect to that the lines or hachures were drawn starting on one

s — p cos a + q sin a 
to interesting textural effects that will not be discussed.

a. The direction of steepest_ ascent is (p. q) and the contour and ending on the next. This greatly contributed

maximum slope equals ~~ + q~. to the later development of the contour representation
A (Isohypsen) for terrain surfaces, that was to ultimately

replace most of these early attempts at portraying surface
shape 171. -

Lehmann’s Boschungsscbraffen A

One of the earliest methods for depicting surface Contour Density ‘ B
shape using a form of shading is that of Lehmann 12,3).
Illustrations based on ad hoc scales of increasing darkness Another method is based on the observation that
as a function of slope (“Schwarzegradscalen”) had been lines on a contour m a p  are more crowded in steep areas
published before, but there was no systematic analysis of and that this crowding leads to darkening of tone or
this approach until the appearance of an anonymous average gray value. In order to calculate the dependence
publication attributed to Lehmann. In his method, short of the average local reflectance on the gradient, (p. q), we
lines in the direction of steepest descent, called hachures, have to determine the spacing of contour lines on the
are drawn with spacing and thickness specified by rules map. We assume that the surface is locally smooth and
that ensure that the fractional area darkened is can be approximated by a plane, at least on the scale of
proportional to the angle of inclination of the surface, 0. the spacing between contour lines (If this is not the case,
That is, steeper implies darker. The lines merge, ahasing, or undersampling problems occur in any case).
producing a continuous black area , when 8 exceeds some Consider a portion of the surface with slope s in
maximum value 8~, typically 430 or 60°. The slope of some direction not parallel to the contour lines (see
the surface equals the tangent of the angle of inclination Fig. 8). Assume that the map scale is k and the vertical
or “dip”. Using the expression for the slope in the Contour interval 6. Then it is clear that the spacing I -

direction of steepest ascent, we get, between contours on the map, d, can be obtained from
________ the formula for slope,

tan e _ 4 ~~~~~q2
i — 6/(d/k)

Consequemttly, the average reflectance is,
________ If we take the cross-section of the surface in the

R(p .q) — — (r,, — rb) tan 1 
~ P2 + q2 ‘0o direction of steepest ascent, then $ — ~i[ p2 + ~2. As a

When the angle of inclination exceeds the maximum, the
lines coalesce and R(p, q) — r1,. We can also write the
above in another form,

R ’(0,~ ) — — (‘,~ 
— ‘b~ 

(8/b0)

Here, • is the azimuth of the direction of steepest _
H

descent, a quantity that does not appear in the formula
on the right, since apparent brightness here depends only
on the magnitude of the slope. The direction and ______

magnitude of the surface gradient can be found from a
map prepared according t~ L.ehmann’s rules. The
direction of steepest descent lies along the hachures, while Figure 8: Spacing between successive contour lines along
the slope is directly related to the average tone that a given direction on the topographic map.
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result we can write, This reflectance map leads to flatter , even less
interpretable pictures, since the range of ref lectances has

d — k 6/~ p2 + q2 been halved and all reflectances have been shifted
upwards by a half. In the derivation of the formula

On the map, d — b + w. That is, the spacing between above, reflection from the surrounding terrain surface is
contours is the sum of the width of the contour lines and ignored. If the terrain surface diffusely reflects a
the width of the blank spaces between them. The fraction p of the incident light, the constant term in the
average reflectance then is, above expression is increased from ½ to (1 + p)/2,

_________ while the coefficient of cos S decreases from ½ to (I —
R(p. q) = — (b/ki) (‘~ 

— ‘0) ~ p2 + q2 p)/2. It is at times suggested that a component of
surface brightness due to distributed illumination from

The result can also be expressed as, the sky be added to that resulting from oblique
illumination. This however typically detracts from the

= — (b/k 6) (‘~ 
— ‘b~ 

tan 8 shaded result, rather than improving it.
The methods discussed so far give rise to

where 0 is the inclination of the surface. The above rotationall y symmetric reflectance maps, that can be
expressions only hold if w is not negative. When the described adequately by a single cross-section, showing
slope is too steep, contour lines overlap, and the average tone versus slope L1,37~ This representation has
reflectance is simply equal to ‘b~ 

In the special case that sometimes been misused for asymmetric reflectance maps,
= I and = 0, the above simplifies to, where it does noi apply. Rotationally symmetric

_________ 
reflectance maps produce shaded images that are difficult

R(p. q) — 1— (b/k6) ~~~ q2 to interpret. Moving the assumed light source away from
the overhead position gives rise to better shaded map

Typically (b/H) may equal I or l/ .~3. overlays, but forces us to introduce some new concepts.

Diffu se Surface under Vertical Illuminat ion C 0 The Surface Normal

The methods discussed so far produce tones that The surface normal is a vector perpendicular to the
depend on the magnitude of the gradient only, not its local tangent plane. The direction of the surface normal,
direction. This is similar to the effect one would obtain n, can be found by taking the cross-product of any two
if a physical model of the terrain was illuminated vectors parallel to lines locally tangent to the surface (as

• vertically, with the light source placed near the viewer, long as they are not parallel to each other). We can find -‘

An ideal diffusing surface has an apparent brightness that two such vectors by remembering that the change in
is proportional to the cosine of the incident angle, I, as elevation when one takes a small step dx in the x-
discussed later. This is the angle between the direction direction is just dz — p dx, while the change in
of the incident rays and the local normal, which, in the elevation corresponding to a step dy in the p.direction is
case of vertical illumination, is just 0. Therefore, dz — q dy. The two vectors, (l,O,p) dx and (0,1,q) dy

are therefore parallel to lines tangent to the surface and
R ’(O,Ø) — cos 8 so their cross-product is a surface normal.

Or, R(p, g) — I / 4 1 + p 2 + ~2 n — (I .0,p) X (0,1. q) — (—p,—q,I).

Instead of illumination from a point source, one may Note that the gradient, (p, q), is just the (negative)
consider the effect of a distributed source. A uniform projection of this vector on the xp-plane. A unit surface
hemispherical source illuminating a diffusely reflecting normal, N, can be obtained by dividing the vector mm by
surface leads to a result of the following form (1393, its magnitude a — 41 + p2 + q2.

While it is convenient to specify directions as
R ’(8.~ ) — cos2(0/2) — ½ + ½ coi O vectors, it is at times helpful to use spherical coordinates

____________ 
instead. A direction can then be given as an azimuth

Or, R(p, q) (1 + 1/4 1 + p2 + q~ ) / 2 angle, 0, measured anti-clockwise from the x-axls, and a

p

-~~~ _ _  
_ _
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PosIt ion Of The Light Source
z

The reflectance maps discussed so far are

~~ 
rotationally symmetric about the origin, only the

resulting gray value. This corresponds to a situation
magnitude of the gradient, not its direction affecting the

where the ligh t source is at the viewing position. Most - 
-

Y hill-shading methods have the a.cs,~ned hght source in
some other position, typically in the North-West, with a

S— (co s Ø0 sin 0~~sin 00 sin 0~~cos 8~)

zenith angle of around 450 (8~ = 45°, 0
~, 

= 135°). The
unit vector,

points directly at the light source. A surface element will
X be illuminated maximally when the rays from the light

source strike it perpendicularly, that is, when the surface
Figure ~ Definition of the azimuth angle, 0, and the normal points at the light source. By identifying

zenith angle, 8. Her e, azimuth is measured components in the expression for the surface normal, um~counter-clockwise from the x-axis in the xy- — (—p0,—q0,l),  with those in the expression for the
plane, while the zenith angle is measured from vector pointing at the source one finds that -the
the z-axis. components of the gradient of such a surface element are ,

polar or zenith angle, 0 (see Fig. 9). (In navigation, the PO — — 0o t8fl o and q0 — — sin 00 tan

azimuth angle is usually measured clockwise from North, 
When the source is in the standard carto graphic position,

and the elevation angle is given instead of the zenith 
this means,

angle. These are just the complements of the angles used
here.) The unit vector in the direction so defined equals,

p0 — I/4~ and 
~~ 

= —I/J~
N — (cos 0 sin 0, sin ~ sin 8, cos 

~ This standard position for the assumed light source was

I’ To find the azimuth and zenith angle of the surface probably chosen because we are used to viewing objects
lighted from that direction (11. When we look at nearby

normal we identify components of corresponding unit 
ot,jects in front of us, our body blocks the light arrivingvectors Then, from behind us. Further , when writing on a horizontal

sin ~ — —qhl? + q2 surface, many of us find our right hand blocking light
coming from that direction. We thus often arrange for

and cosO — _,/4p2 + c~ light sources to be to the left, in fron t of us. While we
while, can certainly interpret shading in pictures where the light

source is not in this standard position, there seems to be
sin 8 — 4~~+q~ / 41+p2+q2 a larger possibility of depth reversal in that case,
__ • — ~ / ji particularly if the object has a complex, unfamiliar shape.

Returning now to the specification of the position
of the light source, we find two identities that will beConversely, helpful later.h i _______ _________p — — c o . O tan 0 and q — — s i n 0 tan 8 CØ5( _,0) _ ( p0p~~~q 0 q ) / ( , Jp~~ f~ 4p02+ 02 )

p 0p + q0q — tan 0 tan 8~ COs(0—Ø~)
spherical coordinate notation to specify direction.
We will find it convenient to use both vector and

-
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(-p0.-n,.I) The vector (—p0.—q0,1) is perpendicular to the inclined
planes. Ordinary contours represent ‘he locus of the
solution of z(x.y) — z0, while inclined contours are the
loci of solutions of the equation,

[ —p 0x—q0y-4-z(x,y)j / 4i+p02+q~,2 —

We can now apply our analysis of the contour
.7 density model to the modified surface, z’(x,y), defined by

.7 the left hand side of this equation? All we need are the
slopes of this new surface. Differentiating the above
expression with respect to x and y, we get,

p _ p 0) / j j ~~~ 24q02

Figure 10 Side-view of a hill cut by inclined planes. = (q — q~,) / ~l+qo2+q02
Viewed from above, the lines of intersection
crowd together where the surface slopes away Finally then,
from the equivalent source, while there are
no lines where the terrain surface is parallel
to the inclined planes. ~[(p.....p0)2 + (q—q~,)

2
R(p, q) — — (b/k 6) (re—ri,)

41+p02-i-q02

It also follows that the slope of the surface in the We obtain the expression for contour density, derived
direction, (‘~ ‘~

)
~ 

away from the light source is, earlier , when p0—q0=0. Also, in the special case that
rb=O. r$,—l , p 0—l/ 4~, and

$ — tan 0 co.(0—00). 
________________

R(p. g) — I — (b/k6) 4(p _ l / 42) 2 + (q+1/4b2 / 42
Tanaka ’s Orthograph ical Relief Method £ It is sometimes useful to express the apparent brightness

as a function of the azimuth 0 and zenith angle 0 of the
A method proposed by Tanaka in 1930 (10,1 13, surface normal. If we let be the azimuth and 8~ the

• involves drawing the lines of intersection of the surface zenith angle of the normal to the inclined planes, then
with evenly spaced inclined planes. These planes are the formula can be rewritten as follows,
oriented so that their common normal points towards an

• 

- 
equivalent light source (see Pig. 10). Thus slopes tilted R’• away from this direction have contours spaced closely, ~~~~ r~—(b/ k4) (r ~-ri,) cos
giving rise to heavier shading than that on horizontal __________________________________
surfaces, while surfaces lying parallel to the inclined ~Itan 20_2 tan 8 tan O0 cos(0.Oo)+tan2Ooplanes are lightest. As in Lehm ann ’s method , some
information may be conveyed by the directi onal texture When 80 — 4~~, r~, = 0 and ,~, — 1, then, as Tanakaof the contours . Here we concentrate on the average showed [10,113,reflectance only.

A contour is the interse ction of the terrain ’s surface
z — z(x.y) with a plane. The equation z — z

~ 
applies to 

— sin 20 cos( —Ø,,)• a horizontal plane appr opr iate for ordinary contours. For R’(8,~) — 1 — (b/k6) —
“inclined contours” an inclined plane is used with .~ (42 one 1)equation of the form

(—p~.—~~.l) (xy, ) / 41+p 02+q02 —

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1-I - 
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How does one choose the parameter (b/kb)? Block DIagramsTanaka felt that the shading produced by his method
should match that seen on a surface covered with an A common representation for relief form is theideal material called a perfect diffuser. The apparent block diagram, an oblique view of a series of equally-brightness of such a surface varies with the cosine of the spaced, vertical profiles [100—1041 The projectionincident angle, between the surface nor:nal and a vector typically is orthographic, although at times a perspectivepointing at the light søurce. He introduced a parameter projection is utilized. Surfaces not visible to the viewercalled the line factor that is the ratio of the width of the are eliminated (see Fig. 11). Shading can of course beinked line, b, to, kb/sin 0~, the interval between inclined applied to oblique views as may be done in sophisticated
contours for a horizontal surface. The line factor is just, flight simulatois of the future. We concentrate here on

map forms that provide for superposition of planünetric
(b/kb) j  p02+q~,

2 / 4 1+p02+q02 
information however, and digress only to point out that
part of the appeal of block diagrams lies in their implicitTanaka proposed varying the line width b in order to shading, due to the variation in the spacing of lines.produce shading that matches that seen on a perfect Following the discussion in the last section, it is 

-diffuser , but realized the impracticality of this approach clear that the equivalent light-source positton is in thefor all but polyhedral surfaces 110,1 1). Resigned to using horizontal plane at right angles to the vertical cutting
a fixed line width, he chose to optimize the line factor by surfaces. The analysis in the previous section thenconsidering the brightness distribution on a spherical cap applies directly. Things are a little more difficult if theextending to 450 slope. With the source at 450 elevation, result is to be expressed in terms of the coordinatethe least deviation from the brightness distribution Ofle system of the surface rather than one oriented withwould see if the surface was a perfect diffuser is obtained respect to the viewer.when the line factor equals 0.3608. Consequently, (b/kb) We can analyze the shading apparent in block
= .3608 12. Finally then, diagram s by calculating the spacing between lines as a

2 function of the surface orientation . Let a local surfaceR(p, q) — I — .3608 f~~~ 1/42)2 + (q+1/42) normal be n — (—p.—q,1). A series of parallel planes,
• with common normal s, cuts the terra in surface. TheIt is unfortunate that this method later gave rise to some intersections of these planes with the surface are viewedV 

misunderstanding as well as a less rigorous hybridized from a direction specified by the vector p. It is assumed
• form L151. that the viewer is at a great distance so that the profiles

are projected orthographically along lines parallel to p
(see Fig. 12).

The line of intersection of one of the cutting planes
with the local tangent plane will be parallel to the vector
n X s, since the line lies in both planes and is therefore

• perpendicular to the normals, a and s. Now construct a
/ 

- plane through the line of intersection and the viewer.

H

• - Figure I l :  “Block-diagram” representation of terrain
______ surface. This is an isometric projection of a

series of uniformly spaced vertical profiles of
the surface viewed from the South-East.

• Note the shading effect due to the variation
in line spacing.

I.-
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Successive cutting planes will intersect the tangent plane
,~ in parallel lines. These give rise to parallel viewing planes

corresponding to different values of the constant Cr The
spacing of these viewing planes is of interest, since it

~~~ 
,;/:~~~~~~!~~

“Z:L
~ :TSECllON 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ 
.
~~~ ~~~ ~~ 

of the vector e In order to relate the spacing of lines in
,
‘ \ t’ .. ,•, the block diagram to the spacing of the cutting planes we

Z_— ~ ~‘c~
’ 

~~ ~ need to find the relationship between dc~ and dc’.e ~~~ 
V• V V V  

A point v on the line of intersection lies in all three
V 

planes and therefore simultaneously satisfies the three
equations given above for these planes. Expanding the
last one of these, e•v = c~, we obtain,

(n.p) (s.v) — (s.p) (a.,) — c~Figure 12: The viewing plane contains the viewer and
the line of intersection of the slicing plane or, (n.p) c,~ — (s-p) c4, = Cewith the terrain surface. Line spacing in the
block-diagram equals the spacing between Here, c,~ is fixed and so the relationship between changes
successive viewing planes. The dotted line is 

~fl Ce and c~ is simply
parallel to the vector p.

• dc~ = (n.p) dc5

If the interval between cutting planes is 6 and the map
This plane, called the viewing plane, contains both n )( S scale is k, then dc5/s — (*6). Consequently the spacing V

and p. The normal e of the viewing plane must therefore between lines in the block diagram, dc~/e is,
be perpendicular to both and can be defined as,

d — *6 (n.p) (s/ c)
e —  (a X a) Xp

where e is the magnitude of the vector e — (n.p) a —

or, e — (n.p) a — (s.p) a (s.p) n. Finall y, we remember that

If we let v — (x,y,z) ,  then the equation for the local R (p, q) — — (r,,, — ‘o~ 
(b/ d)

4 tangent plane can be writte n,
• where b is the thickness of the lines. Thus,

n .v = c ~
- 

• 

R(p, q) — — (b/kb) (‘~ 
— rb) (1/5) (1/a.p)

for some value of the constant c .  Similarly, the equation V

• of a particular cutting plane is, The view vector is tangent to the surface when n.p — 0.
When this dot product becomes negative, the surface is

C5 turned away from the viewer and should not be visible.
Also note that d — kb, when s.p — 0. One should

Different values of c3 correspond to different cutting therefore choose a and p so that they are not orthogonal,
• V planes. The plane corresponding to the value C, + dc~ is to avoid getting only evenly spaced parallel lines.

separated from the plane corresponding to the value C, by In the case of perspective projection, line density
a distance dc,/s, where $ is the magnitude of the vector will increase with distance, and the resulting reflectance
a. uaticn for the viewiog plane is just, will be lowered because ofachan ge in the effectlve scale

factor k. If the projected profiles are plotted on a raster V

s.v — C1 device, one has to also take into account the fact that

, 
- -
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the number of dots per unit line length is not constant. d — (kb) F~ l+p02+,i02 / ~~~~~p)2 + (q—q0)2 IThe dot density varies as maxt cos O I , I  sin OR where 0
is the angle between the line and the direction of the A result leading to the same reflectance map as the oneraster. This variation should be included if an accurate derived before.
reflectance map is to be derived for outp ut of this form. Final ly, consider profiles running West to East, that

is, a = (0,1,0). The resulting traces may be viewed
isometrically from the South-East, a fairly common VIsometr ic VIews of Vertical Profiles

V arrangment for a block diagram. Then p = (l .— l , l).
Consequently, n-p — (l—p + q) and s•p = — 1. Further ,The transformation between the terrain coordinate e — (—p.1—p,l) and hence,

system and that of an observer viewing the terrain
obliquely can be found by multipl ying a rotation m atrix d = (kb) (1—p+q) / (~ff ~ 1~ -p+p2 )corresponding to rotation by O~, about the x-axis with a
matrix corresponding to rotation by ( mr/2+øp) about the
z-axis, where q~,,, is the azimuth and e~ is the zenith So, if ~ ~ and r~ 1,
angle of the direction specified by the vector p. If the ________

coordinates in the observer’s system are x’, ?, and z’, one R(p, q) = 1 — ~5 (b/kb) 41_p+p2 / (1 — p + q)
tfinds, Similarly, for profiles running South to North, s —

(1,0,0), and,
— —sin x + cos y 

_______ - -

R(p, q) I — (b/kb) ~l+q+q2 / (1 — p + q)
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

At times two orthogonal sets of slicing planes will be
= +cos 0,, sin 8, x + sin 0.,, sin O,~, y + cos 0p Z used , producing a mesh on the surface. The reflectance

map corresponding to this case can be found by adding
the last two formulas and subtracting one from the

In the case of orthographic projection, the values of I result.
and y’ are simply multiplied by the map scale k, to
determine coordinates in the block diagram. t -

The general formula derived in the last section Wiechel’s Contour-Terrace Model F
applies to all combinations of viewpoint and cutting plane
or ientation. It is interesting to look at a few special Imagine a three-dimensional model of the terrain
cases however. We can, for example, check our earlier built by stacking pieces of some material cut according to
result for the contour interval in an ordinary contour the shape of the contours on a topographic map [8). If
map. Here a (—p,—qJ), as always, and 5 (0,0,1), the thickness of the material is chosen correctly the
since we are considering the intersection of the surface model will be a scaled approximation of the terr~min,

• 

- wit h horizontal planes. Further, p — (0,0.1) since the looking a little like a tiered cake. Illuminating ~his
viewer is vertically above the surface. Here then s — I , constr uction with a distant point source will give rise to a

• n.p — 1, and e — (p, q,0) The line interval is therefore, form of shading since each contour “terrace” casts a
______ shadow on the one beneath it (see Fig. 13). Wiechel [8J

d = (kb) / ~.f p 2+q2 was the first to analyze the reflectance properties of s~ach
a surface. In order to calculate the average brightness of

The same reflectance map is obtained as before. Slightly a portion of the model, when viewed from above, we
more complicated is the case of Tanaka’s inclined must determine the width of the shadow relative to the
contours, where a — (—p0,—q0,l). Here, again , n.p = width of the terrace.
1, while, The width of the shadow, measured perpendicular

to the contours, varies, depending on the orientation of
a — (p—p~. q—q0,O) and $ — ~ti+po2+qo2 contours relative to the direction of the rays from the

source. For example, when measured this way, the width
The line interval is therefore, is zero where the contour is locally parallel to the

projection of the rays on the xy.plane. Measured in a

4
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vertical plane containing the light source however, the
\•~~ ‘\ 
\ 

width of the shadow is constant, since the terrace has a
\. \.~ fixed height (see Fig. 14). If the light source has a - -

zenith angle 0~, the contour interval is 6, and the map
scale k, then ,

tan 8
~ 
= (b/kb)

But 

To cakulate t h a  ge~~~~~~ess we muft k:ow

s = bid

We know that the slope of a surface in the dmrectmon

Figure 13: Shadows cast in the contour terrace model. ~~0’ q0) ms,

The width of the shadows, measured 
~ — ~ + q q)/4p 2 + q 2

perpend icular to the contours, varies with the oP o 0 0

direction of the contours relative to the Solving for d from the last two equations and for b fromdmrectmon of the incident rays. the two before them, we get

b/d — —(p0p + q 4 ,q)

For examp le, when the local surface normal, (—p. —q,l),
is perpendicular to the direction to the source, (

~~PO’~~
~ \ / q0.l), their dot-product is zero and b/d=1. The terrace is
—OZ~ 

then covered exactl y by the shadow. In the above
/ \ expression both the contour interval and the map scale

_________________ have cancelled , as one might have predicted.
When (p0p + q0q) < — 1, shadows coalesce and no

H further increase in b/d is possible. When, on the other
hand, (p ~p + q~,q) > 0, the slope is facing towards the
light source. This means that no shadow is cast In this

b %“ model, shading only occurs on slopes facing away from
the source, while those facing towards it are all
uniformly bright. This is certainly not what one would
expect of a real surface and suggests that the contour-

,,,, terrace model has some shortcomings. This is not
- surprising since apparent brightness depends on surface

- 
V Figure 14: Section of the contour terrace model in a orientation, not height, and while the model represents

vertical plane containing the light-source, height with reasonable accuracy it does a poor job of
The width of the shadow, b, measured in this modeling surface orientation. Indeed the surface of the
plane is constant, while the width of the model is mostly horizontal, with some narrow strips of a
terrace, b + w, depends on the slope of the vertical orientation. The latter are not even visible from
surface in a direction parallel to the above..
projection of the incident rays on the ground Wiechel noted that light would be reflected from
plane. these vertical surfaces onto the terraces (8). The surface
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thus appears brighter , viewed from above, near vertical influenced by these early efforts when be chose to
surfaces facing towards the light source. He made the develop this method for hill shading.
simplifying assumption that reflection produces uniformly
br ight patches with the same shape as shadows that
would be cast were a source to be placed opposite the Wtechel ’s Helllgkelt smaassstab
actual light source. This is not a reasonable assumption
unless the vertical surfaces are made of narrow mirror Wiechel based his method for irregular surfaces on
facets, each oriented perpendicular to the direction of the that developed earlier by Burmester for regular surfaces
incident light! In this case, surfaces illuminated by [

~1. In order to make his approach practical he needed a
reflection as well as by direct light have a brightness graphical device for translating measurements of contour
twice that of those illu m inated only by direct light. This interval and direction of steepest descent into gray tones.
version of the model is fortunately simple enough to be The “Helli gkeitsmaassstab” (his spelling) is arranged so
amenable to analysis. First note that , if we assum e the th at these measurements can be transferred directly, and
su rface to be an ideal diffuser , then the bri ghtness of the correct tone determined from a series of isophotes,
horizontal surfaces that are neither shadowed nor contours of constant brightness. Steep slopes, with small
illuminated by reflection equals the cosine of the zenith Contour intervals correspond to points near the origin of
angle of the source. Therefore , let = 0 and rw — cos this diagram , while those of gentle slope map into points
O~, where, fu rther away.

His diagram therefore is a sort of inside-out
cos 0~ = I / 4f~ p02~~q02 reflectance m ap. The main difference is that radial

distance from the origin in gradient space is proportional 
V

R(p, q) — (1 + PoP + q~,q) / ~ l+po2+qo2 to tan 0, while it is proportional to cot 0 in this early
precursor. This corresponds to a conformal mapping

Or, R’( O.O) — (I + tan 0 tan 8~ cos(0—00)J cos operation referred to as inversioi~ with respect to the unit
circ le. Wiechel showed that his diagra m corresponded to
the imnage of an appropriately illuminated logarithmnoid VWhen the source is in the standard position (North-West mnade of the desired material. The equation of this

at 430) th is becomes, surface is z = — log 4 x2 ÷ y~ . We saw earlier that
the reflectance map can be thought of as the image of aR(p. g) — [I + (p—q)/ ~IZ / 42 paraboloid.

It is indeed unfortunate that Wiechel’s construction V

Note that here apparent bri ghtness al read y becomes equal -was ignored. Wiechel developed two shading methods
to one when the angle of inclination is about 30.36° that did not require this two-dimensional diagram. Intowards the light source. This may be contrasted with each case appare nt br ightness depended only on the slopet he case of the ideal diffuser , to be discussed later, where of the surface in the direction away from the light
it reaches one only for an inclination of 430~ Wiechel source. This property manifests itself in the reflectanceused this model as the second approximation to the ideal
di ffuser (the first will be discussed later) and expressed m a p  in the form of parallel straight-line contours. The

effect is less apparent in Wiechel’s diagram, where
isophotes becom e nested circles through the origin, withhis result as (8),
centeis along the line in the direction of the light source.

V 
(cos i / cos e),

where i is the incident angle, and e is the emittance Tanaka ’s Relief Contour Method G
angle, here equal to 8. These angles will play an

• im portant role in the discussion of more recent methods Tanaka , in 1939, developed an ingenious methodlater on.
According to Raisz and Imhof (l ,28—30J terraced (24—26) for drawing the shadows one would see if one

contour models were used in the late 1800’s. An ear ly 
looked at a contour-terrace model. His method is based
on the observation that the length of the shadow,

example is an alpine excursion map published in 1863 m easured in the direction of the incident rays, isthat employed “contour shadows” (11. The tlrst attempts constant. Using a pen with a wide nib one can trace the
at photography of obliquely illuminated surfaces also used
ter raced terrain models (27). Wiechel probably was contou rs, while mai ntaining the orientation of the nib
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parallel to the direction of the incident rays (as in Tanaka preferred a reflectance for the gray background V

roundhand writing). Only those portions of the contou rs halfway between that of the black ink and the white ink.
are traced that correspond to slopes facing away from the Placing the light source in the standard position we get,
assumed light source. Tanaka used black ink on gray
paper for reasons that will become apparent. If the R(p, q) (1 + (p—q) / r23 / 2
reflecta nce of this paper is then,

Or, R’(0~Ø) = [1 + tan 0 cos(ø—~~,)J / 2
R(p.q) = + (rg — ‘b~ (P OP + q~,q)

This result can also be expressed as, (cos I cos ~) / cos e,
provided 

~PoP + q0q) < 0, otherwise R(p, q) = Yg. where g is the phase angle, here equal to 8~. Note tha t
Tanaka also came up with a way of modulating the except for scaling by cos g, this is the same result as that

average reflectance of the paper In areas that obtained by Wiechel for his contour-terrace model. One
corresponded to slopes facing towards the source. His effect of this scaling is that apparent brightness rises to
approach is somewhat analogous to taking the negative of one only when the angle of inclination is 450, on the
a picture of the contour-terrace model obtained by other hand, horizontal surface now have a gray value of
illum inating it from the other side. Thus white only 0.5.
“shad ows” are cast in the opposite direction to the black
shadows. These can be drawn with white ink on gray
paper using the same m ethod as before except that now Tanaka ’s HemispherIcal Brightness DistributIon
the section of the Contours that correspond to slopes
facing towards the light source are traced . It is easy to Tanaka needed a way to display the dependence of
see that the resulting average reflectance will be, tone on surface orientation to permit comparison of the

results produced by his two methods and what would be
R(p. q) = ig — (rg — r~) (POP + q0q) seen if the surface modeled were an ideal diffuser. He

chose an oblique view of the brightness distribution on a
where r

~
, is the reflectance of the white ink. When (p0P spherical cap extending to 45° inclination 110,11,24—26).

+ q(,q) < 0, no “shadows” appear and R(p, q) — ig. If the cap is increased until it is a hemisphere, one
Tanaka combined the two methods, tracing contours obtains something like the reflecta nce map. One
using both white and black ink. The corresponding difference is that radial distance from the origin in
reflectance map R(p. q) equals one of the expressions gradient space is proportional to tan 8~ while here it is
above depending on whether the slope locally faces away proportional to sin 0. Thus, while the reflectance map is
from or towards the assumed source. a central projection of the Gaussian sphere onto a

He apparently also experimented with nibs of horizontal plane, this is a parallel projection. Put
different width for white and black ink. This another way: we are dealing here with an image of a
corresponds to changing the elevation of the assumed hemisphere, while the reflectance map is the image of a

V sources. If the width of the nib is b, then the paraboloid.
V relationship is, Tanaka’s oblique views of the distribution of

______ 
brightness versus surface orientation do not provide the

(b/1c5) — tan 8~ 
= (~~~+ q02 quantitative information available in a contour

representation such as Wiechel’s. His method is
The results of this tedious manual method are most nevertheless very helpful and it is unfortunate that few
impressive (24—261. One can write the above expressions seem to have paid any attention to it, judging by the
in the alternate notation, continued use of inappropriate forms. it is not

V • uncommon for example to see the dependence of tone on
R ’(8 0) — r + (r —, ) tan 8 tan 0 ~~~~~~~ 

surface orientation shown as a curve depending on one
g t b ° variable, slope, when it clearly depends on two, slope and

when cos(0— O~,) < 0  the direction of steepest descent, or equivalently, the two
R ’(04) — r8 — (rg—rw) tan 0 tan 8~ ~~~~~

_
~~ ) components of the gradient.

when Cos(O— Ø~) > 0
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V
Lambert lan Surfaces H o

We now turn from graphical methods using # ~#O 
V

variation in line spacing and line thickness to those S 0
utilizing continuous tone or halftone techniques. These
are often based on a model of what the terrain would .

look like were it made of som e ideal material , illuminated I
from a predetermined direc t ion. The result differs from
an aerial photograph, since no account is taken here of Nva rying terrain cover, the light source is often placed in a
position that is astronomically impossible, and the terrain
model has been smnoothed and generalized . Not being
like an aerial photograph is an advantage, since aerial
photographs, taken with the sun fairly h igh in the sicy,
often do not provide for easy (monocular) comprehension
of surface topography.

The amount of light captured by a surface patch
wilt depend on its inclination relative to the incident Figure 15: Spherical triangle used in calculating the
beam. As seen from the source the surface is incident angle, 1, from the azimuth and
foreshortened, its apparent (or projected) area equal to elevation of the light-source and the azimuth
its true area multiplied by the cosine of the incident and elevation of the surface normal. The
angle. Thus the irradiance is proportional to cos I. direction towards the viewer is V, the
Strangely, it is commnonly assumed that the radiance direction to the source is 8, while the surface
(apparent brightness) of the surface patch is also normal is N.
proportional to cos i. This is generally not the case since
light may be reflected differently in different directions,
as can be seen by considering a specularly reflecting
material, alread y showed 181, V

One can however postulate an ideal surface that
reflects all light incident on it and appears equaliy bright R’(8,0) = cos 8~ cos 8 + sin 00 sin 0 cos( —00)
from all viewing directions. Such a surface is called an
ideal diffuser or Lambertian reflector and has the Alternativel y one can simply take the dot-product of the

• 

V 

property that its radiance equals the irradiance divided by unit vector, N, normal to the surface and the unit vector,
V w (141,142). In this special case the radiance is 8, pointing towards the source 1137,1391

proportional to the cosine of the incident angle. No real
surface behaves exactly like this, although pressed

V 
powders of highly transparent materials like barium ( p , .’ q,l) ‘ (—p0,.—~0,l)
sulfate and magnesium carbonate come close. Matte ~ OSi — ______________________________

white paint, opal glass, and rough white paper are (,J
~ +,2+~2 4if~p02+q02)

somewhat worse approximations, as is snow (130). Most
proposed schemes for automatic hill-shading are based on
models of brightness distribution on ideally diffusing V

surfaces (8,10,11,31—59,74,76,77). even though there is no The reflectance map (normalized so that its maximum is
evidence that perception of surface shape is optimized by one) then is,
this choice of reflectance model. As we will see,
reflectance calculations based on this model are not R(p. q) — (l +p ~~+q0q) / (4i+p24~q2 41~~p02-~.q02) V

particularly simple either.
The cosine of the incident angle can be found by When (l+p0p+q~q) < 0 the surface element is turned

considering the appropriate spherical triangle (see Fig. 15) away from the source and is self-shadowed. In this case, 
V

formed by the local normal, N, the direction towards the R(p, q) — 0.
source, 8, and the vertical, V. One then finds, as Wiechel

~~~~7~TT I~-~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ - - ~~ . - -‘V
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In the case of a point source of light at 450 zenith interpret correctly the shape. Brassel ameliorated this
V angle in the North-West, the reflectance map becomes effect by reducing the elevation of the light source in

________ 
regions where this problem occurred.

R(p , q) — (1 + (p...q)/.IZJ / i4~ 4J14.p2+92 ) If the zenith angle of the source, 0~, is smaller than
the zenith angle of the direction defined by the surface
normnal, 0, he moves the source to a new zenith angle, 6,,,
that is a weighted average of 00 and 0. To be precise, 

V

Peucker’s PiecewIse Linear Approximation I
— max (0~, a0 + (l—a)0,)

The computation of gray value using the equation 
______

for the cosine of the incident angle is complicated and where, 0 — tan~
1 ~p2+q2

slow because of the appearance of the square root.
Peucker (63) experimented with a number of In his thesis (73), the weighting factor a was one, so
approximations that are easier to compute. He found that adjustment in elevation was complete. Curiously,
that an adequate, piecewise linear approximation for this simple method has the effect of lowering the li&ht
slopes less than one, is source even for surface elements tilted away from the

- source, as long as the slope is large enough. The above
.3441 p — .5129 q + .6599 for p+q > 0 method can also be expressed directly in terms of the
.5129 p — .3441 q + .6399 for p+q <0  - 

components of the gradient. When p2+q2 >

or, R(p,q) — .4285 (p—q) — .0844 I p+q I + .6599 p,, p0 (~Jp 2~~q2 / ~p02~~ 02)

where ~p+q~ denotes the absolute value of (p+q). The — q0 ~~~~~~~~~ /
above approximation produces excellent shaded overlays, where p and q are the components of the gradient of athat in fact seem easier to interpret that those produced surface element oriented to be maximally illuminated byusing the exact equation for a perfectly diffusing surface. the adjusted light source. If there are no further

adjus tments of source position, the ref lectance map in the
specified region becomes,Brassel’s Adjustment Of Light Source Position I

Perhaps the most outstanding examnples of shaded (1 + ~~~~ (4p2~ q2 / ~~02~ q02)J
maps come from Switzerland . Techniques for portraying R(p. q) — ___________________________________

• the shape of the surface and integrating this information
with planimetric detail have been perfected by a number (i+ )
of artists there (1,42—50). The results of autom ated
methods as described here, cannot compete with the

• beauty of their products. Nevertheless, automated Adjustment of the Azimuth of the Source
methods do provide a systematic, accurate way for
generating shaded overlays. They will become of Next, Brassel observed that ridge and stream lines
particular importance when good digital terrain m odels become indistinct when their direction was more or less
become easily available. Brasset attempted to incorporate aligned with a direction toward the source. Opposite
as much as possible of the Swiss manner into his program faces of a mountain or valley may end up with similar

V (7 3—771 He quickly realized two problems with methods gray values when the cosine of the incident angle is
based purely on Lambertian reflectance models. similar for the two, even though they have quite different

V The f u st effect is explained as follows. Surface surface orientations. Maximum contrast occurs when a
elements sloping away from the source are dark , while linear feature lies at right angles to the direction of the V

those tilted towards the source are brighter. Brightest incident light, and Brassel therefore moves the light
are those that have the light rays falling perpendicularly source In azimuth towards the local direction of steepest
on the surface. Surface elements sloped more steeply ascent or descent (whichever Is closer).
however, become darker again. This lack of The amount of adjustment depends on two
monotonicity of brightness with slope is apparently parameters (see Fig. 16). The maximum amount of
disturbing and reduces the ability of the observer to adjustment is specified by I.’ (W for example), while the V
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Here it should be pointed out that in Brassel’s
- schem e the gradient, (p. q), used in the above formulas

for adjusting the azimuth of the source is a regional
- 

.w ________________ value derived from ridge and streamn lines in the area
near a particular point. In this way the cartographer can
influence the final appearance of the shaded overlay by
altering these manually entered linear features. This

— ‘Y2. method involves rather complicated global calculations
that do not lend themselves to implementation in the
st raightforward way we have discussed. The apparent 

V

+g + T /2

_______________ 

brightness of a surface element depends on both its
—w orientation and some function of its surround.

A possible objection to this idea is that the
distribution of light sources does not vary from place to

Figure 16: Sawtooth function giving adjustment of place in a real imaging situation unless the sources are V

azimuth of the light source as a function of very close to the surface. ft must be pointed out,

the angle between “regional” ridge a nd va lley however, that people seem to have little difficulty

directions and the direction of the light interpreting synthetic images where the assumed light

source in Brassei’s scheme. source position varies. In fact, few notice such drastic
changes in assumed light source position as are apparent

__________________________________________________ in a recent m a p  of the polar regions of Mars [147J. This
may be related to the fact that our perception of shaded

azimnuth difference at which this maximum occurs is images does not give us a good appreciation for globa l
specified by g (800 for example). The details of the differences in depth , instead givi ng us an excellent
computation are not very important but are given here appreciation of local surface orientation patterns. V

for completeness. First, the azimuth of the direction of Whatever the merits of this argument , the above
steepest ascent is computed using method can be modified to fit in with the notion of the 

V

ref lectance m ap, as def ined earlier , if one uses the / o g /
= atan(—q,—p) gradient (p, q) in the calculation of the adjusted source V

position. The illustration shown here uses this modified
where atan(y.x) is the direction of the line from the version. Note that in Brassel’s scheme the adjustment in
origin to the point (x.y) measured counter-clockwise from azim uth and zenith angle of the source are independent
the x-axis. Next, the difference between 0 and the and can be carried out in either order.

• azimuth of the source, ~~ is reduced to the range — w/2 Brassel also adjusted the apparent brightness
to + w/2 by adding or subtracting integer multiples of ~~ . 

according to the height of the terrain. This is a simple

Let the result be ~~~~~~ The adjusted azimuth of the local computation that can be easily added to any of the
source is then calculated as follows, basic methods presented here. It was not included here

to simplify comparisons.

= 0~ +V Alternate LI ght Source Adjustment Method II
w sign(~~ ) mm (~ ‘~01 /g. ( w/2—I Aol )/( w/2—g)J

Brassel used a piecewise linear adjustment in

Where sign(~ o) is +1 when ~ 0>  0, and —1 when ’ 
azimuth. A similar effect can be achieved using a

< 0. Now one can calculate the gradient ~~~ q,,) of the smoothly varying function like

maximally illuminated surface element, or instead, use
Wiechel’s formula to get the cosine of the incident angle sin 6~ — (8/2) sin 2(0—0,,,) = 6 sin(0—00) cos(0—~0)
directly, V

That is,

R’(0.O) — cos ccs 0 + sin 6,, sin O cos(0—0,,) Sin 8~ — 8 KP~~~0p) (p0~~~~~)J / ((~~~~2) (p 24~~
2)) j
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Adjusting the azimuth of the source by 60 leads to a \ I / Z
new position specified by, ()

p,~~~p0 cos 6 0 — q 0 sin 60
q~~~~p0 sin 6 0+ q 0 cos 60 f \~~~~~~~~ r\

Adjustment is complete for smnall angles when 8 — 1. — — 
—

The use of trigonometric functions is avoided in the N — 
,

above calculation , since both the sine and the cosine of
60 can be computed without them.

the source. T oid th peculi:r phenom:na of the 
~~~~~~~~~~~lowering ~‘f the source even for surface elements turned

away from it, we adjust the elevation according to the
V 

projection of the surface normal on a plane containing
the source When ‘-‘-a > ~~~~~~~~ 2P5,-T-y5q Ps ~ ‘ts ’ Figure 17: Projection of the surface normal on a vertical

plane containing the assumed light-source.
Pfl 1’~ (PsI*lsf) / (p32..4..,j32) The projected normal is perpendicular to the

— q5 (P5p+c~1q) / (P~
2+q,2) line in which the plane cuts the terrain

surface.
In this region th en the reflectance map becomes,

+ (p 5p +q5q) 2/ ( p 52+q52)
R(p .q) — . ____________________

~f i +p 2 +q 2

Otherwise it is calculated as before, that is, the cosine of
the inciden t ang le is N

R(p, q) — (1+p ,~p +q~ q) / (4j V=
~~

p
2

~~~
q

2 
~~~~~~~~~~~~~~~~~ V

The advantage of the above method of adjustment is that
simple calculations in terms of the components of the
gradient replace trigonometric equations in terms of
azimuth and zenith angles.

I’
Wiechel’s Plist ApproximatIon L M

The first serious analysis of an approach based on
the shading seen on the surface of an obliquely
illuminated matte object is that of Wiechel (SI. He S
started by assuming a perfectly diffusing surface and
proposed connecting points of equal apparent brightness
by isophotes. He correctly determined the brightness of
a perfect diffuser as already mentioned. In order to Figure 18: Spherical triangles used to calculate the
make calculations less unwieldy he also suggested three projected incident angle, I’, and the projected - —

V approximations, the second of these being the contour- surface inclination, I’. The direction
terrace model already discussed. His f irst method towards the viewer is V, the direction to the
involved approximating the cosine of the incident angle, i, source is S, while the surface normal Is N.
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by the cosine of I’, the projection of this angle onto a While these equations are more complicated than
vertical plane lying parallel to the rays (see Fig. 17). By the original equations for the cosine of the incident angie,
applying the analogue formulas to the lower spherical 

I, it must be pointed out that the angie I’ can be
triangle (see Fig. 18) we get, estimated graphically by measuring the contour interval

in a direction parallel to the incident light rays. The
V sin ( cos i~~~cos i’ sin I Cos x sam e is true of Wiechel’s second approximation

introduced earlier. This greatly sim plifies the manual
Applying the analogue formulas next to the whole 

construction of shaded maps from contour maps, and
tria ngle we get makes it possible to use a simple one-dimensional scale

for brightness instead of Wiechel’s more elaborate
sin i cos ~ — cos 0 sin 0, — sin 0 (0500 cos (0 — 0~) “Helligkeits mnaas sstab ” . This property manifests itself in

the reflectance map by the appearance of parallel straight
The second equation allows us to eliminate x from the line contours. It is also interesting to note that Wiechel’s
fi rst and obtain an expression for tan i’. Using the “approximations ” produces results that seem better than
identity cos ?’ — 1/4r-i-tan 2 I’, we finally find , those obtained using the equation for the perfect diffuser.

V Unfortunately, experimentation at his - time was limited
R ’(O,Ø) — cos i / Ica 0 4i~ + tan2O ca2(~’~~00) J because of the lack of approp riate technology for

V system atically generating continuous tone patterns.
where, using the cosine formula as before , Apparently no map s made by this method were ever

published (1].
cos I — cos 0 cos 0,, + sinO sin 0,, cos(0—00) Finally, Wiechel postulated a materi al that would

no: appear equally bright from all viewing directions, but
Alternatively one can project the vector n — (—p.—q.1) instead had brightness varying as the cosine of the
onto the plane with normal s — (q0.—p0.O) . The result emittance angle. This was used in part to discuss the
will equal, relationship between the contour-terrace model and the V

original surface, but also put forward as a third ,
ii ’ — n — (a - s) s/s2 “modified brightness” model that might be used in

calculating gray tone. In this case brightness varies in
where s is the magnitude of the vector s. This projected prop ortion to (cos I cos e). We can normalize his result
vector will be perp endicular to the line in which a here by dividing by the maximum of this product,
vertical plane including the light source cuts the surface. cos2(g/2), where g is the so-called phase angle, here

equal to 0
~ 

(The ter m phase angle stems from work on
lunar photometry, where this angle equals the phase of

1—Po(P0P+q0q)/(p02+q02), —q0(p0p+q,,,q)/(p02-t-q02), I] the moon). Then,

Taking the dot-product of the projected vector and the R(p , q) — 2 (Cos I cc. e) / (1 + cos g)
vector pointing at the source , then dividing by their __________ V

magnitudes we find , — 2 (I4p ,,,p- 4-q0q) / ((1 + 41+p02+,02 ) (1+p 2+q2) J
V VI -

( l+p,,,~-~q~~) 
Incidentally, this function does not sati fy Helmholtz’s

R(p,q) — _______________________ reciprocity law (123], and therefore cannot correspond to
the reflectance of any real surface illuminated by a point 

V

I~~l +p~~+q,,~ 4i~ (p 0p +c0c)2/ (p 02-l-co2) 
~ source.

This matches the expression for perfectly diffuse
reflection for values of (p,q) along the line from the Marsik’s Auto.atlc RelIef ShadIng N- $ origin to the source point (p~,q~~ When the source is In Jthe standard position the equation becomes Blachut and Marsik further modified Wiechel’s

approximation, partly as a result of their dissatisfaction
R(p ,q) — (I + (p—q)/4~J I L4~ 41+ ( f r f )2/2 I with the fact that a horizontal surface does not appear

white when a perfectly diffusing material I assumed

‘44
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V

(&l,61). This may have stemmed in part from early 1 / [1 + (cc. e/co. 01conventions in map-making where horizontal surfaces
were portrayed without hachures (4—61. Marsik also unless cc. I < 0, when the surface is self shadowed.aimed for simpler calculations and considered the slope in Here / is the incident angle, and e is the emiuance angle,the direction towards the source. For some reason, he
proposed making the densi:~ of the printed result equal to 

the angle between the local surface normal and the
direction to the viewer, here equal to 0. The expressionthe tangent of the projected slope angle 8’ (see Fig. 17). equals 1/( 1 + cc. g~ when I — 0, where g is the phaseDensity is the logarithm (base 10) of the reciprocal of

the reflectance. Applying the analogue rule to the upper 
angle, here equal to 00. Using this value for

spherical triangle (see Fig. 18) one can show that, normalization and remembering the expression for cc. I
one finds,

0 — cc. O sin 0’ — sin 0cc. 0’ cos (0 —

(1 + cc. 8~)
Thus, tan 8’ — tan 0 co.(0 — 0~), R’(8,0) —

and, R ’(8.0) — 10tan O cos(Ø — 0()) 
~ + 

cos 8

(cc. 8 cc. 00-f-sin 8 sin 8~ co.(0-*~,,))Using the expression for the projected normal a’
developed in the last section, or, remembering the
expression for the slope in the direction (p0. ~~)‘ one can ~i + lf(1+p02+q02
also show, ______________________________R(p q) —

R(p. q) — 10 (p0p4q0q)/ ~ p02~~qo2 (1 + ~1+p~,
2+q0~ / ( I+p 0p +q~,q)I

When p0p + q0q > 0, R(p. q) > 1 and so all surfaces unless (1+p 0p +q0q) <0.  */mm R(p. q) — 0. When the
facing towards the light source are white. No source is in the standard position,
information is available to the viewer regarding surface
shape in these areas. If the assumed light source is in the
standard position we get the simple formula, (1+1/42) (1 + (p—q)/12) / ((1+42) + (p—q) / (2)

R(p, q) — l0 (P~~)/42
The Lommel-Seeliger law has been used in *utomated

Marsik also limited the density to a maximum of 0.7 to relief shading by Batson, Edwards and Eliason [72).
avoid interference with planimetric information c.~ the Based on detailed measurements and modelin&
map. Fesenkov [122,1261 and later Hapke (127—129] further

improved the equations for the reflectance of the material
in the maria of the moon. Hapke imagined the surface

L.ummeI-SeelIger z..~ o as an open porous network into which light can penetrate
freely from any direction . His result has three V

Many surfaces have reflectance properties that components: the Lommel-Seeliger formula for reflection
differ greatly from those of an ideal diffuser. The f rom a surface layer containing many scattering points of
photometry of rocky planets and satellites has intrigued low reflectance, Schønberg’s formula (121) for reflection
astronomers for many years (120—126). Several models from a Lambertian sphere and a complicated factor
have been proposed to explain the observed behavior, resulting from mutual obscuration of the particle.. The
One of the earliest, developed by Lommel (1181 and results of such investigations are often expressed in terms
modified by Seeliger (119], is based on an analysis of of angles other than the ones introd uced so far.
primary scattering in a porous surface (125,127). Their
model consists of a random distribution of similar
particles suspended in a transparent medium and results m1~~j~ e Longitude ned Luminance Latitude
in a reflectance function that I given here in its simplest

Another convention for specifying the orientation of $
the surface element relative to the direction of a light j V
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where we have used the shorthand notation, I — cc. I, E
cc. e, and 6 — cc. g. These results can also be

expressed in terms of the components of the gradient:
V 

N tan a = (p0p + q0qr) / i/p02.fg02

- So tan a is simply the slope in the direction away from V

/3 the source. Now,

1 + 2 lEG — (12+E2+G2) —

S 9 a (q~,p—p0q)2 / [ (1+p 2+q2) (1+p 02+q02))

12 — 2 lEG + E2 —

I (p 0p +q0q)2 + (p02+q02)J / ((1+p 2+q2) (1-4-p 02+q02)J

The Lommel-Seeligcr law can be expressed in terms of
Figure 19: Luminance longitude a and luminance luminance longitude and luminance latitude as,

latitude (3 of a surface element are defined as
the longitude and latitude of a patch on a cos(a+g) / [cc. a + cos(a+g))
sphere with the same orientation. Longitude -

and latitude are measured relative to the and it is clear from this form that scene radiance is
luminance equator through the light source S independent of luminance Ia~Iwde. This simplifies the
and the viewer V. problem of calculating the shape of the lunar surface

from shading in a single image (136,137).

source and the viewer has become established in the work
on planetary and lunar photometry. Imagine a sphere Mlnnaert ’s Reflectance Function p
illuminated by a light source above the point 5, viewed
by an observer above the point V (see Fig. 19). These Minnaert discusses a large variety of models for the
two points define a great circle that we take to be the reflection of light from rough surfaces (1251. He also
equator. Then, points on the sphere can be referenced proposed a class of simple functions of the form,

• using the longitude, a, measured from the point V along
the equator , and the latitude, 13- cc.~I cos~~e

All possible surface orientations can be found on
the sphere, and each surface orientation can be identified intended to fit observations of the radiance of lunar
with some point, N say. The luminance longitude and mater ial while obeying the reciprocity law [123]. Here ic
luminance latitude corresponding to a particular surface is a parameter to be chosen so that the best fit with
orientation are the longitude and latitude of N. It is not experimental data is obtained . This parameter is meant
difficult to show that , to lie between zero and one, with the above expression

becoming equal to that for the perfect diffuser when
— cc. e — cc. (3 cc. a and cc. I cc. (3 ccs(a+g) a— I .  We can normalize this expression so it equals one

whe n 1—0,
V t a n a — ( c o s e cc sg—co sO/ ( cos e sin g)

R(p,q) — co/I .,o/1~~ / ~o/ l1 —
and , tan 2j l — ________  __________

((1+p ~,p +q~,q)/ (1+p 2+q2) r (~ i~~p2~ q2 /~fj ~~p 2~.ç02 )

V 

(1 + 2 lEO — (12+E2+&)1 / (12 — 2 lEG + £21 
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Part icularl y Simple Reflectance Maps Q R around them, patches of high brightness will appear when
such a surface is illuminated by an extended source, like

Several methods discussed here have reflectance a fluorescent light fixture, or by light streaming in

depending only on the slope in the direction away from through a window. The size of the patches depends on

the assumed light source, leading to parallel straight line the solid angle subtended by the source as well as the

contours in the reflectance map. These include Wiechel’s surface curvature, while the brightness distribution is that

first and second “approximation”, Tanaka ’s relief contour of the source.
V method, the “law” of Lommel and Seeliger, Minnaert ’s To study reflection of an extended source in a V

formula when a ½, as well as Marsik’s automatic specular surface, it is useful to introduce the “off-

relief shading. These methods are quite effective in specular” angle, s, between the direction S to the center

producing overlays that are easy to interpret. One can of the source and the direction S’, of the point that is

construct more such reflectance maps, including some specularly reflected to the viewer (see Fig. 20). This,

that are even easier to calculate. One possibility, for incidentally, is also the angle between the direction to the

example, is, 
viewer, V. and the direction, V’, in which the rays from
the center of the source are specularly reflected .

R(p, q) — ½ + ½ (p’ + a)/b 
We assum e a circularly symmetric source, with

brightness L(s) at eccentricity s. This is the brightness
__________ the viewer observes in the specularly reflecting surface.

where, p’ — (p~,p +  q~,q) / 4p02 + q,,2 Calculating the first off-specular angle $ is simple using
the appropriate spherical triangles.

is the slope in the direction away from the source.
Values less than or equal to zero correspond to black,
while values greater than or equal to one correspond to -

white. The parameters a and b allow one to chose the V
gray value for horizontal surfaces and the rapidity with
which the gray values changes with surface inclination.
The simple program shown earlier (see Fig. 6) uses this
form with a—0, b.— 1/4! and p 0—1/4 !, q0=—1/4 !.

A simple alternative , somewhat reminiscent of
Lehmann ’s approach, is,

R(p. q) — ½ + (1/a’) tan ’[ ( mr/ 2Xp ’+a)/b)

All possible slopes are mapped into the range from zero
to one. This has the advantage that the reflectance does
not satu rate for any finite slope and all changes of
inclination in the vertical plane including the source
translate into changes in gray level.

Another way to achieve this effect is to use,

R(p.q) — ½ + ½ (p~+a) / ~Jb2 + (p’+a)2

These three formulas are given in a form where the rate
at which the gray value changes with surface inclination Figure 20 Spherical triangles used to calculate the first
is the same at ( p’-f-a)  — 0. off-specular angle, s. It is the angle between

5, the center of the source, and S’, the
direction from which light is specularly

Glossiness - The First Off-Specu lar Angle reflected towards the viewer. Equivalently, it
is the angle between V, the direction of the

— V Not all surfaces are matte. Some are perfectly viewer , and V’, the direction in which light
specular or mirror -like. Since smooth , specularly from the center of the source is specularly
reflecting surfaces form virtual images of the objects reflected.
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cc. s — cos 2/ cos g — sin 21 sin g cc. x and equal to one when s — 0. For ease of calculation
cose_ cos I cos g~~~sinisin g cos~~ one choice might be

Here, I is the incident angle, between the local normal L(s) — cc. “(s/2) — [½(1 + cc. ~)) 11/2
and the direction to the source, e = 0, is the emittance
angle, between local normal and the direction to the where is is a number that defines how compact the bright

V v iewer, while g = •~ is the phase angle, between source patch is (A useful value might be around 20). So far, we V

and viewer. Eliminating x from the two equations and have developed the reflectance map for a specular surface
expanding the sine and cosine of 2/, one gets, and a circularly symmetric source. Many surfaces, such

as glazed pottery or sm ooth plastic, both glossy and
V cc. s — 2 cos i cc. e — cc. g V difusse components reflection. Specular reflection takes
V 

place at the sm ooth interface between two materials of
Substituting expressions in p and q for cc. 1, cc. e different refractive index, while the matte component

and cc. g one can rewrite this ~., results from scattering of light that penetrates some
distance into the surface layer.

[2 (I +p 1,p -fq0q) / (l+p2+q2) — 1) / ~ 1+p02+q02 We can combine these two components as follows

This result can also be obtained simply by finding the R(p, q) — [(1—a) + aL(s)) cos I / cos(g/2)
direction S’ from which a ray must come to be specularly
reflected to the viewer V, by a surface element with where a determines how much of the incident light is
normal N, reflected specularly. The expression is scaled so that its

maximum is (approximately) equal to one. Here we have
5’ — 2 ~~~~~~~~ N — 

assumed the source, while distributed, is compact enough
so that the diffuse reflection component can be

where V — (0.0,1). The off-specular angle is the angle approximated as cc. i. The above expression obeys the
between S’ and the center of the source, 5, so reciprocity law of Helmholtz [123) which applies to real

surfaces illuminated by a point source. Bui-Tuong used a
cos s — S.S’ — 2 ~ .N (v-N) — (S.v) reflectance function similar to the one derived above in

his computer graphics work [1121. He apparently tried to
Note that the cosine of the first off-specular angle model reflection from a surface that is not perfectly

can be calculated easily, without using trigonometric smooth. This requires a different off-specular angle
functions. The contours of constant cc. s turn out ~ be however, as will be seen in the next section.

V nested circles in gradient space, with centers ly ing on the
line from the origin to the point (p0,q0). This can be

luster - The Second Off-Specular Angleseen by noting that that the locus of the point S’, for
constant s, is a circle about the point S and that circles
on the Gaussian sphere give rise to circles in gradient Refulgency, gloss or shine can also appear when a
space when projected centrally, point source is reflectcd in a surface that is not perfectly

The cosine of the off-specular angle, s, equals one smooth. When a slightl y uneven surface, of a material
when conditions are right for specular reflection, that is, that gives rise to metallic or dielectric reflection, is
when e — i and g — I + e. This can be seen by setting illuminated by a point source, bright patches will be seen
e — I — g/2 in the trigonometric expression for cos ~ 

surrounding points where the local tangent plane is
oriented correctly for specular reflection. The size of
these patches will depend on the roughness of the surface

8.1-Tuoug’s Formula Specular Surface , Extended and the surface curvature , while the distri bution of
Source ~ 

brightness will depend to some extent on the texture of
the microstructure of the surface.

Having seen how to calculate the off-specular angle g, In this case we will need to calculate the second
we can now make a reflectance map, by assigning the Off pecular angle, s’, between the local normal, N, and
distribution of source brightness, L(s). This function the normal, N’, oriented for specular reflection of rays
should be non-negative, monotonically decreasing with ,, from the source S toward. the viewer V (see Fig. 21).
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N S facets, too small to be optically resolved, each turned a
V little from the average local surface orientation. One can

define a distribution, P( s’), describing what fraction of
\ S these microscopic facets are turned away from the

average local normal by an angle s’ For ease of
I g/2 calculation one choice might be,

N’ P (s’) — co.”s’

x Blinn ’s Formula - Rough Surface, Point Source T

One can use the fact that a normal, N’, oriented for
s specular reflection of the point source towards the viewer,

lies in the direction (—p 1.-—’q1,1), where
Figure 21: Spherical triangles used to calculate the

second off-specular angle, s’. It is the angle Pj —COS 
~ o tan (0~,/2)

between the actual surface normal, N, and a
and — —sin ~ ta n (~ ,/2)surface normal, N’, oriented to specularly o

reflect rays from the source towards the
viewer We can also find N’ by normalizing the vector (S + V),

so that its third component equals 1.

p1 = p0 / [I + 41+p o2+q02 I
By considering the appropriate spherical triangles one — q0 / [1 + 41+p o2+qo2 I
finds,

A surface with gradient (p1,q 1) is oriented just right to
cc. / — cc. I cos(g/2) — sin I sin(g/2) cc. x specularly reflect a ray from the source to the viewer.

cc. e = cc. i cc. g — sin I sin g cc. ~ This can be seen by noting that when p — p1 and q —

q1,
Eliminating x from the two equations and expanding the
sine and cosine of the phase angle g, one finds, cos I = cc. e = 1 / ~~1+pj 2+q12

cc. 5’ — (cc. I + cc. e) / (2 cos(g/2) ) and, cc. g — 2/(1+p12+q12) — 1

or, cos ? — (co.i+ cc. e) / ( . r 2  41 + c c . g )  In any case,

This result can also be obtained by finding the cc. s’ — (l+p1p+q1q) / (41+p2+q2 Ji~~p12-~.q12 )  
V

vector N’, normal to a surface element oriented to
specularly reflect a ray from the source in the direction Note that a’ will tend to be (roughly) half of a

• of the viewer, V. That is, when both angles are small. Combining matte
components of surface reflection with those from the

V 
N’ — (S + V) / IS + V~ rough outer surface we get,

The off-specular angle is the angle between the actual R(p,q) — [(1—i) + uP(s’)) cc. I / cos(g/2)
surface normal N, and this vector N’.

_ _ _ _ _  
The above reflectance map also obeys Helmholtz’s

cc.s’ — N.N’ — [(S-N) + (V.N)J / 4 2  41 + (S.V) reciprocity law and is normalized so that its maximum is
V (approximately) equal to one. Blinn and Newell give a

The surface microstructure of an uneven surface similar reflectance function, claiming it was what Dial-
can be modeled by many randomly disposed mirror-like Tuong had proposed (113). The two are not the same
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however since the two off-specular angles are different; simplified and explained their calculations [1 14J -and used
in fact , the contours of constant 5’ are nested ellipses in them in producing shaded images of computer models of
gradient space, while, as mentioned earlier, the contours various objects. The overall result can be broken into a
of constant a are nested circles. Indeed, Bui-Tuong’s product of three terms, one dependent on the distribution
model corresponds to reflection of an extended , of facet orientations, the second being the formula for
rotationally symmetric source in a specular surface, while Fresnel reflection from a flat dielectric surface, while the
the model presented in this section applies to reflection of third is the geometric attenuation factor accounting for
a point source in a rough surface. partial occlusion of one facet by another. We will not

discuss these models in any more detail here.
Models for glossy or lustrous reflection have be-en

Blln n and Newell ’s Model for Specular Surfaces used with great success in computer graphics to increase
the impression of realis m the viewer has when confronted

One of the m ethods discribed by Blinn and Newell with a synthetic picture of objects represented in the
[113) assumes a perfectly specular surface in which the computer. Unfortunatel y, these methods do not seem to
world surround ing the object is reflected. To make improve the presentation of surface shape for

V computations feasible, they imagine the surrounding cartographic purposes.
F objects at a distance great enough so that each part of

the surround appears to lie in essentially the same
di rection from every point of the surface of the object.
In this case one can imagine the brightness distribution of Colored Shading
the surrounding objects projected onto the inside of a
large sphere. The gray value used for a particular It is often said that quantitative information about
surface patch then is found by computing the direction S’ the surface cannot be obtained from relief shading (1J.
from which a ray must come to be specularly reflec ted to Contour lines on the other hand do allow measurements
the viewer V. by a patch with surface normal N. We of elevat ion and estimation of the gradient. Shading does
have already seen that , provide some information about the gradient too, but

cannot be used to determine both of its components
S’ — 2 (V.N) N — V locally, since only one measurement is available at each

point. Since we can perceive the shape of objects
The appropriate gray value is then determined from the portrayed by shaded pictures, it seems that these local
spherical distribution of brightness. In practice the constraints do lead to a g lobal appreciation of shape,
sphere is mapped onto a plane by calculating the zenith apparentl y based on our assumption that the surface is
angle, 

~ 
and azimuth , Ø~ of S’ (113). The brightness continuous and smooth.

• iI. trihut ion can be e~uallv well specified in gradient If two shaded images, produced with the assumed
space [137). since it is also a projection of’ the Gaussian light source in different positions, were available however,
sphere. two measurements could be anade at each point allowing

one to determine the gradient locally [140). It is
inconvenient to work with two shaded overlays;

Bouguer ’s Surface Model fortunately though , they can be combined by printing
them in different colors. In fact, yet another overlay can

V Surface models incorporating randomly dispersed be added in a third color, but it adds no new
mirror-like facets were first studied around 1760 by information , since the two components of the gradient
Bouguer [117). This type of micro-structure has been are already full y determined by the first two.
investigated extensively since then, despite the difficulties Colored shading corresponds to illumination by
of reasoning about the three-dimensional nature of multiple sources, each of a different color. The exact
reflection from such surfaces. Recently, Torrance and color at each point in the printed result is uniquely
Sparrow further elaborated on these models (133,1341 in related to the gradient at that point. Thus quantitative
order to match more closely experimental data showing information is available in this new kind of map overlay. V

maximum brightness for angles of reflection larger than Further , ambiguities present in black and white
the incident angle. They included in their considerations presentations disappear. By positioning the light sources
the effects of obstruction of the incident and emergent properly, one can avoid problems occasioned by the
rays by facets near the one reflecting the ray. Blinn accidental alignment of ridge or strea m lines with the
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direction of incident light. Thus the need for ad hoc has not received much attention so far. Another
adjustments of the azimuth of the assumed light source is important issue relates to the appropriate scale for shaded
removed , overlays. Shaded overlays are useful for large scale maps.

Colored shading is easy to interpret in terms of For sm all scale maps it is necessary to generalize the
surface shape and effective in portraying surface form. It surface to avoid the appearance of complex textures that
is unlikel y however that it will be widely used because of m a y  be difficult to interpret [1,49,76,77,150]. This
the added expense of printing and conflict with existing nonlinear process of removing small hills, ridges and
uses of color in cartography to distinguish various kinds valleys has not yet been satisfactoril y automated.
of planitnetric information. Amongst other things, color An as yet unexplored possibility depends on finely
is now used to code height and surface cover. Further , sampled terrain elevations. This is the ability of shading
yellow is used in ordinary shading for sun-facing slopes, to show fine detail. Contour m aps have to be carefully
while violet is used for shaded regions 1148]. This is generalized or smoothed to avoid showing confusing
thought to simulate the increased sky illumination detail on a scale smaller than the contour interval. This
component in areas turned away from the sun. is not the case with shading, although historically the

manually produced m aps have always shown only quite
coarse features. We do not yet know whether the

Summary and ConclusIons textures produced by the shading method when working
from really fine terrain models will be confusing, or of

After a brief review of the history of hill-shading an great value in identify ing different types of terrain.
efficient method for providing shaded overlays was
described . It depends on a lookup table containing -

sampled values of the reflectance map. Traditional , Acknowledgments
manual m ethods were explored in terms of their
equivalent reflectance maps, as were phenomenonlogical I would like to thank Kurt Brassel, Thomas
models used in the computer graphics comm unity. Peucker , George Lukes and Robert McEwen for
Methods that have been proposed for mechanizing the generousl y supp lying digital terrain model. Blenda Horn
generation of relief shading were also treated. The helped in the preparation of the text and Karen
automated method described here is very f lexible, since ,t Prendergast created the figures. Helpful comments were
can use any reflectance map. provided by Robert Sjoberg, Katsushi Ikeuchi, and

Some reflectance maps appear much better than William Silver. Encouragment by Thomas Peucker,
others in conveying an imm ediate impression of surface Kitiro Tanaka , and Kurt Brassel was instrumental in the
shape. Rotationally symmetric reflectance maps, generation of this paper.
corresponding to overhead illumination of the terrain , are
not very good for example. Perfectl y diffuse reflectance
is not optimal either. In fact, various approximations to . . . - . .
the formula for a Lamnbert ian reflector seem to produce
better results. Simple monotonic functions of the slope in . :
the direction away from the light source appear to be 

•
best. Glossy reflectance components, while very useful in ‘

the portrayal of regular objects, do not seem to be
helpful in the case of complicated, irregular surfaces. -
Shading is an important depth cue. The choice of , 1 ‘ -
reflectance map should not be based on some ad /~~ 

I 
,

model of surface behavior, experimental measurement of a’.

reflectance of some material, or formulas that happen to - 

~~
‘ V “ /

be easy to calculate. Instead, one should use a .
~ 

— 
~~• 

. - 
.~ ~2

reflectance map that gives rise to an immediate, accurate ‘~~~~ ‘~~ -
perception of surface shape. 1. - .

It is important to arrange for the range of’ gray 
. 

.

tones in the shaded overlays to be limited so as to avoid
obscuring planimetric detail (149). This is an area that
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FIgure 22: RefleCtanCe maps in the order in wh ich they were introduced in this paper.
The first ten appear on the left , the last ten on the right. The letter
codes corres pond to the letters after the section headIng s of the corres-
ponding sections.
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STRIP TREES:
A HIERARCHICAL REPRESENTATION FOR MAP~FEA TURES

Dana H. Ballard

Con~uter Science DepartmentUniversity of Rochester
Rochester , New York 14627

ABSTRACT 1. Introduction
There is increasing interest in map

tea t ures such as points , lines and We present a general representation
regions both as a pictoral data base for for polylines (connected line Segments)
resource management and as an aid •o and areas (closed polylines). Although
identifying objects in aerial images. this representation may have wide
Owing to the very large amount of data applications , its principal motiva t ion
involved , and the need to perform arose from the problem of i epresenting
operations on this data efficiently, the geographical data bases of map features.
representation of such features is a 

A map has several interesting kindscrucial issue. We describe a 
of features such as contour lines ,hierarchical representat ion of map 
lakes, rivers , roads, etc. These can befeatures that consists of binary trees 
roughly divided into four featurewith a special datum at each node. This 
classes for representation in thedatum is called a strip and the tree

that contains such data is called a computer (Sloan , l~ 78):
strip tree. Lower levels in the tree
corresponds to finer resolution feature exa.pl~s in sap do.ait~representations of the map feature. The
strip tree structure is a direct
consequence of using the me’hod for points towns (large scale maps)digitizing lines given by (Duda & Hart ,
1973; Turner , 1974; Douglas~Peucker , bridges (snail scale1973) and retaining all intermediate naps)
steps. This representat ion has several
desirable properties. For features
which are well—behaved , ca lcula tions lines roads, coastlincssuch as point—membership and
intersection can be resolved in 0(109 n)
where n is the number of feature points. strips wide roads, riversThe nap features can be efficiently

V encoded and dieplayed a various
resolutions. The represent ation is regions lakes , countiesclosed under intersection and union and
these operations can be carried out at Our main interest is in representing
different resolutions. All these lines and regions. A point is such a
properties depend on the hierarchical simple datum that it can be easilytree structure which allows primitive treated as a pr imitive in any

• operations to be performed at the lowest representation . Collections of points
possible resolution with great from a single class can be efficientlycomputational savings. The strip tree represen ted as k—d trees IBently, 1975;represen tation also can allow parts of Barrow et.al. , 1977) and so points arethe map feature to be accessed not the focus of our in terest , alt houghsequen tially. This feature is usually they do interact with our
desired when the map feature is used in represen tation . A strip feature isanalyzing images , essentially a line where a locally

varying thickness is important , examplesThe price paid for the improved of which are rivers and roads. As weperformance is an increased storage shall see , our representation for linescost . This is approximately 4n, where n will also encompass this type ofis the storage needed •o represent the feature.zy coordinates.
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We regar d collections of these map
fea tures as a data base that might be
used to perform the following tasks: Figure 2. Definitio n of a Strip

Segment .
.Find where a road intersects a
river

A polyline is an orde red list of.Display a subset of map features discrete points yS, ..,yn sLbse’s ofthat appear in a given nap sector which may be colinear. For the moment
we require these points to be considered.Find out if a given point is in a as connec ted ; later we will relax thisreg ion cond ition. We say a polyline is
repres~nted at resolution delta * j f.Search an aerial image near the the-c ~~‘~~ts an ordere d sequçnce of a

edge of a dock for ships. strip ’ segments

A very important aspect of all these L~ (delta), k—0, ..., rn—itasks is that we may be satisfied if —

they are performed at resolut ion lower such tha t
t 

than the ul •imate resolution
represented . delta <delta * k~0, ..., m

Our represent ation for lines and y i~~ (J L~ jai, ~ .. ,nregions consists of a binary tree e.G
structure where, in general ,  lower
levels in the tree correspond to finer If within a strip segment there is a
resolutions. The tree s•ruct ure is a point y that is a member of e÷, another
direc t consequence of using the method that is a member of e— , and there is a
for digitizing lines given by IDuda and point y that. is a member of 1+ andHart , 1973; Turner , 19741 and retaining another that is a member of I— , then theall intermediate steps in the strip segment is said to be compact.dig itization process . As an example of The compactness prop erty is verythe representation , Figure 1 shows some important for some of the algorithms
roads represented at various levels which follow. Figure 1 shows some
(resolutions) in the tree structure. examples for different deltas.

The idea of representing a line by
sets of strips was recognized by 2.2. Digitization
(Peucker , 19763. In particular he was
able to find line intersection and point Suppose we have a polyline P. suchV in polygon algorithms. However, the as shown by Figure 3a. For any jtree structure is a vast improvement resolu tion delta we can approximate this
over the set organization : the line wi th strip segments as follows
algorithms are m6re efficient , line—area IDuda & Hart , 1973; Turner , 1974):
interesection and area—area intersection
and union can now be deal’h wit-h , and Consider the polyline P
the tree structures are closed under defined by (yø ,. ..,yn). For
these operations . - each point y P find the - 

-

perpendicu lar distance d(y)

various resolu tions using the as P+. P—— P—P+ . Now find d+

V from y to P. Denote the
Figure 1. Map fea tures displayed at subset of y P such that

~~~ d (y) and d— — ma~~d(y). - - -hierarchical structure. 
If ld+) + (d— ) <delta * then
the polyline is compactly
represen ted at resolution by2. The Strip Tree the strip tree consisting of a2.1 Notation single root strip
l((d+)+(d—)). If not then theWe define a stri p segment L (detta) desired stri p tree is obtained f

shown by Figure 2. The vector L starts algor ithm to the PS yS,...,y+

as the vector L and the scalar aelta as - - by recursively applying the
at (ZBeg ,YBeg) and ends a’. (XE d ,YEnd) . and (y+)+l ,...,yn and makingWe use S to denote the set of points the results the left son and
L (delta) . Also we denote the boundaries;~ the rectangle by the line segment.

inscribed by the rectangle defined by - right son respectively of the

1+, 1— , e+, e— as shown .

4 i
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strip tree . In the case of
ties for the maximum distance 2.4. Why Binary Trees?
d, we wil l ar bitr a r i ly  pic k
the point nearest the mid The polylines can also be
point ( in arc leng th). represented as a tree with nodes of more

than two sibl ings. In fac ’ ,nodes could
have d i f f er en t numbers of sibl ings which

For the purposes of the union and would still be ordered. Figure 4 shows
intersection algorithms to follow it is an example of the alternate encoding

— helpful to think of the strip trees as scheme . In certain cases this may be a
completely expanded down to individual more concise representa. ion for the
points, even though these points may be polyline and fo~ all the algorithms tht
colinear. Figure 3 shows an example of follow we can extend the operations from
two levels of recursion of this two Sons to multiple sons, However ,
algori ’.hm . this change does not alter the

complexit y of the operations that wewould like to perform and can be moreFigure 3. Steps in the Digl’ization inefficien t than the binary treeProcess. repr esentat ion ,
To see forma lly that the

convergence is guaranteed , note that a p Figure 4 . A portion of an encoding
of k points can always be approximated using m—ary trees.
by a single strip segment L (k) with
length k assuming eight— connectedness.
Thus for any delta there must be a strip 3. Operations on Polylines
tree with leaves consisting of no more
than 2n/delta strip segments which Computational complexity of - the
approximate P. Since the digitization various operatio.’~s is difficult to
algor ithm splits each P into two parts charac ’ .er ize , as P depends on the
such that each par t has finite length, par ticular geometry of polylines. If

F the process must ultimately consider the po lylines are well—behaved , ‘hat
sets of P of delta points or less, is they are relatively smooth and do not

seif—intersec’ for more than a few
points, then the algorithms are very

2.3 Strip Tree definitions efficient . What this means for a
part icular operation in terms of the

The binary tree resul ting from the str ip tree is that if the number of
digitizat ion process is called a strip strips t hat must be examined at any
tree , where the datum at each node is a level is constant , then the comple xity
strip, L. The nodes of the tree ar~ 

of the operation is 0 (log n).
initially ordered on arc length. (Later
we w ill see that when intersection

t 

occurs in two areas which are 3.1. Testing the Proximi ’.y of a Point I 
-

~represen ted in str i p tr ees , this
property is sometimes not preserved). If we would like to find out if a

point is near a polyline , this may be
In the ensu ing algorithms we will discovered early using the strip tree.

use the fol lowing def in it ions : we can ma ke this more precise by
T — symbol for a Strip Tree obtained by exploi t ing the following prop erty:

the digitization process. Property P1:
S(T) — the points associated with the A. If a point a is inside a

itrip at the root node of T; compact strip l(delta) then it

Area (T) • the area associated with the from the P.
strtp at the root node of T. We

The mou~ pr imi tive strip, a single the distance of the point from

i.e. (xix *S(T)) can be at most 2áNsunits away

measure area in pixels so that a B. If a point z is out side a
strip L(0) still has finite area. compact strip l (delta ) ‘hen

point has unit area , the P is bounded by
LSon (T ) — the left son of the node T
RSon (T) the r ight son of the node T 0 ~ 7 S d~ lt , 1(delta) ) • 2Sdslta
A nod e of the str ip • ree i~ completely
defined by the seven—tuple (LSon, RSon,
Area, XBeg, XEn d-, fig, TEnd). The
measure Area (T) is better for some of
the algorithms to follow. Area and
delta are related by delta Ar e a/ IILII .

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~ 
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It is interesting to study these bounds Algorithm A2: Is a point further
as the depth in the resolu ’- ion tree than dø from a polyline?
increases. Although ‘he convergence is boolean procedure Further
not mono tonic , the bounds do converge •o  (z ,dø ,T)
$-~~~~~ ac’ual se~~ + heoretic distance begin
d 5(z,P) . Now suppose we wan ’ ‘o answer if dø< ds(z,S(T)) + 2 .de lta(T )
‘he question: is d,(z,P)<d 0? If ‘his then re ’urn (false);
can be answered affirmatively we will if z ~ S(T) and dO>ds(z ,S(T))
find thih out at the point where any then return (true) ;
upper bound is less than d . If ~E return (Further (z,dO ,LSon(T))
answer is no, ‘hen this will be and Further (z,dS ,RSon (T)));
discovered when the ‘ree has been end ;
explored to ‘he p0th ’ where all minimum
bounds are greater ‘han d,. Similar
argumen ’s can be made for the 3.2 Displaying a Polyline a’ Different
quali’ative level—of—etfor ’ required •o Resolutions F
answer: is d , (z ,P) >d0 ? From this
discussion we can see ‘ ha ’ the search As previously denonstrated in
will be inefficient only if Sect ion 2, a polyline may be represented
d5~ d5(z,S(T)) and a large number of the as a set of strip segments such that
strips are nearly d, from z. Figure 5a each strip segment L has a resolution
shows this case together with a more delta less than some fixed deltaO. The
represen ’a’ive example, algorithm to display such a

representation using the strip tree is
as follows . This algorithm uses a
device-dependent subroutine
Disp layRectang le which paints the

Figure  5. Two of many Possible rectangle on the particular display
Geonie’rics When Tes’lng ’he Distance of a device.
Point from an P.

Algorilhn A3: Display a polyline a’
Resolution deltaS

To summarize ‘his discussion , we provide procedure PolyDisplay (T ,deltaS)
the a]gorithms to tes’ for d 5(z,P) < d0 begin
and d s (z,P) > d,,. These algorithms use if delta(T) < deltaS then
the notion of the distanc e of a point to Di splayRecta~glea set which i. defined as follows . For - (L(T) ,delta(T) )
any strip S, if a point is outsid e s else (PolyDisplay
i.e. xAS then Its distan ce to S is (LSon (T),deltaS) and
charac’erized by the set theoretic PolyDisp lay (RSon(T) ,deltaS)) ;
distance ds(z ,S) — I d(x ,z) where d is end ;
the euc l idean th s ance between the

• points x and a. For clarity, the
algorithms are presented as procedures 3.3 Intersec ’ing Two Polylines
in a pseudo—Algol language. Rigor has
been sacrificed mainly in the One of the important features ofspecification of data types, but these the representation is the ability to
should be obvious from the earlier
defini ’ ions. 

compute intersections between polylines.
Strip trees provide the facility to not

-- only compute intersection points, but ,
in the case where lowe r resolution is

Algorithm Al: Is a point wi thin dS of a sat isfactory, to compute small areas
polyline? containing the inters ect ion po ints at

• boolean procedure Within (z,dS,T) great computational savings. In order
begin to develop the intersection methodology,
if dS< ds (z,S(T~-) + 2.delta (T) we need the following definitions:
then return (‘rue);
if z ~ 5(T) and dS)ds(z,S(T)) A. Two strip segments (Ll
then return (false); derived from P1) and (L2

or Within (z ,dO ,RSon(T))); intersect iff Li t) LZ— 0
return (Within (z ,dS ,LSon(T)) derived from P2) do not

end ;
B. Two strip segments Ll , L2

have a clear intersection
iffll + and 11— intersect

- 12+ and 12— . 
-

- ~~~~~~~~~ 
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else return
C. Two s’rip segmen’s Ll and (Intersec’ ion (Tl ,LSon(T2))

L2 have a possible Or Intersec ’ ion(T i ,RSon (T2 ) ) ) ;
intersec’ion if cond1~T (Clear]  re ’.urn(’ rue) ;
B is not sat isf ied yet end;
Li C) L2J~ 0.

This procedure is easily modified 4 0
These cases are illustra t ed by Figure 6. re ’Urn a set of parallelograms
A fairly obvious but very important comprising intersec ’ion poin ’s. Fur’her
lemma is: easy modifications can be made to - -

constrain these parallelograms to be of
Clear Intersect iOn Lemma , a certain size rela t ed to ‘he d e l ’a ( T l )
(Peucker , 1976] If two strip and del’a(T2); i.e., they can be made
segments have a clear ~o be as small as we want .intersection and the strips
are both compac’, then the Note , however , ‘hat smaller
corresponding Ps must also resolutions may be much more
intersect . computationally expensive , as shuwn in

the following example (Figure 7) where
To see this for condition B, consult intersect ion at the coarsest resolu’ion

• Figure 6b. P1 divides the region R in o  is simple , but multiple in ’ersections
two parts and P2 must cross from one to occur at lower levels. —

the other. The Only way the P2 can do
this is by intersecting P1. Figure 7: An intersection may be sirole

at one level and complica ’ed a’- lower
Figure 6: Differen’ Ways S’rips can levels.
Intersect

The algorithms to check for 
If the two PS are not convoluted

abou’ each other the in’ersection will
intersections between two polylines are be computed in 0(mlog{n)) steps where rn
recursive, and assume ‘he exis’ence of is ‘he number of ~n’ersec’ion points.
an integer procedure Striplntersec ’ ion If the PS do not in ’ersec~ but have a
which will return the type of closes’ distance d =ds(P1 ,P2) then this
intersection and , in the case of a clear will be discovered at a level in the
type , will return a parallelogram ~ 

tree no deeper than a point where
containing the intersection points.

The worst case performance is
Algorithm A4: Finding out whether intolerable as the algorithm ’s

two polylines intersect computation will grow exponentially as
long as all the strip segments in one

-~~ I Comment . If the two root tree intersect all the s’ rip segments in
strip segments do not the other. In fact , the computation can
intersect then the PS do not be shown to be 0(2K) where K is the
intersec ’. If ‘-he root sum of the depths in each tree where the
segments have a clear comparisons are •aking place l If ‘his

intersect. Since ‘he task is practical application, one way of
to just determine whether or handling it would be ‘a repor ’. ‘he

intersection then the Ps situat ion were encountered in a

not an intersection exists , we possible in ersec’ion regions a’ the
are done the momen t we find a point where •he limit of some bound on

allotted resources was exceeded .clear intersection.

boolean procedure Intersection 3.4 The Union of Two Polylines(Tl ,T2, Primi’ive Flag) -

comment Primitive Flag allows The union of two strip trees can bethe use of a single
strip as the firs’ argument accomplished by defining a strip that

begin covers both of the two root strips .
Case Stripintersection
(S(Tl) ,S(T2) ,Q) into
(Null] return (false), Algori thm A5 : P—P Union.
(Possible) if For two Ps defin d by -

(Area(Tl)>Area (T2)) or (y.’ ...y4, (y ’ . ..y,~~’reat
(Primitive Flag) then these as ‘wo subsets and —

return conca’enate the subsets.
((Intersec’ ion (LSon(Tl),T2) or That is, ‘he resultant
(Intersection (RSon(Tl),T2)); ordering is such tha’. we

have y
~
—y
~
’ ,
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Now de fine a strip 4. Areas Represented by Strip Treessegmen t that covers
.y,,, ,,,,.~such that c— san We take the boundary of an area todelta _d* . . By be a closed polyline. Interest inglyconstruc tion , this enoug h, the -digitization methodsatisfies all the described in Section 2 wor ks for closedproperties of a strip polylines and, incidentally, also forsegment. Make this the self—intersecting polylines.root node of a new

P—tree. The two subtrees Fur thermore , if an-area is not simply
are the two Ps of the connected it can still be represented as

a strip tree , wh ich at some level hasunion. - - connected primitives. The method forThis construction is shown in Figure 8. 
doing so was descri bed in the previousThe variable c is defined below.
seç~tion. If a region has holes it can
‘be represented by a single boundary
curve using a construction (Figure 9) .

Figure 8: Construct ion for Un ion of
Strip Trees Representing Two Polylines

Figure 9: A Region with a Hole
- 

If the holes are important , theyOf course this construction introduces a themselves should be independen tlyproblem in that the new strip is no
V longer compact and therefore the Clear represented as strip trees.

Intersection Lemma no longer holds. To The most remarkable fact is that byovercome this problem we must add one representing an area in this way many.ait of information to each node to mark useful operations such as intersectionwhether the underlying poly1in~ is between a polyline and an area,compact. Since later algor ithms may determining whether a point is inside anresult in underlying polylines that are area, and intersecting two areas aredisconnected, we include this in the carried out very efficiently.following definition of C:
4.1 Determining Whether a Point isC(T) — 1 P represented by S(T) Inside an A reais known to be compact and connected

0 otherwise The strip tree representation of an
area by its boundary allows the

W ith this strategy we can preserve the determination of whether a point is
eloquence of the previous algorithms in inside the area in a straightforward
the following manner: When bit C(T) is manner. If any semi—infin ite line
not one we apply the recursion terminating at the point intersects the
regardless of the intersection type. In boundary of the area an odd number of
algorithm A4 this means that clear times, the point is ins ide. This result
intersections are reported as possible appears in (Minsky and Papert, 19691.
if the bit C(T) is set. This result is compu tat ionally

simplified for strip trees in the
This technique can also be used as following manner:

a digitization method for m• non—connected segments Point Membership Property
• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ To decide whether a pointThese segments are given an order ing as z is member of an areashown. The previous digitization represented - -by a strip
algorithm is applied to this set of tree, we need only
points , and the perpendicular distan ce compute the numbe r of

4 d* is computed from the set of clear intersections of
disconnected ys and used to define the the strip tree with any4J~~of the root strip as before. However semi—infini te strip Lnow the set is divided in to two subsets which has delta — S and
of connecte d segments (rather than using emanates from a. If thisJ y~ ) and the di gitization algorith m is number is odd then the
applied recursiv ely to the subsets, point is inside the area .• Once this process produces connected

is applie d.
subsets, the earl ier di gitiza tion scheme f

I.

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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An extension to the clear
in tersection lemma which makes this 

Pruning ‘roper ty:.

property hold is that the underlying 
Consider two strips Sp e

curves may intersect more than once but 
Tp and Sa e Ta. If the

must intersect an odd number of times. 
Spfl Ta is null , then (a)

The following algorithm is used to 
any poin t on Sp is

insi de Ta the entire tree
determine whether a point is inside an whose root strip is Sp is
area: inside or on Ta and (b)

- - Al gorithm A6: Point Membership 
if any poin t on Sp is

- 

- 
boolean procedure Inside(z ,T) 

outside of Ta then the

• .- .. beg in 
en tire tree whose root

CreateStrip(S 0.z) 
st r ip  is Sp is out side of
Ta.

strip for the half line . This leads to the recursive4’ 
- comment CreateStrip creates a

if procedure Al for poly line—area

NoOfClearlntersections(S0,T) intersect ion using trees. Note that

is odd then return (‘rue) since strip nodes under a clear or

else return (false); possible strip intersection may be

end ; pruned , the bit c for the latter strip

in teger procedure V is set to 0 to denote that it no longer
NoOfClear ln terse ct ions (S,T) has the compactness property. Of course

begin as repeated intersec tions are carried
Case Striplntersection(S ,S(T)) out with different areas more and more
into upper—level strips may ~iave their bits

(Null ] return (0); set to 0; nevertheless , t he intersected
(Possible) return polyline is accurately represented at

(NoOfClear lnter sect ionS(S ,LSon ( the leaves of the strip tree .
T))

+ Not e that if the polyline strip is
NoOfClearln’ersec’ ions ~fatter.

N i.e., Area (Tl) > Area(T2) , we
(S,RSon(T))); can copy the node and resolve the

(Clear) return (1); intersec ’ ion at lowe r levels , whereas in
end ; ‘he converse case we have to

sequentially prune the tree by first
A polen ’ial dif ficulty exists wi’h in tersecting the polyflne strip w th the

the procedure NoO fClearlnter sections left area strip and then intersecting

when the strip SO is tangent to the the resultant pruned tree with the right
polyline. Since this problem will only area strip.
occur at the lowest level of the tree,
we can examine neighboring leaves of the
t ree to resolve it .  Algorithm A7: Polyline—Ar ea

Intersect ion
reference procedure

4.2 Intersecting a polyline with an PolyA realnt(Tl ,T2)
Area begin

A: .T2
The strategy behind intersecting a comment A is a global used by

strip tree represen ting a polyline with PAInt;
a strip tree represen ting an area is to return (PAInt (Tl ,T2):

V create a new tree for •.he portion of the end ;
polyline which overlaps the area . This
can be done by t r i mmi ng the or ig ina l  reference procedure PAIn t (Tl,T2)
polylin e Strip tree . This is done begin
effici ently by taking advanta ge of an Case Striplnt (Tl ,T2) in to
obv ious property of the intersection (Null or Primiti ve]
process : if Intersection (T1P A ,

- 
TRUE) — null •.hen

if Inside (Tl ,A) then
re turn (Tl)

else re turn (null);
— else re’urn (Tl);

____ _ _  _____________________________________ 
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(Clear or Possiblej i~
Area(Tl)>Area (T2) then Note that in the case of areas that.

begin intersec ’ in a way that fragments their
C (NT):0 boundaries, the order of the segments
comment non—compact s’rip will not be preserved by the
XBeg (NT): XBeg (Tl); intersection procedure. (Until this
YOeg(NT):— YBeg(Tl): point We were guaranteed that strips in
XEnd (NT J ; XEnd(T l); the tree would be ordered according to
YEnd (NT ):= YEnd(Tl) ; ‘he arc length of their underlying
Area(NT):— Area(Tl); polylines). However , all the other
LSon(NT):= PAInt properties of the representation are

(LSon(Ti),T2) ; preserved .
RSon(NT): PAint

(RSon (T1) ,l2)
return(NT); - 4.4 The Union Operation
end

- else commen’ Area(Tl)< The union operations are slightly
Area(T2) — simpler than the intersect- ion operation.

Re’ urn For the union of a P—tree and a P—tree
(PAInt (PAInt (Tl ,LSon(T2)),RSOn ( we use a construction similar to the

digitiza ’ ion methods for disconncted Ps.
end ; The result is a P—tree. Note that the

union operat ion for strip trees is not
commuta ’ive. Al so, we do not define a

4.3 Intersecting Two Areas UfliOfl Operation for a strip tree
represen’ing a polyline and a strip tree

The problem of intersec ’ing two representing a region. The union of two
areas can be efficiently carried o~~ 

reg ion strip trees is defined and is a
using their strip ‘ree represen ’a’ions. reg ion strip tree. If these two strip
The method is to decompose the problem ‘rees do not intersect , then the union
in’o two polyli~~ area intersec ’ion is straightforward and is identical to
problems (refer to Figure 10). the method for polylines. However , if

the contrary is true , then we must go to
the trouble of defining a new strip tree

Figure 10: Decomposition of Area—Area that represents the union by finding the
points of intersection in the same way

intersect ions as was done for region strip tree
intersections.

V If we treat the bounda ry of Al as
representing a polyline instead of 5. Conclusions
representing an area and intersect its
strip tree with the s’ rip tree Strip trees provide a powerful
represen’ing A2 the lowest level result representation for polylines and areas.
is shown by the thick lines in Figure Current work is directed towards
lSa. If we reverse the roles of the two characterizing their computational
stri p trees the result is given by the complexity more precisely but i•. can
thick lines in Figure lOb. The union of already be shown that the represen tation
these two strip trees (See Section 3.4) is superior to its competitors. The
is the answer we want I Thus we can main drawback is that there is a large
wr ite the area—area intersection overhead in terms of space. If n is the
procedure in terms of strips as follows: required space to represent a polyline

then its strip tree will take about 4n
Algorithm A8: Area-Area Intersection space units. Also the creation of a

V 
strip tree is a labor ious process ,

— reference procedure AreaA realnt (Tl,T2) requiring O (n log n) time units .
However , neit her of these drawbacks are

begin thought to be important in the ule of
retur n (Union (PolyArealnt this representation for geographical
(Tl ,T2)),(PolyArealnt da ta bases.
(T2,T1))
end ;

where Uni on is a procedure that
accomp lishes the construction described
in Sect ion 3.4.
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The representation defines s’r ip
segments as pr imitives to cover subsets Minsky, M .L. and S. Paper’ ,
of the line after (Peucker , 1976). Our Perce~tions :an ln’ roduc • ion to
organ ization of these segments into a compu atonal geome’ry, MIT Pr es~~
•ree may be viewe d as a particular case Cambridge , Mass., 1969.
of a general strategy of dividing
fea tures up and cove ri ng ‘-hem with
ar bitrary shapes such as depicted by Peucker , T., “A Theory of •he
Figure 10. Other attempt s in this class Cartographic Line ,” In’erna’ional 

V

--  - have been tried by (Barrow e aL,1977; Yearbook of Car’ography, 16, 1976. - 

-Bur’on , 1977; Tanlmoto. 1975), but they
do not capture ‘he not ions of
orientation and resolu’ion anywhere Sloan , K.R., “Maps and Map Da’a
nearly as precisely as strip segmen’s, S’ruc•ures ,” forthcoming Technical
and do not have the union and Repor’, Computer Science
intersection properties. Departmen ’, Unave rsi’ y of

Roches’ er.
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Picture processing ” Comp . graphics
Acknowledgements and Image ~ si fla, Vol .~~~~ No.

2 , J u n e , 197 5.
The author wishes to thank R. Peetand P. Meeker for their work in thepreparation of this documen’. Thanks Turner , K.3., “Computer percep’ion of

also go to D. Weaver for hi s work in curved objects using a television
implement ing the algorithms in SAIL camera ” , Ph.D. thesis , University

of Edinburgh , 1974.

References
FIGURES

Barrow , H.G., “Interactive Aids for
Cartography and Photo
Interpretation ” Semiannual
Technical Report l2May - -

l977—llNov .l977 , ARPA contract DAAG
29— 76—C—0057 , SRI Interna ’iona l. - .- 

-

Bently, J.L., “Multidimensional Search -

Trees Used for Associative -

$ - Searching ” CACM Vol. 18, No. 9, -• 
—

September, ~~~~

Bur ’on , W ., “Representation of - -

Many— Sided Polygons and Polygonal
Lines fo r Rapid Processing ” CACM
Vol. 20, No. 3, March , 1977. •

Douglas, D.H. and Peucker , T.,
• “Algori thms for the Reduction of

the Number of Points Required to  
V.- -

Represen t a Line or its - - - 

Carica ture , ” The Canadian -

Car tographer , Vol 10, No. 2,
December , 1973.

‘ I Figure 1. Map features displayed at various
Duds, R.O. and P.E. Hart , Pa•tern

Classifica tion and Scene Maly 1s, resolutlonsusing the hiera rchical structure .
Wi1e y—I nter$~ ience 1973.

-

V 

V 

-
_ _ _ _  - 

-. 
_ _ _  

‘1
~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ _____



-~~~~~~~ 
- V 

_ _ _ _

130

(x&n.i, ~~~~ n&)

r e~

Figure 2: Definition of a Strip Segment.
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FIgure 4. A portion of an encoding using m-ary trees.

Figure 5: Two of Many Possible Geometrics When Testing
the Distance of a Point from a P.

c)e~r pOsetUe.

FIgure 6: DIfferent Ways Strips Can Intersect
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Figure 7: An intersection may be simple at one Figure 8: ConstructIon for Union of Strip Trees
level and compl icated at l ower levels. Representing Two Polylines .

. Figure 9: A Region with a Hole.

a. Desired Result
b. Result of 1 (iTL 1 A2

c. Resul t of T 0 d. Union of Two Results: the polylineL2 - 1 segments covered by the result tree.
Figure 10: Decon~osIt1on of Area-Area Intersections
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- Figure 11: The Notion of an Arbitrary Divide-And-Conquer Strategy
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SHAPE FROM TEXTURE:
A COMPUTATIONA L PARADIGM

John R. Kender

Department of Computer Science
C.rnegia-MeHon Lkiiverelty, PIttsburgh, PA 15213

ABSTRACT THE PARADIGM

A new approach to deriving three-dimensional surf ace In the image forming process, surf sees are
orie ntat ion from image textural properties is described, perspectivel y projected onto two-dimensional regions of the
Introduced I. a new representational and computational tool, Imaging retina. The images of the texture objects which
the normalized textural property map, which unites and define the surface are distorted by local surface orientat ion,
•xpiolts a large class of tow-level imag, heuristics. An relative surface distance, and the characteristics of the
example Is given of an application of the paradi gm to an imaging device. The task of the visual processor is to
(abstract ) textured image. Some comments reflect on the deconvolute these eflecls , but it is only the effects of the
relation of th is work to exIsting work on shape. last Influe nce, the camera parameters , that are usually

known a priori. Recovery of the olhe rs depends on
simplifying assumptions, based ultimately on intuitive

INTRODUCTIO14 concepts about the physical world. These are the notions of
texture “regularity ” (bolh in texture object , and in texture

One central task of image understanding is the object placement with ,‘espect to the surf see), and of
recovery of three-dimens ional scene information from the surface opacity and “smoothness”. The general paradigm
two-dimensional persp ective transformation that Is the exploits each of these assumptions in the creation and
image. Generally what is soug ht is the location and refinement of the analy tic framework described below.
structure of the small number of objects that comprise the
t ypic al scene. However , a static , monocular image presents The fundamental conceptual and representation al tool
muc h less to the eye. Objects are visible only as non- is the new one of normalized textural property map. ‘

occ luded opaque surfaces. Surfaces are disti nguished by Intuitivel y, this map relates a given two-di mensional Image
local sur f ace propertie s (shading, color , texture ) subject to texel to the small class of three-dimensional texture obj ects
deformations due to variations in slant , lig hting conditions, which may have been its source in the scene . More
relative distance, and other influences. Recovering object precisel y, it is a way of “ depr oject ing ” the effects that
descr ipt ions from such a melange of distortions is a surface orientation has on primitive textural prop erties such
f ormidable task. This paper considers onl y one surface as slope in the image , length of major axis of elongation , etc.
property (texture) subject to only a small set of imaging The map summarizes the answers to the following two-
phenomena (mainly, the effects of surface orientation), dimensional family of questions: If the microplane

V 
underlying this texture object were inclined at this specified

The approach is necessarily heuristic. Given the three-space orientation, what would the textur al property -

infinite number of scenes that can produce identical images, had to have been in the external scene in order to observe
reversing th. projection--going I rain distorted surface the given textural property in the image! Mathematically,.
properties to three-dimensional surface shapes--requires normalized textural property map Is a function, whose
the jud icious use of assumptions about surfaces and the arguments are the hypothesi zed surface orientation

- 
- imaging process. The first concern of this pape r is what descriptors , and whose value Is the depro j ected , “ in the

ex actly needs to be assumed in order to proceed with the scene” normalized textural property. Graphically, the map
• mathematIcs of analysis. The second, related one is the can be represented as a surface in a three-dimensional

constraInt equations that result , coordinate system , with the two-dimensional representation
of surfa~e orientatIon providing the underlying grid, and the

Most of this paper discusses a new computational normalized textural prop erty providi ng the vertical axis. It
parad igm that integrates textur al properties, Image can also be represented as a contour map in the usual way.
heuristics , and a representation of surface orientation in a The contours trace out those micro plane orientat ions givi ng

$ way that allows the quantification of constra ints on local rise to the same normalized property.
surface orientations. TM. paper also presents , by e*ainple,
the paradigm at work. The class of relatively model-fr..
constraint equations that result from it are applied to an THE NORMALIZED TEXTURAL PROPERTY MAP
(abstract) textured scene. Discussion follows. Further
results and discussion, as welt as much more supporting The normalized textural prop erty map is composed of
mat hematics, can be found in the authors forthcoming thesis four basic Ingredients. First , a representation for
(K.ndsr, 1979). mlcroplane orientation is chosen. The gradient space

I.
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(Iloltman, 1971)15 one candidate; It represents surface slant texture is “painted”), or by extendi ng above It (it I.
by assuming that all microplanes satisf y the equation: “pointed”), but It can not do both. (Examples of “pointed”

textures are forests of trees, or metropolitan downtowns).
-z — px + qy + c This is , of course , a continuum, extending from tangent

relations to normal ones, but the analysis is very different
This assume s a rectangular coordinate system that aligns the at either extreme. The examples that follow will assume
a axis with the line of sight. Surface orientatIon is then assume tangency, the more general case.
represented by

These four ingredients come together in the following
(-~z/e’tx, ‘.è~/~y) — (p, q) way. The surface orientation representation provides the

coordinate system and the hypothesized scene planes. The
which i~ the gradient, hence the name of the space. Note, choice of textural property defines the texel class that I. to
however, that other representations for su rface slop e are be deprojected. The camera model provides the
possible. For example, It is often the case that representing deprojecting function. And the assumption of texture
surface or ientations by a spherical coordinate system (the object-to-surface relationsh ip provi des further informat ion
“Gauss ian sphere ”) yields simpler normalized maps. as to how the various components of the tex et are to be

deprojected with respect to each other.
A second Important constituent of the contour nap Is

the considerations of the imaging process. If the image Is As an example , consider the normalized map
cons idered to have resulted from a persp ective consisting of the gradient space, the property of length,
transformation , the focal length and the central focus point orthographic projection , and tangency. Let the length
of the imaging apparatus must be known. This complicates element in the image extend from (0, 0) to (1, 0) in the
the analysis considerabl y. Howeve r, If the image has arisen image; its length Is 1. Assuming t angency allows the
from an orthographic imaging system , no imag ing parameters deproject ion of both ends ont o the plane -z • px + qy + c
are required. The focal length becomes infinitely large , and as follows: (0, 0, -C) to (1, 0, -(p1 • C)). The deprojected
every point in the image can be considered the central length element has normalized length
focus point. This simplill es the depro jection: the image
point (x , y), deprojected onto the plane -z — pa + qy + c, Is 1n — ~ * sqrt (1 • p2)
(x , y, -(pa • qy + c)). V

The contour form of the map is shown In Fig. 1. Due
In terms of the paradi gm, orthography also to orthography, this result holds for all equally long length

guar antees that the normalized textural prop ert y map is elements oriented parallel to the one given in the example.
independent of the position of the texel in the image. This Furthe r , due to the gradient space , the result for any other
i. both an advant age arid a disadvantage; what is lost is the slope Is simply a rotation of the normali zed map to that ‘

of en powerful constraints persp ective deformation imposes corresp onding direction; see Fig. 2. A catalogue of many
on the determination of sur face sl ant. In fact, it can be suc h maps for vary ing ingredients appears in the autho r’s

show n that under orthography some textural propertie s thesis. For example , the map for densit y under the same
provide no surface orient ation information at all, although assumptions as the above Illustr ation , is
they are very useful--and even elegant--und er perspective
(for example , edge slope (Kender , 1978]). The remainder of — D / sqrt (1 • p2 + q2)
this pape r will concern onl y orthographic projection , for
simpl icity ’s sake. whi ch, as expected , Is rotationally symmetri c.

The third component in creati ng the normalized map is -

the choice of textural property. The followi ng properties , THE MAP REFINED
• among others , are easily derivable in the image: texe l slop e,

tex .t length (of a major axis of elongat ion, say, or of a line The paradigm continue s with the two followi ng
element), angie (between texel slopes, or t he “T” and “V” refinement steps. The normali zed textural property map
joints formed from adjoining larger texeis (Maleson, 1977]), gIves no Information about surface orientation by itself; it
areal measures such as area and density (the count of onl y expresses relationships. Il ls here that the second and
disti nguished events , such as edges (Rosenfeld .t. at., 1970] third heuristics about the physical world are Invoked. They
or relative eatrema (Mitc hell et. at. , 1917], per unit of Image are the continuity of texture objects (“ regularity”), and the
area), and other combinations of the above , such as continuity of local surf ace or Ientations (smoothness”). In
eccentricity (the ratio of two special lengths , the major and the extreme , those heuristics state that alt text ure objects in

- - minor axes (Stevens , 1979]), or skewed symmetry (the angle three sp ice are identical (that Is, the texture approaches a
between two special lines, the symmetry ax is and the “structural” texture), and that all local surfaces are planar.
transverse axis (Kanada et. al., 1979)). Each such property Although not always true, assuming the extremes In small
generates its own class of normalized map. In general, the neighborhoods does allow the following mathematical
maps for the “higher” properties suc h as eccentricity and constraints on surface orientation.
skew ed symmetry are special cases of simpler ones.

ContInuity of texture object asserts that neighboring
Lasll y, to create the map requires the invocation of a texe ls must have the same norma lized textural property

general physical world assumption: the uniq ueness of the values. All other influences being equal, their maps wout d
relationship of the texture object to the microplane. That t~, be identical. Continuity of local surface orientat ion similarly

• 
- 

a given textural proper ty--say , length--defines the surface asserts that , iocat ly , observed textural properties never
assocIated with ii by ut bier lying wholly within it (th. differ because of a variations in inclinatIon. What accounts
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V for dissimilarities is the one degree of freedom left. And relaxation method would be uced to recover actual surface
that is the relative placement of the texture object w ith depth.
respect to the surface, within the limits of the previous
assumption concerning texture object-surface relation. If In the example of Fig. 3, assume that the two texture
the assumption was that a texture object lie in the plane, it objects In three-space are also mutually perpendicular (that
can still rotate freely in it. Even if the assumption were, Is, their placement orientations are equally offset from the
say, that it was to be within n0 of the surface normal , many axes of any local coordinate system in the microplene).
placements lying with the implied cone are possibie. After the first refinement step, the paradigm generates the

constraint equation pq — 0, and a normalized map consisting
Having assumed away any differences arising from of the p and q axes themselves. Fig. 5 shows these

variations in local texture objects and local surface constraints intersected with the constraints of Fig. 4. The V

orientations , the normalized textural pro perty maps that resulting Necker pair of surface orientatIons indicate the
result from adjacent texels differ only because of placement two possible surf ace orientations for the micropiane formed
effects. This last is removed by intersecting the two maps in Fig. 3.
and finding those micropiane orientations that have the same

P normalized property value. In effect , this mathematical
operation of finding alt (p, q) so that P1(p, q) — P2(p, q) SUMMARY AND COMMENT
states that only a small set of surface orientations in the
scene could have distorted both texture objects The three steps of the surface orientalion-from-image
simultaneously in such a way that their images can be texture paradigm are as follows. Step 1: Choose a textural
deprojected into equal normalized values , property, find a texel possessing it , and generate Its

normalized textural property map. Step 2: Choose a similar
As an example, take as texels Iwo ienglh elements as nearby texel from the same texture, apply Step I to it, then

in Figs. 1 and 2. Assume 11w other constraints as given with intersect the normalize maps: call the resulting map P1.
the figures. If the length elements appear “nearby ” In xn Step 3: Choose a second textural property, apply steps 1
image (as in Fig. ~~, a very small section of a texture), create and 2 to get map P2; then inters ect map~i P1 arid P2. Except
and intersect the surfaces of their normalized textural for certain degenerat e cases , this last map is a zero-
property maps. The result (in Fig. 4), is the the set of dimensional set of possible surface orientations for the
possible local surface orientations that could have distorted microplane defined by the local teie&s. linde, perspective,
the assumed three-dimensional regularity (here, equal the result is of ten a unique value.
length) into the given image. -

The normalized textural property map is a close
The analysis, of course, can be done strictly relative to the refiectance map of Horn [Horn, 1977],

mathematically. In the case of two equal length elements Reflectance can be considered as a very primitive textural
the constraint equations , in general , describ e an hyperbola , property. Its image co unterpart ,~ pixel brig htness , is the
In the above example, it is specified by most primitive texe l possib le (a pixel). There is one

Import ant difference between normalized maps and
L2 . sqrl (1 + p2) — L 1 $ sqrt (1 • q2) reflec tanc e maps , however. A reflectance map assumes

knowledge of the (constant) illuminant strength. In the
where L

~ 
are Image measurements. In general , this step of correspo nding case of bri ghtness as textural propert y, the

the paradigm ends wi ’h a one-dimensional fami ly of plausible normalized map repr esents what the unknown illumin ant
surface orientations. It can be further relined by strength would have had to have been; this varies for each
Intersectin g it with the nor malized map of a third nearby surface orientation.
texet of the same class. However , often a more useful type
of refinement is possible. The paradigm given above can be shown to subsu me

the meth od of photo metric stereo LWoodham , 1978], w here
the need for di f ferin g textu ral properties is met by varyi ng

THE SECOND REFINEMENT the scene lightin g con dit ions . Additionally , the paradigm can
show that density behaves identically to one restricted case

Suppose the texture is rich enough so th at at least of reflectance , It can therefore add t heor eti ca l we ight to
one other different tex tural prop erty can be discovered and the heuristic method of blurr ing teirels in order to treat
assumed to be “regular ” . Execut ing the first two steps of textured regions as shaded regions.
the paradigm separatel y for both textural prop erties will

• usually result in one-dime nsion al locus of allowable surface A comment on a different level: much of the paradigm
orientations in both maps. Again invoking the assumptions requires the use of heuristic decisions , suc h as the
of continuity of texture object and surface orientation assumptions that “nearby ” textural prop erties are, in fact ,

• al lows Ihese maps to be intersected (or their constr aint identical. Such assumptions can be expressed as the meta- 
V

equatIons to be mutually solved ). That is, although the heuristIc: “apparent -‘ true.” This finds its express ion in
textura l pr operties (and their maps) may be different , the the paradigm by such judgemenls as “nearly equal lengths
underlying scenic texture objects that account for both are equal In three-space , but have been foreshortened ,”
properties arc assumed to be physically identical. Under “nearly parallel tines are parallel in three-space , but have
orthography, the analysis usually ends at this stage with a been perspectively converged,” etc. The meta-heuristic is a
Hacker pair of surface orientations (that is, both (p, q) and restate ment of the genera l view hypothesis , in a form
(-p, -q)). Choosing one or the other of the pair requIres the exploitable by this new computational method.
invocation of the last assumption--the uniqueness of surface
Orientation--in whatever subsequent integrative or
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Lastly, the paradi gm can throw a little light on the Computer Science Dept., Carnegie-Mellon Univ., 1979
meaning of that obscure object of this study : “ texture. ” It (forthcoming ).
implies that image elements fdrm a texture if they are
considered to define ii surface and are locally identical in J. R. ICender, “Shape from Texture: A Brief Overview and a
terms of primitive properties. Or, resta ting, a texture is a New Aggregation Transform ”, Proceed~ gg ~~collection of image elements wh ose regularity can be ~~~~~ ~,~~prst andin g Worksh op. Science Applications
exploited in a computational way to abstract the orientation Inc., Nov., 1978.
of their associated surfac e Thus, a group of image
elements become a “ texture ” when their properties become .1. P. Kender , “Shap e from Texture ,” Ph.D. ~~~~~ Computer
regular enoug h to be used to discover shap e. Science Dept., Carneg ie-Mellon Univ., 1979

(forthcoming).
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- t Fig. I. The normalized textural prop erty map under the Fig. 2. The normalized textural property map under the
conditions of gradient space, unit horizontal length element, conditions of Fig. 1, except that the unit length element I.
Orthographic projection, and tangency. The map contours oriented at 45g.
indicate those surf ace orientat ions which cause Identic al
perspective dtstortion their label indicates the amount.
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Fig. 3. A simple texture composed of equal length texture
objects seen In orthogr aphIc perspective .
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Fig. 4. The execution of the first two steps of the paradigm FIg. 5. The execution of the third step of the paradigm. The
paradigm on the two labeled aids of FIg. 3. The two hyperbola of Fig. 4 ii intersected with the degenerate
normalIzed textural property maps intersect in a hyperbola, hyperbola consisting of the p and q axes. The latter was
This constrains the possible surface orientations, obtained by executing the paradigm under the additional

ssumptton that the lengths of Flg. 3 are perpendicular In
three-space. A Nocker pair of possible surfac, orientatIons
resu lts.
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PROGRESS IN NAVIGATI(54 USING PASSIVELY SENSED IMAGES

Oscar Firschein
- Don Gennery

David Milgram
James J. Pearson

Lock heed Palo Alto Research Laboratory ,
V Department ~2-5~3 . Bui-lding 204

3~51 Hanover Street -

Palo Alto, Califo rnia 94304

ABSTRACT matching this type of image against a data base
of terrain images in order to obtain positional

Our recent work in navigation using passively corrections for the vehicle.
sensed imagery has concerned the extension of the
role of the stereo system , the use of the Night The main advantage of this approach for posi-
Vision Laboratory terrain model imagery for image tion verification is the robustness of the de-
velocity sensor experiments , and the study of rived terrain image compared to images based on
methods for dealing with vehicle structural flax- scene intensity values. (The derived terrain image
ure effects on the stereo image pair. should be insensitive to sensor characteristics

and lighting conditions , unlike the case of com-
IN RODtJCrI~ 4 paring sensed intensit y image with reference

intensity images).
The concept of using passive ly sensed Imagery

for navigation of a low-flyi ng, s low-speed vehic le The following problem areas are therefore
was described in Ref. I. Briefly, an image vein- currently receiving attention:
city sensor (IVS) compares sequential image frames 1. - Data base construction . Determination of what
to obtain the velocity to altitude ratio , V/H, features can be extracted from a topograp hic image,
while a stereo syste m Ref. 2 computes H, t he alt i- and the data compression and smoothi ng techniques
tude of the vehicle abov e the ground , so that the availab le.
ve locity, V , can be obtained. Velocity is also
coaputed using conventiona l instruments , and an 2 - To~~~raphic image determina t ion. At present ,
est imate of wind velocity . Dead reckoning navi- to solve for t he camera model one finds corresp ond-
gation, based on a best estimate of wind ve locity , ing reg ions in a pair of images. We are examining
is updated per iodically with positiona l correc- whether feature-based correspondence offers any 

V -

tions made using the passively sensed images. advantages. - -

3 - Terrain matching. There are several approac hes
This paper describe. recent activity in the to terrain matching being considered. In addition

folloving topic areas, (1) extending the role of to the l-D TERCOM approach, there are the follew—
$ the stereo system, (2) the Night Vision Labora- ing 2-D alternatives:

tory terrain model and aasociated Imagery, (3) the
IVS experiments, and (4) recent atero stu lies. • area correlation based on terrain elevation

values rather than scene intensity.
EXTEMDING TEE ROLE OF THE STERHO SYSTEM

- 
e spatial matchins of terrain features, using

techniques such as chamfer matching , array
The original role of the stereo Bystem was to relaxation, minimal spanning tree matching,

determine the alti tude 8, so that the velocity V or Voronoi decompositions. - 
V

could be obtained from the V/H measurement obtain-
ed by the image velocity sensor, However, as the ~Yab0~-ic description matching, using tech- -

characteristics of the stereo system were examined, niquea such as Me algorithms, graph relax”
it was noted that there was potentia l for an ex- ation, and dynamic programeing.
panded role for it. In particular , the system
could prov ide a terra in map in addition to the USING STEREO FOR V/H MEASUREMENT
V/ H infor mation , as discussed below.

The original plan for measur ing velocity frau
TERHAIN IMAGE ASPECTS l gery called for height (H) to be measured by

high-resolution stereo and th. ratio of velocity V

The stereo system is capa b le of producing a to height (V/H) to be measured by the ZVS . How-
2-U terrain image in which relative elevation s of ever , on a vehicle with no inertia l refe rence
image features are given. Thus, we can obtain an system , the IVS La subjec t to errors caused by
image whose pixel values are same fixed positive changes in attitude of the vehic le. A charge in
or negative bias from the actual elevation above attitude causes a shift in the Image which will
sea level. We have been comaide ring ways of be confused with a shift caused by linear motion,

causing a false read ing of V/H to be obtained .
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Therefore, a different way of obtaining the I type of camera
V/H information has been investi gated . This methOd • selection of terrain type (cultural oruses stereo wit h a baseline produced by vehic le rura l features)
motion , using a single camera. The stereo camera
model solver can compute the c hange in vehic le Se lected fra mes from a video tape of several
attitude. Then the result of the stereo computa- passes over the terrain nap have been digitized
tion is the ratio of height to the length of the and used for image velocity sensor experiments
stereo baseline (4), that is h R . Combining this (see below) and will be used for stereo experi-
with H from high-resolu t ion stereo as before ments to derive topographic images. Two typical V

produces R, that is, the distance that the ye- Scenes are shown in Figures 1 and 2, and the asso-hid e moved between pic tures. Furthermore , the ciated top ograp hic map for the region is s hown in
stereo camera model gives the direction of this Pig. 3. Initial stereo results using a NVL image
motion relative to the camera coordinate system, pair are given in Appendix B.
so that the vector motion is known. Dividing
this by the time interval produces velocity. IMAGE VELOCITY SENSOR EXPERIMENTS

If the camera-cluster method of calibrating A series of experiments using the imagethe camera model for the high resolution stereo velocity sensor on the region shown in Fig. 1 wereis used, as described below, one of these conducted. A pair of 128 x 128 regions were
same camera clusters can be used for the stereo extracted from two 512 x 512 frames and processed
needed for the H/H computation. The exposures using tim special IVS processor.
would have to be very close in t ime, say about ten
feet of vehicle motion, so that some of the ~~~ It was found that the camera was forwardpoints will still be in the fie lds of view of the pointing and not aimed along the flight path.narrow-angle cameras. The camera model can be This resulted in large perspective effects in the
very accurately calibrated because of the high- images; from frame to frame, objects at the top
resolution of these cameras and the wid e field of of an image moved less than those at the bottom.
view that they collective ly span , so that an accu- In add~~ ton, objects on the left side of the image
rate H/H can be computed with the short ten-foot moved parallel to the direction of motion, while
baseline. These considerations are the same as those on the right side translated from left to
those discussed below in connection with right. As shown in Fig. 4, the IVS displacements V

obtaining H by this method, depended on the por’ i-~’t’ of the image from which
the 128 x 128 subregion was selected. This effectNo matter what method of calibrating the high- occurred even for images having 8O7~ ove r lap.

resolution stereo is used, a single wide-angle
camera ca~ be used to obtain the stereo for the Thus , we found that if the vehic le p r ~ and
h R measurement. This could be the same camera ro l l  are large enough to cause perspectiv e - ;fecta,
used to obtain stereo for map-matching or to ob- the IVS should use a 128 x 128 image covering a
tam non-stereo information. Because of the large field of view to compensate somewhat forpoorer angular resolution of the wide-angle camera, tim offset errors. This was verified by co~~ress -
the baseline would have to be longer (a few hundred ing the 512 x 512 image (by sampling to 128 x 128)
feet). Howeve r , this is no problem as long as and running the exper iment again.
there is sufficient ove r lap between views and
sufficiently low distortion, because the baseline - 

- -UC’flJRAL ~~~~~~ COMPENSATI(1~is generated by vehicle motion. The accuracy t hat
can be obtained by this method is given in In ord~r to determine vehicle altitude using- q
Appendix A. stereo , we ,V amiot use two looks of a single sensor

because we do not know the baseline to be trave led.IMAGERY FROM THE NIGHT VISI(14 - stead, we meat use r ca ursa, mounted on oppo-LAHORATDEY TERRAIN MODEL 
e wings or mounted &o€e and tim aft on the

fuse lage. If we are deali ng wt Li flight altitudes
The Night Vision Terrain model ii a physica l on the order of 1000 fee t and cameras that are at

model of terrain at a scale of 400:1. A detailed least 10 feet apar t , a 1Z accura~.~ in altitude
topographic map of the model is available from deteruinat ton requires a resolution of 0.1 wili-

• NV!., Ref. 4. A gant ry crane arrangement trave ling radians. ~~en dealing with this accuracy in
over the model is used to obtain video imagery . resolut ion , the relative camera or ientat ion change
Although at present , movement of the crane and the 

~~~ ~~ dcl. struc tural ftezure becos, a impor-
camera orientations are set manually, a future taut. ‘. rioma tec im ique s for measuring t he
enhancement will allow both the gantry and the camera-relat ive or ientatio ns were invest igated ,
camera to be moved under computer control. 

~~~ludt ng t . -.~ ‘ensor cluster approach shown in
Fig. 5.This model offers a source of terrain i gery

controllable with respect to. In the cluster calibration approach, a
cluster of sensors having a narrow field of view

e flight path is uqed at each position, as shown in Fig. 5.
e illumination A ser ies of experiments was made for the various

cluster forme shown in Pig. 5 , and the following 
VV e camera orientation table slums the resulting pan accuracy due to the
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uncertainty in the point group positions , and the accuracy of the stereo matches is one pixel. A
pan error resulting from a scale factor error of 1 nominal camera model was assu med, w ith aziu3 th
part in 1000 in the point spacings. (With single equal to 90 degrees, and the other four angles
cameras, this would correspond to an error in one all zero. Several cases were considered: 807.
foca l length of 1 part in 1000). The values are overlap between the two pictures, with five points,
in degrees, one in the center and one 50 pixels from each cor-

ner of the conmon region , as s hown in Figure A-l;
Point Pan Error Pan Error and points spaced every 100 pixels over the comoon

From Points From Scale region, with overlaps of 807., 607,, and 407,, pro-
3A .0109 .058 ducing 20, 15, and 10 points, respective ly, as

shown in Figure A—2 . Fbrthermore, for the cases3B .0109 .058 with 807. overlap , two diff e rent camera fie lds of4A .009 1 .055
view were assumed : a focal length of 500 times tim4B .0029 .00057

5 .0029 .00057 pixel spacing, corresponding to a field of view of
53 degrees by 53 degrees (1000 feet by 1000 feet

The roll error in all of the above cases was on the ground); and a focal length of 250 tImes
less than .02 degree . In Ref. 3 we determined the pixel spacing, corresponding to a fie ld of

view of 90 degrees by 90 degrees (2000 feet bythat a meximom pan error on the order of .0057 
2000 feet on the ground). For the cases with 607.degree and a max imum roll error on the order of and 407. overlap, only the 500-pixel focal length.29 degree, was allowable. We can therefore see was used (1000-foot view on the ground). From thethat the last two cases are satisfactory, whereas above assumptions, it can be derived that thethe first three are unsatisfactory with the assumed

scale factor accuracy and would still be question- length of the stereo baseline (separation of the
two camera positions) has the following values:able even if the scale were known exactly. There- 400 feet for the cases with the 250-pixe l focalfore, it seems safe to assume that at least four

points will be needed with this method. Further- length (807. overlap) ; and 200, 400, or 600 feet f~t he cases with the 500-pixe l focal length, accord-more , the point or po ints for the main height
measurement should be directly under the cameras. ing to whethe r the overlap is 807., 607., or 407.,

respectively.Since Group 48 does not contain such a point, an
extra pair of cameras would seem to be required For each of the above cases , a camera mode lwith it , and its results might as well be used in solution was done using the points in the over-the camera model determination . Therefore , Group
5 apparently is the best arrangement to use , since ‘apping re&to n , and the accuracy of the resulting

camera model was prop agated into the va lue ofit contains such a point. The total effect on
height accuracy of the camera model determined height computed using this camera mode l, for

from Group 5 is 5.0 feet. Co,thined with the point points approximately in the center of the fie ld of
view. The resulting height accuracy (consideringaccuracy of 10 feet , th is produces a total accuracy camera model effects only) for each of these casesof 11.2 feet. is shown in the following table. Height

REFERENCES Overlap View Baseline Accuracy
7. Points Ft Ft Ft

1. 0. Firschein and 3. 3. Pearson, “Artifical
Intelligemce Concepts Applied to Navigation Using 1 80 5 2000 400 10
Passively Sensed Images”, Proc.: Image Under- 2 80 20 2000 400 9

— standing Workshop, Pittsburgh, Penna, Noveither 1. 80 5 1000 200 42
14—15 , 1978. 2 80 20 1000 200 36

2 60 15 1000 400 28
2. D. B. Gen nery , “A Stereo Vision System”, 2 40 10 1000 600 38
Proc: Image Understanding Workshop, Palo Alto,
C&, Oct. 20-21, 1977. Since we are looking for an accuracy on the

order of 17. (10 feet at an altitude of 1000 feet),
3. Passive Navigation R&D Status Report No. 2, only the first two cases in the above table are
15 Sept 1978. Lockheed Palo Alto Research Lab, satisfactory, (This conisent applies only to the

H/a measurement being discussed here. For stereo
4. Night Visian Laboratory Terrain Mode l, Defense used for map matching, the re lative accuracy
Mapping Agency Topographic Center , Washington, rather than the absolute accuracy is more impor- - V

D.C., 1978. tant , and the camera model effects are not very
important , since they tend to affect nearby points

APP~~DIX A a lmost equally. The accuracy considering only in-
dividual point errors is 10 feet or less for all

• ACCURACY STUDIES OF STEREO of the above cases). However, these first two
V/H MEASUREMENT cases require a wide field of view (90 degrees),

and thus may not be practical.
A cmeputer si imil ation was done to test the

accuracy of calibrating the stereo camera model In order to achieve the desired accuracy with
when using a single wide angle camera. The follow- the 53-degree field of view , two possibi lities
in.g assumptions are made: The height is 1000 feet, present themselves. One is tha t the accuracy of
each image is 500 pixels by 500 pixels, and the the points may be better than the assu med one

pixel. With a good signal-to-noise rat io in the
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CONTEXT DEPENDENT AUT~IATIC IMAGE RECOGhi [ION SYSTEM

Raj K. Aggarwal , Durga P. Panda,
Michael E. Bazakos, Tim Wlttenburg

Honeywell , Inc.
2600 Ridgway Parkway
Minneapolis , MN 55413

ABSTRACT sections we describe the individual components
of the system In detail.

Over the past two years Honeywell has developed
a context dependent automatic image revognition
system for analyzing the imagery automatically SE(~1ENTAT IO N
and detecting tactical as well as strategic
targets in the image. The main features of In picture recognition problems , the segmentation
the image recognition system are sequential frame task can be divided into two classes : texture
processing, symbolic image segmentation, syn— based and non—texture based segmentations We
tactic recognition, recognition of multicom— use prçtotype similari ty transformation tech-
ponent objects and conflict removal. In this nique ll i  for non-texture based segmentation. It
paper we describe various components of this is a method for transforming an Image Into a
context dependent automatic image recognition set of symbols, each of wh ich represents the
system and information flow between these corn- relationship of a local region to other parts of
ponents. the image. A general block diagram of prototype

similari ty transformation is shown in Figure 2.
Generating prototypes is equivalent to finding

INT RODUCT ION a maximal set of mutually dissimilar cells. A
cell is a pixel or a collection of pixels , depend—

A general block diagram of the context dependent ing upon the required resolution In the segmented
system is shown in Figure 1. The image is first scene. The generated set of prototypes is used
segmented by two complementary segmentation to labe l each cell In the Image . A pr iori infor-
schemes. Next, man made object (*10) is detected mation about the scene is used to guide an
in the segmented image by a statistical technique. inference process to give meaning to each cell in
The output of the *10 detector is processed by the symbolic image.
secondary screening target detector which further
reduces false alarms based upon true size , tem- Segmentation of individual components of a target
perature, etc., of the targets on the ground can also be done by using the prototype similarity
plane. Sequential frame analysis is used to im— transformation technique. This is done by
prove the performance of the target detector. 1teratlvt~ use of the technique at progressivelyA syntactic recognition scheme uses knowledge higher cell resolution as shown in Figure 3.

— of the structural description of the targets in
recogni z ing targets that are large enough to Texture -based segmentation scheme uses a two-
show structural detail. For images that are too dimensional difference histogram. The difference
small to show any structural detail a statistical histogram is ~im1lar to the co—occurrence matrixrecognition scheme is used. Sequential frame of Harrallck1’( The histogram gives a measure
analysis Is employed to take advantage of frame of the joint probability density function of
to frame consistency in the imagery to improve gray level and gray level difference pairs.
the overall performance of the system. Extended Points in a window around each mode or local maxi-
objects such as river, road, bridge , h ighway , mum In this histogram correspond, Ideally speak-
etc. , are classified by the background classifier. ing , to a region with a particular texture pattern
The outputs of the background classifier , the in the input image. Given a mode location in
small image statistical classifier and the large the two-dimensional histogram N (I, ~I) the

• image syntactic classifier are combined by a window around It is selected by locating nearest
con9guration analysis scheme to recognize mul- valleys or local minima around the peak. The

- • t ip le component structures such as SAM sites, output of the region extraction operation, which
vehicle convoys, airport and to remove conflicts, extracts regions in the Image corresponding to
An example of conflict removal Is using the fact various modes in the histogram, is a set of
that wheeled vehicles are not found In the scattered pixels corresponding to each region. A
middle of lakes or rivers. The output of the noise cleaning method, called ‘expand and shrink”,
conflict removal function is recognized targets is used for cleaning the segmented images based
that have tactical importance or are important on connectivity.
based on mission analysis. In the following

: 
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SEQUENTIAL FRAME ANALYSIS IN IMAGE SEGMENTATION SEQUENTIAL FRAME ANALYSIS FOR TARGET DETECTION

In both the segmentation techniques results of System noise in an image recognition system affects
the segmentation of previous frame are used as the the perfomv~ce of the system in two ways. Firstly,
starting po int s of segmentation In the present the target may fall to meet the segmentation cr1—
frame. In prototype similari ty transformation teria of the system, result ing In a missed target.
the initial choice of prototypes is the same Secondly, the feature values of the segmented
as the ,~ ototypes generated in the previous objects may be erroneous, resulting In missed
frame. The advantage of this is that the perfor- targets as well as false alarms. Inyroved false
mance of the segmentation technique approaches alarm and detection Is achieved by accumulating
the asymptotic value as time proceeds. In the Information regarding the locations and the feature
difference histogram technique the average inten- values of the objects from frame to frame .
sity I and intensity difference Al in each of
the regions segmented in the previous frame are In the sequential frame analysis we first determine
used as the center points of the difference an interframe sequence of extracted objects con-
histogram windows. This has the added advantage tam Ing a given candidate target In the present
of reduced computational requirement because frame . We then determine if the classifier result
of reduced search time in the difference histo- on the candidate target in the present frame Is
gram. cons i stent in certain manner with the class i fier

results on other objects from the past frames
in the sequence . An incons istent class ifier result

TARGET DETECTION is modified in some prespecified manner that
yields better classification result. This method

The output of non-texture segmentation is used of “smoothi ng ” the classifier result consists of
to detect and recognize targets such as tanks, three distinct steps, frame al ignment, interframe
trucks , and APC5. A preliminary screening of object matching, and decision smoothing.
non man-made objects (*10) is first performed
on the segmented Image by a l inear classifier. The frame alignment technique estimates the relative
Table 1 shows features used in classifying the translation , rotat ion , and scale change between
segmented objects into *10 vs non-MMO. two successive frames. To estimate this frame-to

frame change, segmented image frames and an
Table 1: Features for *10 associated feature vector for each segmented object

Detection in the frame is used. The two frames are then

Number Feature 
aligned with each other by performing appropriate

_______________________________________________ transformation, A symbolic matching of segmented
Number of Scan L ines objects in the two frames is then performed to

2 Area determine the correspondence between objects In
3 Edge Straightness the successive frames. The classifier decision
4 Max (Width/Length , Length/Width) made on a candidate target in the present frame
5 Edge Discontinuity I s modif ied based on the decisions made the same
6 Number of Edges object in the Ininediate past frames using maximum
7 Number of Brights l ikelihood estimate.

• - 8 Position In the Initial Scan
9 Position In the Final Scan

10 Final Scan Line TARGET RECOGNITION

At short ranges, when the target images are large
enough to show detailed structure, linguistic

The current performance of the classifier ~~5 recognition techniques are used to classify the
over 90% detection at 4% false alarm . detected targets into one of three target types:

• tank, truck, and APC. When the target image is
Secondary Screening-—The detected objects are too small to show any structural detail , a knn
further screened based on the true size, classifier is used to classify the targets. The

• temperature, or other physical properties. features used for statistical classification of
ClassIfication for secondary screening Is per- small Image targets are the detection features
formed using image features, sensor parameters, (Table 1) and intensity and boundary moments.
and physical dimensions of all anticipated tar-
gets. The sensor parameters needed are the As it turns out, the number of features required
angular subtense of the Field of View (roy), for statistical pattern recognition is often
(
~
, rb) , pixel dimensions of the FOV in the image very large, which makes the idea of describing

plane, (N, N), the angle of depression of the complex patterns in terms of a (hierarchical)

LOS, c, and the altitude of the sensor location composition of simpler subpatterns very attractive .
or carrying aircraft, H. Figure 4 shows the Also, the number of possible descriptions is very
performance of the target detector for AAD-5 and large in the case of tactical targets from
FLIR sensors under various simulation conditions, relatively close range. In such a case it is
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impractical to regard each description as defining CONFLICT REMOVAL
a class. Consequently, the requirement of recog-
nition is better satisfied by a syntactic descrip- Conflict removal combines object information and
tion of each class rather than by its classifi - relational context information for modifying
cation, classifier decisions that are inconsistent wi th

our world knowledge. The process requires model-
The assumption in this syntactic approach to Ing and representing the world knowledge regarding
tactica target recognition are : objects In the scene and determining an optimal

way, called search strategy, of examining the
• Images of tactical targets are large scene usIng the knowledge model. The method can

enough to show structure. also be used for recognizing scene components
containing multiple objects. Examples of such

• It is easier to recognize target objects are airports , SAN sites, convoys, and
components than the target. bunkers. ~ rious methods of modeling the know-

The first assumption deals with the sensor-target oriented scenes exist in the literature(4t The
ledge and using the model to recognize mission

range. If the rang e Is too large to show any methods depend on the particular application of
details inside the target, one would have to the system. We have combined appropriate concepts
resort to statistical recogni tion techniques. from various systems and developed a knowledge
But as the sensor-target range decreases and model and a search strategy for military tactical
the target structure becomes discernable, syn- importance In imagery l5l
tactic recognitI~n schemes become feasible.From our experience, if the target area is of Conflict removal Is performed by detecting in-
the order of one-half to one percent of sensor consistent configurations in the scene. An
FOV, syntactic recognition schemes are feasible. example Is a tank in the middle of a river.
This translates to about a ten centimeter pixel If the structural relationship between two
resolution, recognized &~jects , one recognized as a tank

and another recognized by the background classifier
The second assumptIon deals with the relative as a river , is such that the tank is located in the
ease of recognizing target and its components. middle of the river then that particular con-
If it is easier to recognize a target than Its figuration is flagged as inconsistent with the
components, as would be the case when target world knowledge network model . In such cases the
image is only a few pixels, one would not employ target, the tank In our example, is reclassified
syntactic recognition schemes. But in low to a ‘don’t know” cate go ry. This conflict or
quality Images where the recognition based on inconsistency is removed by sequential frame
target outline is not very reliable, a syntactic analysis, which Is analogous to a human operator
scheme can be successfully used to recognize taking several looks at the scene ~f interest
targets provided the assumption on target image when he is not confident of his recognition
size holds. Even for good quality images, result for the given scene.
target orientations will result in different
target outlines. Consequently, one wi ll need
several classifiers for each type of target. In SYSTEM SIPIJLATIO1I
principle, one set of syntactic rules can be gen-
erated to recognize the target from all aspect Until the present time we have simulated, optim iz-
angles. Syntactic recognition schemes can also ed , and tested com ponents of the context depend
be successfully used for partially occluded automatic image recognition system individually.
targets where conceivably statistical recogni tion We have initiated the task of simulating the
schemes would fail. entire system as a whole and evaluating the

performance of the system while characterizing
We have developed and applied a syntactic classif- the impact of the performance of one component
let 131 to a training set of 27 FLIR Images on other components in the system. We have
containing tanks and trucks . We obtained 100% identified a test data base for the purpose. To
recognition at zero false alarm. The technique help speed up the system simulation we will use
is still to be tested on a large data set. the 125 Model 70 video data processing system

recently acquired and Interfaced with the Level
BACKGROUND CLASSIFIER 6/43 computing system of the Image Processing

Laboratory of the System and Research Center.
Special architecture of the Model 70 system will

Recognition of extended object is done by nearest enable us to simulate parallel processing ofneighbor (MN) rule using 9 features : length, certain functions such as prototype similarity• average width, area , height, average intensity , segmentation and texture based segmentation. Thismaximum Intensity, minimum intensity, average will help us characterize the need for digitalcontrast and peak contrast. We are currently
developing an optimal hierarchical sub—grouping 

parallel processing in an advanced automatic
Image recognition system.of the features for the purpose of minimizing

computational complexity. The objective is to
retain only a subset of prototype samp les for
each sub-group.
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IMPL~ (ENTATION OF ADVANCED REAL-TIME IMaGE UNDERSTANDING ALGORITHMS

by

G.E. Nudd, P .A. Nygaard ,* S.D. Fouse , and T .A. Nussaeier

Hughes Research Laboratories
3011 Malibu Canyon Road

Malibu, CA 90265

Ahetract — This paper describes the work provided directly on the sensor itself. At the
undertaken during the past six months by Hughes higher level, where many operations are required
Aircraf t Company under a subcontract from the on each data po int , but where the noaber of data
University of Southern California , u sage Process— elements is reduced , a digital approach providing
ing Institute , for the DARPA Image Understand ing an increased accuracy and dynamic range is most
program. Two princ ipal areas are discussed: appropriate.
(1) the work on a cha rge—coupled-device/metal—
oxide.-semcionduc tor test circuit to develop five
real— time preprocessing operators and (2) the Section II of this paper describes our con—
study and analysis of a real—time, high—level tinuing work on Test~ Chip III to develop high—
processor architecture that measures texture. Also, speed preprocssing functions. Section II
the design and develop ment of a real— time pro— describes an approach to higher level processing
cessing faci lity based at Hughes Research Labora— (such as texture and segmentation), and Sect ion IV
tor ies for perfor manc, test and evaluation is discusses the work we have undertaken on our image—
described , processing facility to enable us to operate our

custom—built ICs in real time.

I. INTRODUCTION II. DESIGN MID FABRICATION OF TEST CHIP III

During the peat ~ix months, we continued our
work to develop cus~o.—designed integrated circuits We have investigated five r~’u f t s  far I nc!Iu—
for real—ti me implementation of image—understanding sion in our curren t test chip . These are a 3 x 3
algorith ms . The work ~~~~s centered on three areas : Laplacian operator , a 7 x 7 kernel (which is cur—
t he detailed desig n and layout of a third test rent ly being implemented as an edge detector but
chip, TCIII; the devetopuent of new concepts for can be mask progra meed to perform ot her operations ,
more advanced (higher level ) processi ng operat iona such as the binary checker boards or unsha rp mask—
(incl uding a texture chip); ~ and the des ign and ing), a 5 x 5 progr amsable filter (which we intend
construction of the necessary circu its , such as to integrate with a co ercial microprocessor), a
c lock drivers , to operat, the processors. 5 x S “ cross—s haped” median , and a large bipo lar

convolutional array for 26 x 26 pixel convolutiona .
In the previous phase of this progril, we

- 
• developed concepts and test circuits for “real-

t ime” (equivalent to television data rates) pro- For each of these , we have developed circuit
ceasing of “low—level,” or preprocessing, algorithms , concepts that will allow the data to be pro cessed
inc luding edge detection , unsharp masking, local at real—time data rates . Circuit simulations that
averaging, adaptive stretch , and btnarization. Our evaluate the accuracy and speed and hence the
approac h is to employ fas t analog preproce ssors dynamic range have been completed f or each circuit.
integrated at or close to the sensor itself and The detailed designs and layouts of these operators
then to fo llow this by progr amsable digital pro- have now been completed ,and we anticip ate having
clueing using highly regular LSI or VLSI designs . processed parts by July, which should allow the
In t he preprocessing stag. , which includes image— preliminary evaluation to be started bsforo the end
enhancement, f eature analysis , etc., where a of this phase of the contract in Septe.b.r.
limited maber of operations are required on each
pixe l, th. effec t ive data sates are extremely high The teci~ oiogy used to implement the algor—

A 
(typica lly in excess of 10 operations /sac). This itba. is n—channel, two—phase metal—oxide
exceeds the current throughp yt of state—of—the—art semiconductor (Moe) and charged —coup led device
high—density digital ICs (10 operatio na/sec). Pot (CCD). The full chip size is approxi mately 225
thie processin g, a direct analog approach that ails x 225 ails, and conventional photo lithog raphy
maintains an accuracy equiva lent to 6 bits can be is used , resulting in a linm,idth of ‘~.5 Ia. With

this resolution and by us~.ng surface—channel tech—
* nology, a clock rate of 7.3 I~~i should be possible.
Mr . lygaard is with the Hughes Carl•bad Research * block sch ematic and a brief description of each
Center . circuit is given below.

p

— c,
_____ - .k.;.~~ ~~~. - ______



- --
~

-
~~~~~

- - —~~~——~~~~ —~~--- -

152

A, Laplacian Operator sum of the charga or pixel magnitudes at each clock
2 sample is app lied to an “on—chip” sample and hold.

The Laplacian operator is a bipolar weighting The voltage on the floating gate array, sensed by
scheme A operating on a 3 x 3 array of picture dc— the sample and hold at the nth clock period, T, is
manta, given by

1 —2 ~.

~~ 
A1Qi(nT )

A —  —2 4 — 2 ‘ (1) 
i iV (nT) — , (2)

1 —2 i o CA

to produce the convolution output A * Lw here ~ is where CA is the total capacitance of the array andthe unprocessed image array. It is used for cris— connecting bus—line, Qj(nT) is the total charge
pening and edge sharpening. It can be implemented representing each picture element under the gates
directly at the sensor using a two—dimensional CCD at tine nT, and Aj is the effective gate area at
array consisting of a set of linear transversal each location. For correct operation, the length
filters. A schematic of the system is shown in of each gate must be proportional to the elements
Figure 1. Each filter ii a two—phase, n—channel of A. Since the length of each gate must be a
device with 18 gates. The added latency time for posItive value, the conventional approach would be
this device is equiva lent to “~O.5 pixels to implement A as
(‘~O.l ~sec). This is in addition to the inherentdelay of the algorithm of approimxately one video 1 2 1
line (%63 Usec).

[
~J —  2 4 2 (3)

The circuit uses the f loating gate technique
to sense nine adjacent charge packets representing 1 2 1
the array of 3 x 3 adjacent pixels. Three adja-
cent lines of charge , representing the video data , and to connect each of the gates to either a posi—
are clocked through the array, and the weighted tive or negative bus line of a differential
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Fipure 1. Schematic of CCI) Laplacian operator.
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amplifier. In practice, the differential amplifier , coherent noise sources. These circuits have been
which itself can be implemented in n—lIDS technology, designed and s imulated to run at a 7.5—11H z data
becomes a significant port ion of the total area of rate with accurac y equivalent to 6 bits.
t he chip, typica lly comparable or perhaps even
larger than t he CCD array itself. Further , the B. 7 x 7 Mask Programeable Kernel
differential amplifiers are themselves voltage—
contro lled devices , and the charge—to—voltage It~ the April 1968 Semi—Annual Report, several
transitions necessary can introduce linearities and processing algorithms were discussed that use a
noise. For this reason, we use the Hughes—patented 7 x 7 array as a binary checkerboard weighting for
disp lacement—charge—subtraction (DCS) tech nique ,3 image deco mpos ition or as a version of unsharp
which implements A directly as masking or deblurring. Because of the interest in

this array size, we have built a mask—programeable
array that can be used to form a variety of opera—

of CCI) stages that can be operated from seven
1 —2 1~~ tora. The basic concept consists of a 7 x 7 array

[1 —2 1 ture, we can use a mask change to perform a variety

2 4 —2 (4) parallel, adjacent video lines. The basic struc-
ture is shown in Figure 2. With this basic struc—

of different operations. Basically, only those
levels that determine the filter weightings and the

and is low capacitanc e and eliminates “ conmo n— bus line interconnection need be changed to providemode” output . This technique has been shown to each of the operations discussed in the April 1978provide up to 90—dR dynamic range and 68—dR CO,msOfl Semi—Annual Report. This technique provides a verymode rejection, flexible and cost—effective way of performing a
wide veriety of 7 x 7 algorithms.The processed outputs from the array are fed

directly to an “on—chip” sample and hold circuit, Initially, we have designed the mask to per—which eliminates clock feedthrough and rejects form a 7 x 7 edge—detection operation with radially
syninetric weights. The weights used are given by

VDD VSS VGG 5425-14

s2
VDIF VA VS

I I1I1f
~? I

VDC VSCR J____l
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Figur e 2. 7 x 7 Mask progra nnable at ray .
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— distance fro. the center of the array, In this
0.08 0.17 0.25 0.34 0.25 0.17 0.08 way , the edge value is concentrated (“f ocused”)
0.17 0.34 0.51 0.64 o.~~ 0.34 0.11 towards the center picture value, and the larger

array size gives greater immunity to noise in the
0.25 0.51 0.64 1.0 0.64 0 . 1  0.25 sensed image.

II — 0 0 U 0 0 U 0 C , 5 x 5 Programmable Array

—0.25 —0.51 -0.64 — 1.0 -0 -. -0.51 -0.25 To achieve simultaneously the high—speed
-0.17 —o.k —0.51 —o.e4 -o.st ~~~ -o.ii capability and the added flexibility of program-

mable operations, we have included a data-program—
—0.08 -0.17 —0.25 -0.34 —0. ’ -0.11 -0.08 mable 5 x 5 array aa shown in Figure 4. The pro—

(5) grammable approach should allow many of the image—
0 08 0 17 0 25 0 ~ •

~~ ~ ~ 0 
understanding operations of interest on a 5 x 5

- . - - ‘ array to be performed with one circuit, The con—
0.17 0.34 0.51 0 -0.•I -0.34 -0.11 cept is shown in Figure 5. It has been designed

to accept data at the standard 7.5—MHz video rate
0.25 0.51 0.t,4 0 -().~.4 -0. ) I ~~~~ and to enable the weighting functions to be

changed at the frame rate of 30 Hz. Since each
0.34 0.64 1.0 0 -1.0 -0.64 ~~~~ weighting node has been brought Out directly to an
0.25 0.51 0.64 1) -0.64 -0.51 -0 .25 external pin of the 64—pin package, we can inde—

- pendently vary each element of the 25—point con—
0.17 0.34 0.51 0 -0.51 -0.34 -0.17 volution with an accuracy of %2%. Further , since

our aim is to drive the weights from a commercial
0.08 0.17 0.2~ 0 -0.25 -(‘.17 -0.08 microprocessor, we can in effect cancel Out many of

the processing inaccuracies and nonlinearities to
obtain optimum performance , enabling us to study
the analog—digital or low—level/high—level
interfaces.and the edge—detected output can be written as
I). 5 x 5 “Plus—Shaped” Median Filtering

~ 
_ I P* H I+ I P* H I , (6) 

-i — 1C Both USC IPI and Hughes Research Laboratories
(HRL) have done extensive simulation on median fil—

A detailed view of one linear CCD array that achieves tering. The median operator is an obvious candi—
this is shown in Figure 3. Here the weightings date for preprocessing and can be very useful for
are arranged to be inversely proportional to their both rejecting impulsive noise and for overcoming
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Figure 3. Mask structure programmed for 7 x 7 edge detection.
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For b > a however, it acts as a cross—bar switch
1DMH 4OIGITA L 

71514, 

‘~~~ • acts simply as two parallel, one—element delays.

PROCESSIO and reverses the two outputs. The effec t af ter 36PR OG5AMMAILL OUTPU TcCD ASSAY comparisons is to provide 9 parallel outputs
ordered by increasing magnitude, with the center

SYNC A CLOCK output being the median value.
30 H.~

• DATA FEKOSAcK 

LSI using MOSFET5 to provide a result equivalent
This structure can be built directly in MOS/

to 7 bits at a rate of 7.5 MHz, It can also be
built into a modular design, which will allow theFigure 4. Schematic of test system for program-

mable filter incorporating mirco—computer array size to be increased by adding parallel

control, chips. Our present design is a direct MOS imple-
mentation that uses external delays to determine
the pixel array shape. In this way, the operation
can be performed over a variety of kernels.defects in the imaging system. Both HRL and IPI

studies show that a “plus—shaped” array with 9
pixels is optimal for many of the images of inter— E. 26 x 26 Bi—Polar Convolution Filter
est. Perhaps the most direct approach to a
median filter is to perform a sort operation and We have included on this chip a processing
then choose the fifth element in the stack (for a 5 algorithm suggested by Professor David Marr and
x 5 cross). To do this, n(n — 1)/2 — 36 compara— his colleagues at MIT. From a technology stand—
tors are required. The conventional approach is to point , it is interesting because it has a signif i—
form the ladder network, or “bubble—sort” array, cantly larger kernel size than the arrays built to
shown in Figure 6. Here each comparator module date and requires high accuracy. The full kernel
(cM) has three basic states, depending on the rela— consists of a 26 x 26 element array with a weight—
tive magnitude of the two inputs “ a” and “b.” In ing ratio of approximately 1:150. We have used
the configuration shown , if a > b or a — b, the CM the circular symmetry of the array to build only a
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Figure 5. Schematic of 5 x 5 progra able filter. 
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______________ MAXIMUMOUTP*J T III. CONCEPT DEVELOPMENT FOR HIGHER—LEVEL
CM PROCESSING

We have spent considerable time in this phase
P~X1L of the program addressing the processing require—INTENSITY G....

.[
1 

MEDIAN OUTPUT 
ments for the high— level operations. As a speci—

CM CM 
fi c operation to analyze, we have chosen the tex—
ture processor of Professor W.k. Pratt. This oper—

cw ation (a schematic is given in Figure 8) basical—
—0 MINIMUMOUTPUT ly consists of a Sobel or Laplacian operation fol—

loved by moment operations of the form
OPERATION OF CM MODULE

________________ M — 

~~~~ 

—

•0 -Ob  where is the analog picture intensity, p is the
average picture intensity, N is the number of
pixels in the kernel, and n is the order of the
moment (typically 1 through 4).

Figure 6. Schematic of real—time median filter Assuming an input image with 6-bit dynamic
operator for 5 pixels. range, the required output dynamic range could under

the worst condition be 24 bits.

26 x 13 element kernel and intend to use two chips At first sight , it might appear that if
with modified input structures for the full convo— (Pi — 

~~
)° were calculated directly , (Pi — p) would

lution. Further, we have decided to build the typically be a small number since the individual
array with three separate outputs, which will be picture elements Pj wi ll most pro~ably be closelyhelpful in the test and evaluation stage and, more distributed about the local mean p. (This will
significantly, will enable us to scale, or normal— be true for those images that have a low variance.)
ire, the weighting to achieve higher accuracy. A However, this approach causes considerable diffi—
schematic of the circuit is shown in Figure 7. culty in the computation. For example, for each
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Figure 7. 26 x 13 pixel array implemented on test chip III.
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DIGITAL ccOIMOS s.m-’ In this way, the partial products can be ca lculated
TEX TURE CHIPS and stored, and with each new pixel we are required

only to subtract the contributions of the oldest
pixel from the summat ion and to add the newest.M l
This can reduce the calculation rate by more than
two orders of magnitude and enable real—time or
near real—time operation.

SEGMENTATION
IV. DEVELOPMENT OF TEST FACILITIES

SOBEL

We have now completed this design and begun
fabrication of the facilities we will require to
test and provide reference evaluation of this new

Figure 8. Concept of texture processing using no— chip. A schematic of this system is given in
ment calculations. Figure 9.

new picture element, which will occur approximately REFERENCES
every 100 nsec, we will be required_to calculate

— ;)n in its entirety because p will also [1] 0. D. Faugeras and W. K. Pratt “Stochastic—
change at the pixel rate. For a 15 x 15 window, Based Visual Texture Feature Extraction,”
calculating just the first four taopguta, this will Image Processing Institute, Memorandum,
result in a throughput of 1.3 x 10 operations USC (1979).
per second, the majority of which will be multipli-
cations. This is clearly an inappropriate approach [2) W. K. Pratt, Digital Image Processing
since a high—speed multiply night take 50 macc or (John Wiley and Sons), New York , 1978).
more in the fastest high—speed emitter—coupled—
logic technology. Several hundred channels, requir— [3] P. R. Prince, T. J. Mahony, J. A. Sakula,
ing a very large amount of power and circuity, would 0. G. Macding, and N. Cuk, “Displacement
be required in a parallel architecture. Charge Subtraction CCD Transversal Filter,”

presented at the 1978 International Conference
Clearly a preferable approach is to calculate on the Application of Charge—Coupled Devices,

the non—centered moments San Diego, Calif., 25—27 October 1978.
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Figure 9. Schematic of test facility required for test chip III.
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INVESTIGATION OF VLSI TECHNOLOGIES FOR IMAGE PROCESSING

W.L. EVERSOLE, D.J. MAYER , F.8. FRAZEE, and T.F. CHEEK, JR.

TEXAS INSTRUMENTS INCORPORATED
1 3500 NORTH CENTRAL EXPRESSWAY , P.O. BOX 225936

DALLAS, TEXAS 75265

ABSTRACT
r ‘LIII 1 ~~ MIMIOI}_

This paper summarizes recent work performed ~~~ L ITmLAa] J I I lU Ll ‘LIII ?for Carnegie—Mellon University on the investigation 
______ 

________

_ _ _  

_ _
I-.of very large scale integration (VLSI) implementa 

-

____tions for image processing. Discussions of basic
memory architectures needed for two dimensional
operators, reconstruction of block truncation coded L — — — — I
imagery data , and the implementation of a programna— ILlS SIlIN - TO-IASLUL

ble sum of products operator are presented. ~~~ 11155

Figure • Memory Architecture for Non—Interlaced
Single Line Video

INTRODUCTION

The concept of a V LSI implementation of a
digital image processor based on multiple real ti&~arittaetic logic units (ALU5) and

1 
buffet memories

was presented at the last workshop. The implementa-
tion of the appropriate buffer memories and two image
processing f unctions , reconstruction of block trun—
cation coded data and programmable sum of products
operator , are discussed below.

MEMORY ARCHITECTURES .- ‘
~~~
‘ 1~~~~ ~~~ •4  S~~~~ I-th•PI,. II. I u~~~~~~

In image processing systems having single line
video inputs , memory is required to store previous

IulIeaao 
L III Zpixel values for subsequent processing by two—dimen—

siona l operators such as edge detectors , median f ii—

dimensional input image and MxNxB bit two—dimensional 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ter , etc. For our investigation a Jx KxB bit two—

operators are assumed.
h C I S  1 I.It r ..d S..l.I I. •.r.II,I C.. ,tr

For non—interlaced single—line video , the me—
mory architecture of Figure 1 provides the necessary Figure 2. Memory Architecture for Interlaced Single
seria l—to—parallel conversion needed for two—dimen— Line Video
sional operators. The memory consists of (H—i) K—
stage shift registers which format the data as N
psrallel input lines to the two—dimensional proces-
sors. The first line of the data need not be buffered.
Th. buffer memory may be integrated onto the same
IC as the processor to eliminate the need for H inputs the video into the serial—to—parallel memory
by B input pins on the processor IC. This integration described in Figure 1. A sing le frame buf fer  memory
mould reduce the ni ber of processor functions that may be used to store each video frame by using an
could be integrated on a si ngle IC, however i~ y alternating non—interlaced/interlaced addressing
be advanta geous to dup licate the buffer memory on scheme to out put one frame of reformatted data while
se!eral different processors to reduc e the total reading inte rlaced data fro. the following frame.
pin count and thus the size of the system,

In the memory archttec tur e shown in Figure
For inter laced single—line video , a frame buf— 2(b ), both the frame buff aar func tion and the erial

fer memory is required to format the data into non— to -parallel conversion functions may be accomplished
inter laced video. Two memory architecture s for with a single frame store memory . This memory has
inter laced video inputs are shown in Figure 2. In a single line input and an N line parallel outp ut .
Figure 2(a) a sin gle—line—in si ngle—line—out buffer This approach require s a large pin—out (Mal).
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BLOU( TRUNCATION ~ODLNG A simp lified block diagram of the reconstruc-
tion circuit is shown in Figure 3. The reconstruc—

Block truncation coding2 techniques can be tion circuit receives the binary image block, counts
used to reduce the bandwidth needed to transmit the number of i’ s (q) and uses a ROM look up proce—
imagery data. The sample mean and variance of small dure to calculate the square root quantity. A final
blocks of an image are used to statistically recon— adder/subtractor comp letes the calculation of Aand
struc t the image from binarized image blocks. The 

~~. The major portion of the circuit is the required
folloving equattons define the sample mean and vari— RON. The size of the RON is determine d byyand q.
ance , respectively. Since q can be any number from 0 to N andYmay be

8 bits , the RON is (256xN) x 8 bits assuming an
8 bit answe r is desired. For the case studied,

N N1 6 , therefore the ROM must have 4096 words. Furhter

L X investigations have shown the largest value possible
X • N t (1) for the sauare root quantity in equations (5) and

i— i (6) is ,455x15 62, therefore only a 4096x6 bit
ROM is necessary.

N
2 I E(X i 

— 2  (2)
— — X)

— N I
i—i

TI S1PT*ICT

The binary image block i. chosen such that
all pixel values greater than X are set to I and
all others are set to 0. In reconstruction all
0’. are replaced by -

N—i a __________________________

A - - 
~ J~*)(

r) (3)

Figure 3. Implementation of Block Truncationand all l’ s are replaced by 
Reconstruction

— j (~~. N—i
B — 1 + r  q ~

—i—
~ (4) PROGRAMMABLE SUM OF PRODUCT OPERATOR

Many i.age processing algorit h.s require oper—
ations of the for.

where q is the number of pixel values greater than
the mean, ~~. L—1

a Substituting Equation (2) into Equations (3) y — E aEx, (8)and ( 4 ) ,  the following equations result:

where the as ’ s represent a set of fixed weighting
A — I — 

~/‘Y(1~~ ) (5) coeff icients and the XE ‘a rep resent a set or a
sequence of input values.

Equation (8) can be implemented using digi—
• B — X + V~~~~

.a) (6) tal multipliers and adders; however , the size and
power required to perform the multiplication at video
data rates are prohibitive for most image processing

where: applica tions. Much investigation has been performed
recently on two similar technique s for the realisa—

N ~ign5
o~ Equation (8) with no digital multipliers.

The distributed aritheetic techniques imple—
- 

~ L (x~—i)2 
(7) ments the sliding sum of products (convolution) of

i_ i an input word sequence with a set of weighting co-
efficien t.. The ROM—acciaulator technique implements
a nonsliding st~ of products of an input wo rd set

A digital imp lementation of the block trun— with a set of weighting coefficient.. Both methods
cation encoding algorithe for 4 by 4 pixel blocks use a table look—up procedure.
has been investigated and wee discussed at the last
workshop.
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The operation performed by the distributed The penalty for blocking the memory i. the addition
arithmetic technique is the convolution defined by of Q—1 dig ital adders. Figure 3 shows a Q..2 memory

structure block diagram where L—4 words.

L—t The frequency of table look—up can be reduced

— a2X~_ 
by multiple—bit addressi ng of the memory, i.e.,by

2 (9) using N bits from each word to address the memory.
2—0 The number of table look—ups is thus reduced

Bx/M. However , the memory size is increased to 2
words with each word Ba+lOS L+ N bits. Figure 6

where ~~~ is a B—bit word represented by shows such a structure for which H-2. The last two
stages of each delay line are used to form a 2L—bit
memory address.

B—i

— E X(n_ Q)~2
i X(n_2)~EiO~

l
~ (10)X

Substituting Equation (10) into Equation (9) yields

B—i I L-i

— E ~~~~ a 2X(n_ 2)
i] 

2~ (11) Figure4. Block Dtagram of Implementation of Single-
Memory Storage of Partial Productsj—O 2—0

Since the values a2 are fixe d , the 2~ possible values
of the bracketed term of Equation (11) may be calcu-
lated a priori and stored in a memory. For each j

• term is recalled from the memory location whose ad 

-

___________

dress is formed by the L bit binary word I ______ ______ ______

of the outer summation, the value of the bracketed 

r
1E

~~~~~
_ _  __F

~

__ _ _  _ _

Z — (X(n) j
. 1(n—l ) j’ 

X(n..2)j~ 

- .-,

...X(n-L+l)
J
] 

(12)  

______

The word stored in this location is given by
Figure 5. Block Diagram of Two—Memory Implementation

L— 1

$ C(Z) 
— a2 Z0 Z

~1jO ,lI (13)
2—0

These values recalled from memory are weighted by
the factor and summed over j .

Figu re 4 shows a block diagram that imp lements
Equation (9) using the table look—up algorit hm of
Equation(ll) . The sequential B

ç
bit input signal,

I , is loaded bit—serially into —cascad ed , B.a~bit ..

delay line. . The last stage of each delay line 1.
used to for. the L—bit address for the memory. The
shif t and acc~au1ate f unct ion perform. the binary
weighting and si ation over j. The siap of the

- • memory needed for this implementation is 2’ words.
If the weighti ng coefficients , .

~ , 
are of I —bit Figure 6. Block Diagram of Multiple— Bit addressi ng

accu racy , the word size of the memory must be I +?ng L Implementation
bits to prevent overf lGv . The eweber, and t~us t~~.
frequency, of table look-ups for this implementation
is proportiona l to the input word length (Ba). The
required memory can be reduced by partitioni ng the
word sequence into Q blocks. This requires Q memories
of size 2~~

Q wo rds with each wor dI~4 log2(L/ Q) bits. - 

T~T1IT ~ 

_j
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In genera l,

Memory Size — Q2~~’QWords (14)
8—1 L i

Memory Word Size - $1+log2(L/Q)bits N—i y - E a1 X~~

] 

2~ (20)(15)
Ia+log2(L/Q)+ N bi ts P01 ~—o 

[
i.o J

Number of Digital Adders — ~~1 (16) The RAC technique is a subset of the distri-
buted arithmetic technique. Convolution of an input

Number of Table Look—Ups — 8,/H (17) word sequence with the weighting coefficients, a,
is not performed in the RAC technique. Figure 8

where: 1a — the number of bits in each weighting shows an implementation of Equation (8) using the
coeff icient RAC technique. The memory address is obtained from

the bit—serial words , X , as shown. Equations (14)
B.a — the number of bits in each input word through (18) are still valid for the RAC technique.

Like the distributed arithmetic implementation , the
L — the number of words used memory size and number of table look—ups can be

reduced using memory blocking and multiple—bit ad—
Q — the number of blocks used dressing, respectively.

N — the number of bits from each word used Several architectures and LSI technologies are
• for addressing. being investigated as candidates for implementing

a programmable sum of products operator. Many archi— -

A compromise among memory size , number of adders , and teccures have been deemed impractical because of
the number of table look—ups can be made to ease the high internal operating fre quency required. In—
implementation . Figure 1 shows a block diagram veatigation of other architectu res which maximize
implementation for B~~6, L 4 , Q—2 , and N2 . The processing time for the on—chip digital circuitry
contents of the memories is a function of L , H, Q. is continuing.
and the a’s. In general , the contents of location
Z in memory q is given by

L/Q—1 P1—1
x l

C(q, Z)~~~~~~qL/ Q+ Q. E~-+.t zMt+flE
~

o ,1} (18) 
-

MEMORY
WOROS

_____ _____ 

Ii 
~~~~~~~~~~~~~~~~~~~~~~______ ______ _______ ACcUMULATE

Figure 7. Block Diagram of Two—Memory With 2—Bit
Address Implementation Figure 8. Implementati on of Programmable Multip ly

• and Sum Using RON-Accumulator Technique

The RON—acc umulator (RAC) techni que imp lements Equa-
tion ($)exactly, i.e., without convolution. Repre— REAL TIME MEDIAN OPERATOR UNIT
senting •ach input word , X~, by

The 5x5 median of medians 1 operat or discussed
in the last workshop i• being implemented using of f—
t he—shelf components. The breadboard is being de—

- X~ 2~ x1t{o ,t} (19) 
signed for real t ime operation using a ~omeerical
TV camera as the sensor. The breadboard will allow

j-O i evaluation of the median of medians operator and
provid. inputs for the dssign of the integrated
version . A block diagram of the breadboard ii shown

and substituti ng into Equat ion (8) yields in Figure 9. The memory needed to buffer 4 lines

‘ I

F _______
- -. •i
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of video will be partitioned to allow multi—resol-
ution operation . The one line memory after the median 2. O R . Mitchell , E.J. Delp, and S.C. Carlton,
operator is needed to refresh the disp lay in low Block Truncation Coding: A New Approach to
resolution operation. Operation will be performed Image Compression,” Conference Record , 1978
on a single field of video to eliminate the need for a 1!!! International Conference on CommuriT~~~
frame buffer memory. • 

t iona , PP 128.1.1—128.1.4.
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3. C.S. Burrus , “Digital Filter Structures Des-

cribed by Distributed Arithmetic,” IEEE Trans—
This paper discussed the basic memory archi— actions on Circuits and Systems, Vol. CAS—24 ,

tectures needed for two dimensiona l operators , the pp. 674—680 , Decembe r 1977.
reconstruction of block truncation code d imagery 

~data and the implementation of a programmable sum • N .J. DeMan 1 C.J. Vandenbulcke, and N.M Van

of products operator , The design of a digital median Cappellen , “Nigh Speed NMOS Circuits for RON-
operator breadboard for a 5x5 pixe l window and 8 bit Accumulator and Multiplier Type Digital
accurracy was described. Investigation of digital 

Filters ,” IEEE Journal Solid—State Circuits ,

integrated circuits imp lementation of an IC  capable Vol. SC—13 , pp. 563-572, Octoer 1978.
of calculati ng t he statistics of an image , i.e. 5. T.A .C. Classen , W.F .G. Meck lenbrauker , andthe mean and variance or their analogs , the median
andi nterquartile range , at real t ime video data rates j .B.H. Peek , “ Some Considerations on the
has begun and the investigation of archi tectures Implementation of Digital Systems for Signal

for the programmable sum of products operator is Processing,” Phillips Research Reports , Vo l.
continuing. 30, pp. 73—84 , 1973.
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ABSTRACT RELAXATION AT PIXEL LEVEL

I- 
Under contract to University of Maryland, Relaxation at the pixel level , as developed

Westinghouse has been implementing algorithms for
the image understanding process. The program is thus far by the University of Maryland1’2, is con—
sponsored by DARPA and monitored by the Army ’s cerned , among other things, with curve detection
Night Vision and Electro—Optical Laboratory . Our
objective is the examination of the latest bit— and detection of light and dark regions in an in—
sliced technology and the design of innovative
architecture s that are highly parallel, high—speed, 

age. This algorithm classifies each pixel into

-~ - fault tolerant, and require both a small instruc— one of several classes by initially assigning to
tion set and a small volume. A key consideration
is the relaxation process , which has been under 

each pixel a probability of possible class member—

intensive investigation at Maryland, and which ship based on local properties. The relaxation
offers the prospect of improved decisiozanaking,
at the expense of computational load , 

process then uses information about label (cla~s~
intera ctions on a local level to improve this

This paper describes an architecture for im-
plementing relaxation in near real time and a 

prior classification.

hardware family of arrays to facilitate the archi—
tecture. For the light—dark classification problem,

figure 1 shows a flow chart of the necessary com-
putations which are now described . Suppose AX’

INTRODUCTION are the two classes, ligh t and dark, for adjacent

We first examine the relaxation algorithms , 
pixels, i .e. ,  (A A ’ )  can be (light , dark), (light ,

at the pixel level, as described by University of 
light), etc. Then an initial probability estimate

Mary land . The computational structure is of the 
for pixe l xy being in class X (assume A — dark

form of a scalar multiplied by a matrix multiplied 
for this example) is P,~~(A) — — g]min)/glr.

The term gl is the gray level at pixel xy, the
by a vector . Implementation in a SystoIic* Array XY

architec ture is described and hard — 
te rm gl is the minimum gray level over the en—

ware counter mm

parts are found in Universa l Array s .** Because re— 
tire image, and 

~
1r is the range of gray levels

laxation represents the new generation of higher 
over the image. An estimate of the probability of

order algor ithms , Universal Array imp lementation 
any pixel in the image of pixels having label A is

is appropriate to produce speeds necessary to show ~ (A) s -
~ Z p (A). An estimate of the joint prob—
n xy xy

feas ibility , 
ability of a pair of adjacent pixels, xy and x+i,

y+j, having labtis A and A’ is ~~~~~~~~~~~ 
~~~~

at

~ 
(A) 

~ 1~~~~(X’). Computationally, xy is any
xy x+

_______________________ 
pixe l position in the image; x+i, y+j stands for

*“Systolic Array” is a term used by U.T. Rung to each of the eight neighbors of the center pixel
describe a network of processors which rhythmical-
ly compute and pass data throu gh the system . See x ,y in a 3x3 window as shown in figure 2. The lo—
Reference cal information about claes interaction is being

**“Universal Array ” is the name given by Vesting— develop ed here . La the 3x3 window move s over the
house to a functiona l array . See Reference 4. image, eight (8) different P1~(AA’) expressions
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are developed and cu~ ilated, one for each of the p~ (A ’) is a scalar for the second row . So the
neighbor positions. Further, there are four (4) first part of the relaxation iteration Structure
possible (AX’) combinations, so there are actually has been reduced to the case of a scalar multiplied

32 Pij (AA’) expressions developed. Finally, the by a matrix multiplied by a vector. An appropri—

compatibility coefficients rij (AA’) expressions are ate processor array architecture for this form is

developed. The compatibility co e f f i c i e nts the Systolic Array .3

r
ij

(X A ’ )  — Pij OtA ’ ) /
~ 

(A) ~ (A ’ )  can be calculated - -

from these expressions. These expressions Consider a linear array of processors, each

P1~ (XA ’ ) .  p (A’), p(A), and r1~(XX’) are referred capable of coumiunicating with the other and each of

to in figure 1 as properties of the image frame which has three input ports and two output ports .

and must be obtained before the relaxation Itera— Further , each is capable of a multiply, an add ,

tions can be started, which are now described, and holding three pieces of data in internal re-
gisters as shown i~ figure 6

The ra t ionale for the various expressions in
the relaxation iteration was described earlier . 3 The p~(l). p~ (2) terms enters from the left

To update the p (A) expression based on local and move to the right through the array; the
xy k+l

properties, eight (8) intermediate expressions ~ij  
(A ) , q~~~ (A ’ )  terms move f r om right to left

q~~~(A) — E , p~ (A ) P~
(X ’) r

i j
(XA P )  are calculated through the array and the matrix r~~ (XA ’ )  terms

for each neighbor of the center pixel ~ the 3~3 
move from the ton to the bottom of the array and

window location. The superscript k refers to the are staggered in tine with regard with their entry.
k+1

~ 0k+1 Then for a series of clock cycles, the data caniteration. Further, p~~ 
(A) — ~~~~~~~~~ •

~~~~ 
(A ’ ) ’  be followed through the array as shown in figure 7.k+l(A) — E k+l

and n ,~ ~ij  
(X .~ are computed successive— At clock cycle 1, p~(l) enters from the left andiy. Figure 3 shows each of the expressions expand— k+l

ed for two (2) classes , land 2. Note tha t p~~
1(X) 

ci~~ (A) enters from the right. At clock cycle 2,

is the updated version of p~~,(A ) ,  where n’ — 8 
r
1~~

(A .1) enters the middle processor along with

and corresponds to each of the eight neighbors of p~ (l )  and q~~’(A); P~
(l).r

~~
(A .l) is formed and

k+la 3x3 neighborhood. These expressions q~~ (A) , placed in q~~~(A ) .  At clock cycle 3, ri~
(A 12)

k+l k+l(A) and (A) are referred to in enters the left processor as does P~ (2) and q~~~ (A).
figure 1 as the iteration cycle. Consider now the

hardware implementation of image frame properties Here p
~
(2).r

i~
(A ,2) is formed , added to q~~~ (A)

and relaxation expressions in reverse order. res iil tin g in q
1~~~ ( \ )  — r

jj (A ,l).p~ (l) + r
ij(A,

2).pk(2).

IMPLDIENTAT ION W ITH SYSTOLIC ARRAY ARCHITECTURE Similarly, in th e right processor, rij(X’~
l).P

~
(l)

is formed and placed in q
Hardware implementation can be examined as an 

~~~~X’), At the next

1 k+lclock cyc earray processor associated with the mathematical (A) exits from the array and the

k+lcomputation structure or associated with the gao— two terms of q
j j  

(A ’ )  are formed in the center
metry of a 3x3 window. For the time being the processor. Clock cycle 5, shows the matrix con—

k+lformer approach is used. The expressions (A) pone nt rij(X’~
2) completely clear of the array

and q~~~(X’) may be expressed as matrix multiplica— with q~~
1(A) and p~(1) also out of the array.tions as shown in figure 4. But the complete cx— Since - the last step in forming q~~~(X) is a sca lar

pression , shown in f i gure 5, where the

I p~(A) \ multiplication by p~ (X) , another processor , with

~p1O’)) 
is really a pair of scalars in which the same internal structure, added to the array

can accomplish this, as shown in figure 8. The

the p~(A) term is a scalar for the first row and 
array structure can be used to compute

since it is also of the form of a scalar
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multiplied by a metrix meltiplied by a vector . The array is composed of 48 internal cells in
a 6x8 matrix , 24 input/output cells, and 16 input

Referri ng to figure 1, and the expressions
for p~~

1(A) and p~(A), it is noted that the Systo— 
cells. The chip size is 228 mila by 240 nails,
with power dissipation of 2.5 watts , and propaga—

lic Array shown in figure 7 must be repeated for tion delays of lean than 6 nanoseconds. The chip
each of the eight neighbors of the center pixel is shown in figure 8, and figure 9 shows the in—
yielding 32 processors, including scalar multipli— ternal logic cell. The array can be customized
cation. Consider now the implementation of Systo— into a number of so—called “pereonalization.” Un—
lic Arrays. der an Air Force contract, a number of personali—

IMPL~ (ENTATI0N WITH UNIVERSAL ARRAYS zationa will be produced and one is in probe test
now.

To avoid full frame storage it is necessary

to complete the relaxation iterations as close to This personalization is of great interest to

the frame used to compile the image statistics as us in implementing Systolic Arrays for relaxation

possible. Secondly, as the classes expand , the re— because it is a 4x4 self—contained , multiply chip

quired computations grow combinator ially . An arbi— with an 8—bit product obtained in 12 nanoseconds.

trary hardware goal at this point in the develop— This is of the order of time needed to do relaxa—

ment is to complete relaxation in as close to real tion in teal time and 32 of these chips would fit

time as possible. With reference to the Systolic in an area approximately 1—1/2 inches by 1—1/2

Array and the computation of the q~~~(A ). q~~~(A’ ) 
inches.

terms, this means completing three or four multi—
In future work, we shall be applying the

plications, three adds, and four shifts in approxi— Westinghouse Universal Array to relaxation and oth—
metely 100 nanoseconds for a typical 500x600 pixel
frame site. The clock cycle governing the Systolic 

er University of Maryland algorithms in an attempt

to approach real time processing capability and
Array is then of the order of 10 nanoseconds. As still stay in a small volume.
the speed requirement becomes clearer and the small

volum e constraint is unchanged, the technology be— REFERENCES
ing developed for the next generation airborne sig—
nal processors becomes more significant and the 1. Determining Compatibility Coefficients for

Universal Arrays are now described. Curve Enhancement Relaxation Processes,q

Peleg, S. and Rosenfeld, A., tEE Tranac. on
o Universal Arrays4 or functional arrays are not Systems, Man, and Cybernetics, Vol. SMC—8,

to be confused with gate arrays, of which the field No. 7, July 1978.

progr a able logic array (FPLA) is an example , or
the gate arrays cur rently used in main frame con— 2. Work on Dark/Ligh t Pixel Classification in

putera. The Universal Array consists of various progress by Univ. of Md. under DARPAINVL

transistor and resistor parts and is divided into sponsorship , bu t not published yet.

functional cells rather than individual gates. The 3. Hardware Implementation of Image Processing

Westin ghouse ECL Universal Array is a combination Using Overlays, Willett , T.J., DARPA Image

• - 
of diffusions and ion implanta rions which define a Understanding Symposium, p. 175 , Novembe r 1978.
fixed sit of transistors and resistors arranged in
three types of cell groupings: in ternal logic cell, 4. Systolic Arrays for VLSI, Rung, H.T. and

input/output cell, and input cell. Each type of Leiserson, C.E., Dept. of Computer Science,

cel l is cust om ized by config uring the two level Carnegie Mellon University, Dec. 1978.
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5. LSI Universal Array circuita for High Speed
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Brooks, C.W. , 1978 NAECON paper , Westinghouse

Electric Corp., Systems Development Division,
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Let A — 1, dark; A ’  — 1,2

pr’ci — 8 J— 1.2.. . .8 
p~~

1(1)

p~~~~(1) - q~~
1(l)I~ q~~

1(A ’ )  - q~~
1(I)/ [q~~~(1) + q~~’(2) J

q~~~(A) — ~ p~ (A) p~~ )~~) r~~(AA )

q~~
1(1) - ~~~~~~~~~~~~~~~~~~ + p~ (l)p~ (2)r~3

(1.2) (1 1)

q
~~1(A’) ~ p~(A ’) p~(A) r~1(A ’A )

q~~~(1).p~(1) p~(1) r~1
(l,1) 4- p~(1) p~(2) r~~(1.2) (A’ — 1 )

q~ i~2) — p~(2) p~(1) rj~(2~1) + p~(2) p~’(2) r~~(2.2) (A’ — 2)

Figu’e 3. Expanatona of p~~(X) . q~~(A) for Two Class..

. 
fr 1~(A .

1) r~1
(X. 2) \ (~~ (1)

~r~~(l’.1) r~1(A ’ .2) I ~~p~~(2)

2”2 lxi

Figure 4. Matrix by a Vecto r Mult tp liC8t iofl

k k , k+1
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SPARC -SYNDOLIC PROCESSING ALGORIThM RESEARCH COMPUTER

Gale H. Allen
Peter G. Juett en

Control Data Corporation
2800 East Old Shakopee Road

: Minneapolis, Minnesota 55420

ABSTRACT SPARC ARCHITECTURE

The SPARC program viii result in a breadboard A brief review of the SPARC processor archi—
model of a high performance processor for image tecture will facilitate understanding of the
processing applications. This i~esearch project in application example to be discussed later.
computer architecture is being joint ly performed
by Control Data Corporation and Carnegie—Mellon The baeic processor , shown in block diagram
University. The project is currently in the final form in Figure ~~, consists of a number of hardware
design phase, with fabrication beginning. Results blocks, called functional units, each of which is
of trial processor coding are encouraging. designed to perform a certain set of operations on

input data. The initial SPARC machine will contain
six different unit types, plus a control unit to

INTRODUCTION supervise and coordinate the operation of the
processor. These units perform such operations as

The SPARC program is a research effort in integer addition , multiplication, shifting, bit—by—
computer architecture. Begun by ARPA in 1977, the bit logical functions, data storage, and inpu t/
program involves the design and fabrication of a output. The units are interconnected by a general—
breadboard model of a high—performance digital ized crosspoint switching network, from which all
processor for use in image processing research. units receive input operands and to which results
SPARC is a flexible, highly parallel computer, are delivered. This crossbar switch, which is re—
which nay be used singly to offload computational configurable at a machine cycle rate, provides an
tasks from a host general—purpose machine. The interna~ data transfer capability of approximatelydesign also includes features which facilitate I x 10 1 bi ts per second.
coimnunication between multiple SPARC processors in
array configurations for the large number of appli— Both the control and data interfaces between
cationa where processing power exceeding the the functional units and the remainder of the
capability of a single machine is required. The processor are completely generalized, thus allowing
work is being performed as a joint effort between the addition or substitution of different Units as
Control Data Corporation and Carnegie—Mellon required to perform various specialized tasks.
University, with CDC responsible for hardware Units known as ring ports, designed for inter—
development and basic system software , while CMI) processor coninunicationa in multiprocessor ring
is concerned primarily with user system software arrays, and memory access units, which provide links
aids . CDC is concurrently supporting the con— to high—capacity system memories , are currently in
struct ion of a second processor , and more exten— design . Other units proposed for implementation
sive software development, include an FFT unit , which would implement the

- 
- butterfly type operation of the transform, and a

The goal of the present phase of the program floating point unit, which would provide hardware
is to have SPARC processors installed and operating floating point arithmetic capability.
at both CDC and CMU in the fail of 1979. At the
present time, the hardware design is in its final

7 stages . The electronic components are on order. APPLICATION CODING RESULTS
Circuit board layout is in progress. Cabinetry is
being assembled. Software work is in progress, The kernels of several algorithms from image
with the main efforts being concentrated on the processing application have been coded for a SPARC
development of a SPARC cross—assembler, a register— type processor in order to obtain estimates of
level simulator, a basic operating system , and processor performance. These include a linear
diagnostic programs. Trial coding of several interpolation process, called Warp Interpolation,
applications algorithms has been performed. Work in which a value is calculated for a hypothetical
also continues on multiple processor array image pixel utilizing th. magnitude and location of
architecture and facilities , four adjacent pixels , a Dot Product algorithm,
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which forms sums of various cross products between CONCLUSION
elements of two images in order to produce
measures of correlation, a photonormalization The SPARC program, jointly performe d by CDC
process , and an FFT butterly using 32—bit complex and CMI), is progressing toward the goal of develop—
arithmetic. These algorithms were chosen, in ing a high—performance , modular, digital processor
par t, because code for them exists for the Flexible architecture with application to image processing
Processor, a Qurrent CDC machine which has been problems requiring computational capability in-
used as the basis of several image processing the 108 — 1010 operations per second range. The
systems , thus enabling a direct performance coni— architecture employed enables systems of one or
parison to be made. many processors to be easily configured (and

reconfigured) to meet various processing require—
Table I suimnarizes the performance comparisons ments, Facilities are provided to acco~~~date

between the two machines. A SPARC type machine system components, such as memory devices, which
:7 with array processing features, such as ring ports are required to support the computing power of

and memory access Units, was used, in order to multiprocessor arrays.
obtain better correlation with the F? code . The
results are encouraging, showing performance in— The authors wish to acknowledge the contribu—
crease factors ranging between 17 and 59 , coupled tions of many engineering, sof tware , and manage—
with a slight decrease in average coding tine, ment personnel at CDC, along with the significant

contributions of the staff at CMII. The combined
efforts of all concerned continue to be of great

ARMY PROCESSING ENHANCEMENTS benefit Co the project.

Mention has been made in this report of
functional units under development at COC which REFERENCES
are intended to provide the comeunications facili-
ties necessary to use multiple SPARC processors (I) Gale K. Allen, Peter C. Juetten, “SPARC—
in array configurations, for applications requir— SYMBOLIC PROCESSING RESEARCH COMPUTER”.
ing compute power measured in billions of opera— Proceedings: Image Understanding Workshqp,
tions per second. One such unit is the Ring Port, Pittsburgh , PA , November , 1978, pg. 182— 190.
which serves as an interface between the processor
and a ring communications system, which has been
descr ibed in reference I.

A second type of unit is intended to provide
high bandwidth access for processors to megabyte
s ize counnon system memorie.. This unit will
feature 800 ti—bit bandwidth, max imum addressing
capability of i~5 bytes , and multiple modes of
operat ion , including Stream modes, in which fetch
operations and address updating are controlled by
the memory access unit hardware , and performed at
a rate suff icient to keep the processor supplied
wi th data. These Units not only provide processor
access to large amounts of memory , but serve as
an additional communication device for multiple
processors sharing common external storage.

STATU S
The electronic parts for the prototype SPARC -

computers are on order. Delivery is scheduled for
ear ly summer. Qualification lots of the three new
LSI arrays designed for SPARC are in fabrication.
Final design clean—up and s imulation is in
progress , and circuit board layout has begun. The
cabinetry, including power supplies and ref rigera—
t ion hardware , is being assembled.

In the software area , overall objectives for
the initial versions of simulator , cross—assembler ,
diagnostics and operating system have been
determined. Coding effort is currentl y taking
place in these areas . Work has been initiated at
CDC toward the definition and/or selection of a
potent Ial high—le vel language for the processor.
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TABLE I. SOME SPARC*/AFP

ALGORITHM 
-__________

Warp Dot Photo—
Interpolation Product Normalize Butterfly

NUMBER OF MICROINSTRUCTIONS PP 61 60 51 172

IN KERNEL LONGEST PATH SPARC* 18 Il 18 18

EXECUTION TIME FOR PP 7.625 7.50 6.375 21.5

LONGEST PATH (in micro— SPARC* 0.36 0.34 0.36 0.36
seconds)

TOTAL NUMBER OF PP 184 206 204 N/A

SPARC* 85* 102 70*

MAN—WEEKS TO CODE PP 2.5 2.0 1.5 2.5

KERNEL LONGEST PATH SPARC* 1.5 1.5 3.0 0.4

* A SPARC type machine with array processing enhancements
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