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ABSTRACT

Th i s r epor t desc ribe s the work perfo rmed during the f i r s t  six
months o f our projec t on Image Under stand ing . The central  sc ien t i f i c

goal of the r esea rch program is to investigate and develop wa ys in which

diverse sources of knowledge may be brought to bear on the problem of

interpreting images. The research is focused on the specific problem s

entailed in interpreting aerial photographs for cartographic or

intelli gence purposes , with a view to the eventual development of a

collaborative aid to the cartographer or photo interpreter. A key

concept is the use of a generaUzed di gital map to guide the process of

image interpretation .
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I INTRODUC T ION AND OVERVIEW

A. Research Program and Pl an

The cen t ra l  sc i e n t i f i c  goal of our research program is to

investi gate and develop ways in which diverse sources of knowl edge may

be brought to bear on the problem of interpreting images. The research

is focused on the specific problems entailed in interpreting aerial

photograph s for cartographic or intelligence purposes, with a view to

the eventual development of a collaborative aid to the car tograph er  or

photo interpreter. A key concept is the use of a generalized digital

map to guide the process of image interpretation .

B. Overview of Work Carried Out

The work of the past six months has adhered to the research pl an

laid down in the contrac t proposal . Rough ly  half of our effort has been

concerned with developing a skeleton integrated system within which

ex perimentation could be readily carried out , and the remaining half has

been directed to investigating a variety of tasks , using the system with

real aerial images. In prac t ice , system development has proceeded

better than expected and we have been able to devote time to in depth

investi gation of some tasks .

The zero—order skeleton system is desc r ibed in E l ] .  The main

extensions that have been made to this system in the past six months

are:

* The capab i l i t y  of hand l ing three dimensional in fo rmation .

* Mod i fication of the basic representation of the map .

The tasks investigated during the past six months have been :—

* Detecting and counting boxcars in a railroad yard ,

a’



* Trac ing road s i n t e r a c t i v e l y  for  mapmaking .

In addition , we have begun t o stud y the general problem of representing

many different varieties of knowledge coherentl y, and to stud y the

semantic s of understand ing aerial imagery.

2
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IT WOR K PERFORMED DURING THE PA ST SIX MONTHS

A. Image Calibration

1. Overview

A c r i t i c a l  step in using map (or world ) data to aid in p ic tur e

interpretation is the transfo rmation of the data from world coordinateS

to pictur e coordinates. This is traditionally accomplished by using a

calibrated camera position to create a function that accept s world

coordinates and returns image coord inates. The calibration of the

cam era is the key to creating this function. We have written a system

that cal ibrates the camera , using control points for which both world

coordinates and image coord inates are known . In addition , we have

produced program s tha t allow the user to interac tively specify these

points.

2. Techn iques

The calibration rout ines attempt to determine the altitude and

location of the camera in the world frame, and the head ing , pitch , and

roll ~sngle deviations from straight and level flight in a northerl y

direction. Other camera parameters , includ ing focal length , aspect

ratio , and scale factor may also be comput ed .

The s t ra ight forward cal ibrat ion procedure es t ima tes  the camera
parameters based on the input set of control points. This estimate is

used to create a camera transformation function (or camera tran sform)

from which botL the location and location error of the projected control

points in the image is computed . A steepest descent opt im ization

al gorithm is used to min im ize the error resulting from performing the

transfo rmation , and thus , to opt imize the camera calibration .

3
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The curren t procedure for determining appropriate control

points for the calibration routines is to projec t a set of predetermined

control poin t s into a disp layed version of the image using a rough ,

preliminary camera transform . This rough transform is derived from

world coord inates of the corners of the image . The correc t location of

these points is then indicated by the user , and the resulting corrected

data is passed to the cal ibration rout ines for creation of a final

transform .

In the near future , we will attempt to reduce user input in

the determination of the correc t location of the control points. This

will be done by associating with each control point a subwindow (“chip”)

from a previously calibrated image. This chi p will contain the contro’

feature (which might be , for example , an intersection of two roads)

associated with the point . These image chi ps will be correlated within

the new image in an attempt to locate the point accuratel y and

automatically.

B. Boxcar Counting

1. Overview

A common type of task performed by photo interpreters is

classif ying and counting large numbers of similar objects , such as oil

storage tanks , aircraft or boxcars. Such tasks are ted ious and

demandin g , but they do not necessarily require a high degree of skill.

They are thus suitable c and idates for automation or semi—automation.

We considered several specific counting tasks and se l ected

counting boxcars in a railroad yard as the domain for our exploratory

studies. Our main reason for choosing this task was that it is also a

monitoring task: It may be necessary to coun t the cars in a particular

yard on man y occasions. In this case , we can exploit our a priori

knowl edge of the l ayout of the rails , together with knowledge of

differen t type s of boxcars to facilitate performance.

4
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Our aim in this explora tory study was not to write a program

t Ia t could perform as well  as a hum an photo interpreter ; we had the more

modest aim of finding out what mi ght be done to provide an interactive

aid that could make the photo interpreter ’s task easier.

2. Techn iques

For the purposes of this stud y, we assumed that we have

al read y m ade a d i gital map of the rail yard and have cal ibrated the

image in question so that the map and image can be put into

correspondence accuratel y. The effective d imensionality of the problem

of searching  for boxcars is thus reduced from two or three d imensions to
one; we need onl y scan along the l ines ind icated by the map in searching

for ca r s .

The system operates by scanning a length of trac k ind icated by

the user , looking for a train of cars. The train is then scanned ,

looking for the divisions between cars. When the train has been

segmented into ind iv idual cars , the res ul ts are d isp l a ye d to the user
who may cor rec t errors , if they exist. The counts of cars classified by

leng th may then be printed . A fut ure system migh t ana lyze  the im age of
each car in detail to classif y it more appropriatel y.

We shall now describe the al gori thms used in more de ta i l :

Since detecting the start and end of a train is a special case of box

car end de tection , we shall describe the train segmentation process

f i r s t .

The first step is to extrac t from the pic ture a na rrow str i p
ali gned along the track in question , wi th width just sufficient to

contain the image of a train . The stri p is sliced perpend icular to the

track  and the mean br i ghtness is computed for that portion of each slice

that woul d be contained within the train (see Figure 1). The problem

is thus red uced to segmenting a one dimensional sequence of means.

Two statistical operators are then scanned along the sequence

of means. The operators attempt to detec t gaps between cars based on a

5
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simpl e model ; there are constrain ts on the d imensions of cars and gaps ,

and ca r s  and gaps usually are different in  br i g htness. Each operator

looks at two sections of the sequence , on’ section lust shorter than the

mi!l im um car length , the other just shorter than the minim um gap l eng th;

the two sections are separated by a space to allow for reso l ution

lim itations (see Figure 2).

For ea ch sec t ion , the mean and standard devia t ion of the m ean

br i ghtnesse s is computed , and a sim p le test is mad e to determine the

significance of any differenc e between the section means , in terms of a

number of standard deviations. The operator is thus , to some extent ,

self scaling against image noise , illum ination , markings , and so forth .

When one section is squarel y on a car and the o ther on a gap , the

d i f f erenc e m ay be 50 to 70 standard deviations in good cases.

Each operator is asymmetric , and the two are m i r ror  images of

each other. One can be considered to be looking for the start of an

i n t e r c a r  g a p , and the other fo r the end of the gap . Fi gur e 3 shows a

hypothe t ical  t r a i n , and Figure 4 shows the output from the two

operator S .

In the nex t step, a sig n i f i c a n c e  thresho ld  (abo ut thr ee

st andard deviations) is app l ied to the operator output s , and the loc :~

maxima of the above—threshold reg ions are found . Thus a sequence of

events is extracted , each even t being significan t peak response of one

of the operators. The threshold is chosen so that few true events :re

missed , and some false alarms are f’ und ; These will be rejected by

context later. Fi gure 5 shows the events detected in the exam ple.

Note that where a dark gap  occur s , the two operators yield events that

both have negative si gn , are c l o s e toge ther , and are in the rig h t order

(“ startgap ” — “end gap ”). Where the gap i s  unc lea r  and onl y a b r i gh tness

transition can be seen , the operators y i e ld  two even t s of opposi te si gn

simultaneousl y. Similar behavior is observed at the end s of the train .

The sequence of events is then scanned and interpreted . For

expl anation purposes, we shall describe a simpler al gori thm than tha t

6
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ac tua l l y used . At a given poin t in the scan , we have a hypothesis about

the correc t context for that point : either boxcar , gap, or empty track.

The next even t is in terpre ted  in the l i ght of the cu r ren t  c o n t e x t .  If

the next event occur s too soon , for example a start of gap event closer

than th€ minimtnn possible length of a boxcar , i t can probab ly be

rejected as spurious . A transition in brightness could simply ind icate

a hard—to—see gap, or the end of the train . The end of the train can be

ruled out if the prospective length of trac k has characteristics

different from those of an example of empt y track prov id ed by the user.

The net resul t of the interpretation algorithm is a

segmentation of the sequence of data into lengths correspond ing to

boxcars , gaps , or track. The program displays the results to the user

by marking eac h boxcar with a red dot . The user can then check the

interpretation for obv ious errors , and can interac t ivel y make

correc tions by po inting to the car in question and indicating its true

end po int s with the track ball cur sor. The aim here , we rei tera te , is

not the unattainable goal of ful ly automatic counting , but easing the

photo interpreter ’s task by allowing the system to perform most of the

task , with a limited amount of guidance and correction from the user.

When the user has had the opportunity of correcting the

system ’s mistakes , if any, the coun t of boxcars classified by length is

printed .

3. Performance

The program has been tested on images provided to us by 544t h

Aero space Reconn a i ssance Techni cal  Win g , S t ra teg ic Air Command . Fi gur e

6 shows a por t ion  of a reconnaissance photo dep ic t ing  San Fr anc i sco

railroad yard , di gitized at a resolution equivalen t to 10000 x 10000

pixels over the original image , and a di g ital zoom into an area of

interest . In the close—up picture a guide—line representing a portion

o f t r ack  is  superimposed over a t r a i n , together  with  a window prov ided
by the user as an exampl e of empt y t r a c k .  Fi gure 7 shows the boxcars

9
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found by the program ; the train has been correctl y interpreted and all

box cars have been correctly delimited and counted . Figure 8 shows a

more difficul t example. In this case , the program missed one gap

between boxcars , and the user interactively corrected the

interpretation . The classification and counting on the correc ted data

was performed automatical ly.

We have not yet made enough tests of the system to accuratel y

assess its performance , but preliminary subjective assessments as

follows . The system performs well on clean data , giv ing correc t

segmen tation and counts when gaps between cars are well defined . It

makes relatively few errors , of the order of a few percent , in case s

where the gaps are hard to see. It is not known how well humans perform

in similar tasks , but in many case s accuracy to a few per cent may be

acceptable. The system has not been tested outside the domain of

boxcars.

Clearly, to reach a similar level of performance in cases

where appearances of cars are not so pred ictable requires further work.

The results obtained so far have been sufficiently encour aging for us to

consider  the domain  of ra i l road yard analys is  as a possible cand idate

for an expert subsystem .

C. Road Trac ing

1. Overview

A major current problem in mapmaking , as currently practised

by I*IA , is that of trac ing linear cartographic features , such as road s,

rivers , or railroad s, in aerial imagery. Most of the steps of the map

making process have been automated , but feature extrac tion , and l inear

fea ture  e x t r a c t i o n  in p a r t i c u l a r , are st i l l  p erformed manu a l ly .  There

is a defini te need for automation of this remaining bottleneck.

Earlier attempt s at trac ing l inear features have met with

little success , largely because of the lack of exploitation of knowledge

of the problem . We felt that the technique s of Image Understand ing

10
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could make useful impac t on this outstand ing problem , and we have mad e a

prelim inary investigation. The philosoph y we adopt is , once more , that

a fully automatic feature extraction is beyond the current state of the

art , but a semiautomated , interactive approac h can be very effective.

We have thus been considering situations in which a user prov ides an

approx im8te cour se of the linear feature in question , and the system

uses this guideline to trace the feature accuratel y.

A system that can exploit approx imate information to trac e

features also has appl ication in photo interpretation. If we alread y

have a map of an area , and we know approx imatel y the parameters of the

camera when the photo was taken , the approx imate location of known

l inear features in the photo can be pred icted . The pred ic t ion can be

used as a guidel ine for trac ing features accurately. Thus, a

subs tan t ial amoun t of i n t e rp re ta t ion  of the image may be per fo rmed

a u t o m a t i c a l l y .

2. Exploration

We began with the intent of drawing upon established

technique s for l ine finding and tracing , and undertook a broad range of

experiments to determine the best current techn iques. We found ,

however , that all the established techn iques were inappropriate in some

way,  ch ie f l y becau se they  wer e not “ tuned” to aer ial imagery,  and

conseq uently had poor performance. We were therefore obliged to develop

technique s specific to trac ing l inear cartographic features , such as

roads.

There are three main stages in the process of trac ing linear

f e a t u r e s :

* Detection——Find ing points through which a l inear feature
passes , togethe r wi th  some measure of conf idence for each
point , b y a very local t e a t .

* Enhancement ——Mod i fying the conf idences  in the l ight of
local context: For example , increasing confidence for a
point  be tween  two p o i n t s  of h i g h conf idence .

13
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* Trac ing——Find ing the best continuous path through the image
that l inks points of high confidence: a global operation.

These s tages may have much in common : the distinction is mad e

here mainl y for expl anation purposes.

We provided our sel ves with a set of 13 sub pictures , each of 32

x 32 pixels , covering a varie ty of road situations , including rural ,

suburban , and urb an areas , for use as experimental test cases. The

pic tures from which they were selected , and the sub images themselves ,

are shown in Figure 9 to Figure 11 . From the sub images , it c an be seen

how diffic ult it may be to detec t the presence of a road from local

evidenc e alone , especially in urban areas , where the sub itnage l ooks l ike

random no ise . Even in rural areas where thing s are clearer , the road

may not always appear as an ideal line ; one edge may disappear , beca use
of shad ing , or the road m ay be partially or totally obsc ured locall y by

trees.

a .  De tec t ion

A s imp le local approx ima tion to a road in a photograph is

a l ine segmen t that differs in brightness from the background , where

l i n e  and bac kground are each assumed to be of un iform brightness. We

here assume that the details of the appearance of the road are invisible

under the resolution of the image. Various operators for detecting

line— ] ike features have been developed . Most of them assume a step—

sh a ped i n t e n s i t y  p r o f i l e , fo rm a best e s t ima te  of the parameters  ( suc h
as mean br igh tnes s) , and test  whethe r parameters  are s i g n i f i c a n t l y
d i f f e r e n t .  The Huecke l operator 12 1 is a much quoted and used operator

that can estimate many parameters , includ ing position , orientation and

w i dth , of the l ine.  It was an obv ious pr ime c and idate for l ine segment

de tec t ion.

The r e s u l t s  of e x per i m e n t s  with the Huecke l operator

were , however , d isappo int ing . It appeared to p er form w e l l  only on very
strong l ines in real aer ia l  images , and p erformed p oor ly  in congested ,
t e x t u red areas suc h as urban areas .  (See Fi gure 12.)

14
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Experiments with a simple grad ient operator , the Sobel

opera tor [31, showed ev id ence for si gnifican t brigh tness grad ien t even

where edges or l ines  were no t de tec ted by the Hueckel operator . (See

Figure 13.) A pparen tly the assumptions of a locall y un i form line on a

un i form bac kgro und , upon which  the Huecke l operator is based , were

inappropria te. The human eye , on the othe r hand , seems to b e de tec t ing
much more local  even t s , l ike  hi gh grad ient , and resp ond ing to cha ins of

such events.

For our next experiment , we used a Sobel operator to

meas ure br i ghtness grad ient for each point in the image and then used a

he ur i s t ic search techn i que , described below , to trac e one side of the

road. The search routine was given start and finish points and was

requi red to find a path between them such that a scoring func t ion was

m ax im i zed . Two main scoring func tions were considered : total bri gh tness

grad ient min us pa th l eng th , and average b rightness grad ient over path .

Nei ther was satisfactory : the former had a tend ency to take short cut s ,

whereas  the  l a tter tended to wander , and even to loop. Both scoring

func tions led to much branching in the search. Using a heuristic

estimate of the score of the final path to the goal (instead of just

using the score for the path so far found) red uced the amount of search

in each case , but onl y b y about 20%.

A major  drawbac k of t rac ing the paths  wi th  m a x i m u m

gradient score was tha t ed ges near the road could easily distrac t the

trac ing process , even if they were not immediatel y adjacen t to the road .

Using a nonl inear function of the grad ient , such as i ts square , somewhat

reduced the degree of d i s t r a c t i o n , but r e s u l t s  were st i l l  no t

s a t i s f a c tor y.

We co nc l uded that  it was necessary to desi g n a spec ial

ope ra tor  for d e t e c t i n g  road f ragments  l o c a l l y  to avoid the pitfalls we

had encountered with the other operators. In particular , assumptions of

uni formity of background are invalid , and detecting only one side of the

r oad , as wi t h  an ed ge operator , ignored potentially useful struc tural

18
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i n f o r m a t i o n .  Ac cord ing l y, we dev eloped a road operator that

incorporates more knowl ed ge about the appearance of road s than a

general—purpose line detector.

We b egan b y fi rst considering the appearance of road s in

general : A road is an area that is narrow in proportion to its length ,

with a restricted range of widths , and usually curves gentl y or is

lo c a l l y  s tr ai ght. It is substantially homogeneous , so i t s v i s ual

characteristics vary onl y s lowl y along its length , althoug h they may

d i f f er cons id er a b l y  from those of the areas on either side.

Wi th th i s  des cr i pt io n in m ind , we developed an operator

for road detection. The detector l ooks onl y at a small area of the

image , on e tha t is chosen to be l arge enoug h to span the road and some

terr a in  on each side , but that is smal l enough for us to consider the

road fragment as essentiall y strai ght. We l ook at a few points that we

ex pect to lie within the road and a few on either side that we expect

not to lie on the road . We space the se test poin ts sufficiently to

al l ow for different widths of road (over a small range) or possible

smal l curvatures. The test we make is composed of two parts: a test for

difference between points on the road and poin ts off it——we assume that

usually there will be an observable difference between road and

ba c kground——and a test for approx imate un iformity within the road .

A t the scale and resolut ion of imagery with which we are

working , an appropriate size for the operator is 5 x 5 p ix el s . We

attempt to detect road s in one of a few quantized orientations——fo r this

size of operator , four orientations is appropriate. Two of the famil y

of operators are shown in Figure 14; the other two are similar but

rot ated throug h 90 degrees. Three points in a row al , a 2 , and a3——are

assumed to lie on the road , and three poin ts on each side——b! , b2 , b3 ,

and c i , c2 , c3--are assumed to lie on the back ground .

To teat for differenc e from the backgro und te r ra in , we

take pairs of points , one on the road and one off , and measure the

difference in th eir bri ghtnesses , (ai — bi) or (ai — ci). We are
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i nterested in determinin g a score for the set of six differenc es , and we

are prepared to tolerate some of the differences being low , provided the

remainder are hi gh. For this reason we use a sum of scores for the

individ ual differences. The score for a difference is g iven by a

function , F, shown in Figure 15. The function is nonl inear to reflect

the fact that when a difference is greater than a certain value , its

ac t ua l magnitud e is un import ant; below that value , the score depend s on

the m agnitude. It is also symmetric if we do not know whether the road

is l i ghter or darker than the bac kground but asymmetric when we do have

such knowl ed ge. In our examples , the road was known to be li ghter. The

function F is intended to refl ect the likelihood that the observed

difference is not significant .

To test for un i formity of the road , we take ad jacent

pairs of points along the road and measure the differences in their

brightn esses , (a! — a2) and (a2 — a3). In this case , we wish to

determine a score for the two differences , tolerating low d i f f e rence

value s but not high ones. We therefore compute a product of scores , the

score for each difference being given by a function , C, sh own in  Fi g ure

16. Note that C gi ve s un i f o r m hi gh scores to low differences , and

un i f o r m low scor es to hi gh d i f f e r ences , wi th a continuous transition in

th e range of intermediate difference values. The function is also

symmetri c , since the sign of th e difference is not important. The

function C is intend ed to be an approx imation to the l ikelihood that the

observ ed d i f f e r e n c e  i s no t si gnifican t.

The overall operator score is g iven b y the ra tio of the

two terms , th e road un i formity score divided by the difference—from—

bac kground score . The operator score varies from 0 (no road ) to I (good

road).

The results of app l ying the operator to the selected test

windows  i s  shown i n  Fi gure 17. To disp lay results intelli g ibl y, the

opera tors for the four orientations were app l ied a t each point , and the

hi g hes t  score was compared with a fixed threshol d to determine whether a

21

a’



I

— — — 7- -
b 1 b2 b3 b2 b3

_

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

~~~~~~~~~

~~~~~~~~~01 (03) 02 (04)

2 /3
SCORE — II G(a 1 — a j HI/ 1 F(a 1 — b )  + F(a 1 — a)

i~~1 / i=1

FIGURE 14 WINDOW S FOR THE ROAD OPERATORS

WHERE

Flu)

FIGURE 15 ROAD EDGE SCORING FUNCTION

G(u)

SA -6300-26

FIGUR E 16 ROAD UNIFOR MITY SCORING FUNCTION

22

a’



road po int  should be d isp l a y e d .  ( In  normal  use the sco res are not

t h r e sho lded . )

b. Enhancemen t

We investigated the possibility of applying relaxation

methods * to the enhancement of the road d e t e c t i n g  opera to r  ‘ s output .

The key idea  here is t h a t  for a given po int  in the image , we cons ider
the operator  out put in the l i ght o f the surround ing local context. If

the context indicates that a road actuall y passes throug h the point , but

the operator happened to produc e a low score , the score can be

increased . Converse l y, if the context indicates that no road passes

th roug h the point , a h i gh sco re can be d i scoun ted  as an ac c iden t , and

decreased . Since the modi f i ed  score depend s on the nei ghbor ing

(mod i f i ed ) operator scores , the enhancement process is iterative——or

pseudo—parallel

We experimented with a variety of ways of modif ying
scores. The common underly ing princ iple is tha t segmen ts of road tha t

are  a l i gned and ad j acen t suppo r t each o ther and m utua l l y increase their

scores; nonal igned adjacen t segmen ts con trad ic t each o ther and mut ua l l y
decrease their scores.

We found that taking a simple l inear combination of

supporting increments and contrad icting decremen ts to modify a po in t

sco re , w h i l e  y i e ld ing  some im provem ent s , did not achieve the degree of

enhancemen t we sought. A better approach was to look at a smal l

nei ghbo rhood (3 x 3 poin ts or 5 x 5 points) of the poin t in ques t ion ,

fi nd the best scoring local  pa th throug h the poin t in ques t ion , and
upd a t e  the po int  score solel y on the basis of the best path . Figure 18
shows the or ig inal response of the road operator on a test  image and
Figure 19 shows the result of iterating this enhancemen t process a few

t imes. Note t h a t  gaps  have been filled , and ambiguities and noise have

been red uced . However , we have no t yet determined the rules governing

* Basic research into rel axation methods for scene analysis is
being carried out concurrently , supported by a grant from NSF
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FIGURE 18 OUTPUT OF THE ROAD OPERATOR OVER A TEST WINDOW

FIGURE 19 ENHANCEMENT AFTER 2 ITERATIONS

FIGURE 20 ENHANCEMENT AFTER 15 ITERATION S

26



We used two principa l measures of path cost : first , the

in tegral  of the step costs  along the path , t ak ing  d i rec t ion  into

accoun t ;  an d second , the average of the s tep cos ts  along the path , a l so

tak ing d i rec t ion  into account . The s tep cost of mov ing f rom one point

to a ne ighbor ing po int was de termined b y t ak ing the average of the

operator scores of the two nei ghbor ing p o i n t s  for the d i r e c t i o n  of the

step , d iv id ing by the l ength of the step, and subtracting it from u n i t y .

We thus have a measure t ha t  var ies between 0 and 1 and is not d i r e c t i o n

sensitive.

As wi th the ed ge— trac ing experiments described earlier ,

when the simple cost integral was used in the evaluation function , the

al gori thm had a tendenc y to take shor tcu t s throug h areas  o f moderate

cost. When the average path cost was used , the al gori thm had a tend ency

to wander . Accord ing ly, we tried using the integral of the square of

step cost , to reduce shortcutting tendenc ies while maintaining goal—

directedness. We found it gave good results in trac ing , even in areas

in wh ich  the road was hard to d i sce rn .

We al so fo und t ha t  the A* algor ithm was somewhat slow and

was considering almost all points in the sub image under consideration .

We t r ied prun ing the search tree in var ious  wa ys , such as remember in g

onl y the 10 best paths so far  fo un d , but without significan t

improvement. It appeared that it was necessary for  the al gori thm to

consider each point at least once, and consequentl y, the bookkeeping

involved in the A* algorithm was a major source of ineffic iency.

Accord ingl y, we developed a more efficient , pseudo—parallel search

al gori thm .

The pseudo—para l le l  al go r i t h m  is i t e r a t i v e , wi t h  som e of

the ch a r a c t e r i s t i c s  of r e l a x a t i o n  processes. It operates  b y m a i n t a i n i n g

an a r r a y  of pa th  cos ts , one for eac h image p o i n t , represe n t i n g  the path
cost for the best path so fa r fo un d from the s tar t  point  to the image

po int in q u e s t i o n .  The path cost for each po int  i s c omputed b y
ex amin ing i t s  ei g ht nei ghbors and determ ining w h i c h  one cur ren t l y has
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the m in imal path cost . The path cost for the po int  under cons idera t ion

is then the min imal nei ghbor ing path cost pl us the s tep cost for

stepping to the corresponding neighbor. The path cost for the start

po int  is  a lways  zero .

The path cost computa t ion is i t e ra ted  over the whole
a r ray  un t il no path cost  val ue changes , at wh ich po in t we have  an a r r a y

that contains the true min imal path cost for every point. The iteration

is performed by scanning the poin ts in a raster scan and computing an

updated cost for each. In formation propagates rap idl y with the

direction of scan , but slowl y against it. We therefore scan in four

differen t direc t ions , cycling through them until no change occur s in a

scan . It should be clear that the iterative scan is a serial

implem entation of what is essentiall y a pa ra l l e l  comput a t ion , a

computation which , by its simpl icity, suggests itself as a cand idate

for implementation in integrated circuitry.

It is  st r a i ghtforward to actuall y de termine the min imal

cost pa th  f rom any po in t to the s t a r t :  by simpl y always stepping to the
neighboring point whose path cost is least. Thus, we can readil y find

the road between two p o i n t s  in the image , desp i te  local  obsc u r a t i o n s .
Moreover , since the pseudo—parallel search algorithm finds all best

pa ths  from the start point , when the end poin t is uncertain we simpl y

l ook in a smal l area for the min imal coSt path whose cost is least . The

pseudo—parallel search algorithm is faster than the A* algorithm;

however , we would  l ike to improve i t s  speed even f u r t h e r .  We have

observed that in an area in which the ~~ç~ad is well—defined , the

correspond ing sec t ion  of path  i s  dom inan t  in searching .  Tha t  is , man y
m i n i m a l  cost pa ths  from nearb y po in t s  run d i r e c t l y to the dominan t  path
and then along i t .  In such case s , the  orig inal road operator ev idence

is strong enough for a much simpler al gorithm to trace. We have

exper imented  wi th  an elementar y algorithm that steps along the path , at

each point stepp ing in the direc t ion with least cost , so long as tha t

cost  i s sig n i f i c a n t l y  lower than the nex t best . When the issue is not
clear cut , the algorithm resorts to a very limited lookahead of just a
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few steps : if none of the extensions of the path is clearl y best , it

resorts to calling the pseudo—parallel search al gori thm . Preliminary

results ind icate that it may be possible to speed up the tracing process

considerably for well—defined roads.

d. Guidance

An i m por t a n t  consideration in desi gning the road—find ing

program was the need to be ab le  to accep t gu idanc e , either from the

user , or from a pr iori  knowl ed ge , such as a map or prev iously

interpr eted image. Guidance can dramatically fmprove efficiency by

elim inating processing of irrelevan t information , and improve robustness

by preven ting d i s t rac t ion b y anomalous local context.

In the present system , the guidance is input in the form

of an approx imate trace of the road in quest ion , either provided by the

user trac ing the road crudel y with a cur sor on the disp lay, or prov ided

by a prediction based on the image camera calibration and the

represen ta t ion of the road in the map. The gu ide l ine  is , in both cases ,

a chain of strai ght l ine segments superimposed on the image.

The program uses the guideline one line segment at a time

and creates a box enclosing the segment. The box is l arger than the

min imal enclosing rectang le to tolerate possible errors in the location

of the guideline. In addition , a mask a r r a y  is crea ted con ta in ing  a 1
for each pixel within the box whose distance from the guidel ine is

within tolerance , and a 0 for the other pixels. The box thus provides a

coarse limitation on the area under consideration , whereas the mask

provides a finer limitation.

The road opera tor is  then sc an ned over the box area and

app l i ed  where  the mask a r r a y  is  1. The parallel search al gori thm is

the n app l i ed  to the r e s u l t s , w i th the  in i t i al po int  of  the gu ide l ine as

the o r i g i n  of the search , and a hig h cost associated with stepping

outs ide the masked a rea .  The best path is  found by sea rch ing  a sm a l l
area near  the end po in t  of the guidel ine for the path with least coat .
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F i n a l l y, the best path is traced out , and the process is repeated with

the next  segmen t of the gu ide l ine .

3. Performance

Figure 21 shows a test image of a rural area with a guidel ine

prov id ed by the user superimposed . In Fig ure 22 , the sys tem has boxed

the first segmen t of the guidel ine and traced the fragmen t of road

within the box . In Figure 23, all segments of the guidel ine have been

boxed and used to trac e the road in entirety. The resulting trac e of

the road is shown in Figure 24 .

Figure 25 shows the result of trac ing many of the road s

visible in the image. Note that the program has trac ed the center l ine

of the wide road . Note particularly that it has performed extremely

well in areas in which the road is faint or partially obsc ured , such as

at the l ower left and the uppe r right of the image.

The prog ram has also been appl ied to images of urban areas.

Fig ure 26 shows the results of guided trac ing in an area containing many

in tersecting streets. In Figure 27, the trac ings have been fitted with

straight l ine segments to cartographic acc uracy. The results here , too ,

are extremely good .

We have so far performed only a limited number of experiments

wi t h  i n t e r a c t i v e  road trac ing . The r e su l t s , however , are most
encourag ing . The system is capable of trac ing linear features that are

hard even for a human to d i sce rn  throug h a wide range of terrain type s

and envir onments. It can accept guidance from a human user , or f rom a

preexisting map; it need s very little guidance , but the more guidance it

is given , the more reliable and efficient is its performance.

There are many ways we can improve performance even further.

The road opera to r  mi ght be improved by underp inning i t  wi th  more secure

theore t ical  fo unda t i ons , and hence p erhaps  de te rmin ing more appropria te
scoring functions and combinations of the ir results. The scoring

f u n c t i o n s  mi ght a lso  be mad e a d a p t a b l e  to the particular image or class
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FIGURE 21 A RURAL ROAD WITH A GUIDELINE

FIGURE 22 TRACING USING A SEGMENT OF GUIDELINE

FIGURE 73 GUIDED TRACING COMPLET ED
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of image under c o n s i d e r a t i o n .  The trac ing al g o r i t h m  can certainl y be

speed ed up by recod ing , and in clear—cut case s, when the ful l power of

the pseudo—parallel search is not required , it could be repl aced b y a

si m p le r , cons ide rab ly  faster , direc t trac ing al gori thm .

An important area for improvement is the tactics and strategy

of road finding . The operator we have described , w h i l e  hand l ing wel l  a

variety of road widths and environments , is no t a universal operator; it

does not cope well with multi—lane hi ghways , or clov er l e a f

intersec tions , for example. Such case s are better handled by more

speci al i zed  processes. A hi gher l evel program is required that has many

such tactical proc esses at its disposal , and tha t can dec ide which of

them is most appropriate for a particul ar task. Whether to look for

dark  road s on a l i ght back ground , or the c onvers e , depends on the

conditions under which the image was taker., and is a si m ple dec is ion

that could often be safe l y lef t to the system . Performance using an

appropria te operator would be better than that using a more general

operator. In addition , the present system has no understand ing of

in tersections , brid ges , tu n n e l s , and so forth. Embody ing knowl edge of

such features in the system would enable it to handle them more

intelli gen t l y and hence extend its capabilities to a wide~ rang e of
sit uations.

fAir ing the next stage of our research program , we s h a l l  be

attempting to develop expert subsystems that deal with a particular

cl ass of  t ask com pet en t l y . Road find ing is clearl y an appropriate task

for study and in—denth development.
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D. Knowl edge Representation

1 . Over v i e w

The system towards which we are working will need to ccnta in

and access a great deal of knowl ed ge about a wid e range of subjects.

Sinc e our work emphasize s the use of maps as aids to interpretation of

images , we wish to store and access quant i t ies of i n f o r m a t ion of the

sort contained in conventional maps . In addition , we wish to includ e

other sorts of info rmation relating to features in the map, information

that is not conventionall y included , suc h as functions of factories or

d escr i ptions of a ppe irance.

In addition to knowled ge about the world , it is essential for

interpretation that knowl ed ge of the r ela t ionsh i p between wor ld  and

image be availab le. This knowl edge involves the physi c s of the sen sor ,

the parameters to which it is sensitive , the spatial correspondence

between image’ and world , loc ation of the viewpo int , and the prevailing

conditions at the time the image was formed .

Finall y, a sophisticated image understanding system must

cont ain knowl ed ge about itself: about the app l i c abi l i ty , r e l i a b i l i t y and

efficiency of its com ponents. For exam ple , several  d i f f e r e nt ed ge

detectors may be available within the system , but for the particular

task in hand encom passing ob jec t , back gro und , and v i ewi ng cond i t ions ,

one detector may perform well and another bad ly; in tell i gent sel ection

is required .

We are currentl y considering the questions of what knowledge

must be repr esented in the system , how i t sho uld be represen ted , and how

i t sho u ld  be exp lo i ted . Our stud i es so far  are p re l im inary  and are
continuing . The current state of our thinking is presen ted here.

2. Content and Use

A pr imary function of the knowl edge base is to represent and

retrieve information concerning the geometry and topology of the world.
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Locations of point features , l ike b r id ges , must be recorded , together

with linear features , l i k e  road s , whi c h l ink them . We need to be ab le

to retrieve answers to questions , such as “Where is factory Y ?“ and

“Wha t road s pass throug h UTM grid square Z ? “ We also need to be able

to record whatever characteristics of a feature we think important , l i k e

clearance under brid ges .

It is necessary to handle generic information such as “Riv ers

go under brid ges , but not over them” because it can be used to aid the

i n t e r p r e t a t i o n  of the  im age ( f o r  example , an a u t o m a t ic i n t e r p r e t a t i o n  of

t he area where a particular road apparently in tersects a river). Such

information can constrain a search to relevan t areas , elim inate

impossible in terpretations , suggest l ike l.y events , and so on.

Internal desc r i pt ions of data classe s are also valuable for a

number of r e a s o n s :  The system can v e r i f y c o r r e c t n e s s  of  data given to it

and it can solicit and store information when it is required . Moreover ,

such information facilitates automatic pl an  forma t ion and prov i d e s  a

form of documentation that is very use ful when a number of people are

simultaneous l y working  on and im prov ing the sys t em .

3. Representation

We have been experimenting with data structures for the

knowl ed ge base. One requiremen t is that it should be quick to get from

on e p iece of information to a closel y relat ed one . Another requirement

is tha t it should be possible to store l arge quantities of information.

The representation scheme we have adopted is a variety of a semantic

net.

Each concept or objec t of interest is represented by a LISP
atom , the property list of which contains properties and binary

relations l inkin g it to other objects. For example a part icular brid ge ,

say  8002 1 , mi ght have as i ts property list

WIDT H 20 OVE R GOER R0932 ... ) , where R0932 is the atom representing

a partic ular road . Thus a semantic network of objects and relations is
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established in which it is easy . to step from one objec t to a related

one . In man y cases , we may  wish to s tep  e i t h e r  from Objec t A to O b j e c t

B, or v ice  versa . We t h e r e f o r e  ensure t h a t  r e l a t i o n s  are rep resen ted  b y

entries on the property lis ts of both objects: in our prev ious example ,

R0932 m ight have as its property lis t (OVE RGOER—OF B0021 ... ) .

Since we also wish to retrieve objects generical l y,  a l l

br id ges , say , we incl ud e in our semantic network objects that represent

sets; elements of a set are linked to it by the ELEMENT r e l a t ion , and

the set is linked to other sets by the SUBSET relation. Other important

concepts in the network are partitions of a set——a set of disjoint

sub sets of that set——and the del ineator of a set——a canonical example of

an e l e m e n t of  t h a t  s e t .

Fi gure  28 shows a f r agment  of the n e t w o r k  as an exampl e .

BRIDG E 53 r ep re sen t s  a p a r t i c u l a r  b r i dge  t h a t  has ROAD97O as its OVERGOER

and RTVERIO2 as its UN DERG OER. (Th e names are arbitrary and meaning less

to the system.) BR I DGE53 is recognizable as a brid ge because i t is an
ELEMENT of the set BRIDGES. The objec t E.G.BRIDGE is the delineator of

BRIDGE S , so i t  i s  c l e a r  t ha t  b r id ges in general  have an UNDERGOE R that

is an element of the set BRIDGE—UNDERGOERS. The latter set has a

PARTITION whose subsets are ROADS , RA I LS , and RIVERS. We can see from

the figure that a river can go under a bridge , but not over it , since

R I V E R S  is not  a subset  in the parti tion of BR IDGE -OVE R GOERS.

Fi gu re 29 shows an exampl e of par t of the subse t hie rarch y.

The entities in the world can be partitioned accord ing to whether they

are area—like , point—like , or l ine—like . Al ternativel y, they can be

partitioned according to whether they are natural or manmade. Area

features can be partitioned according to terrain t ype , or accord ing to

the use made of them . If we wished to find all military airfields

( a s s u m i n g  we do not alread y have them explicitly listed ) our network

tells us that they are particular t ype s of airfield , and that airfields

are contained in flat terrain. Thus the system could dec ide to l ook for

new airfields onl y in areas kn own to be flat .
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World entities have associated geometrical entities——p oin ts ,

l ines and reg i o n s — — t h a t  represent  them for the  purposes of mak ing

geomet r i ca l  or t o pol o g i c a l  i n f e r ences .  A b r idge  has  an assoc ia ted  po in t

that gives i ts location ; a road segmen t has an associated l ine join ing

two points. This association is ind icated in Figure 28 and in Fi gure

30, the latter of which shows the network fragmen t desc rib ing the

geometric al entities. It should be clear that we are now in a position

to determine locations of objects and distances between them or to find

routes using the geometrical entities.

It is necessary to be able to determine what is to be found in

a par t i cu l a r  pa rt of the wor ld , so some sor t of geometrical index into

the data is required . We are experimenting wi th a hierarchical index as

follows : We consider the world to be comprised of rectangular cells

whose corners have known coord ina tes. Points , l ines , and reg ions tha t

ar e to ta l l y  enclosed by the cell are associated with the cell. If too

muc h information is associated with one cell , the cell is partitioned

into subcells and the information is associated with the subcells as far

as possible: a line that passes from one subcell to another must be

associa ted with the parent cell rather than with the subcells. The

cells th us form a hierarchical struc ture with one cell at the top

encom passing the entire area covered by the data base (see Figure 31).

We can r ead i l y de term ine which objects are contained in a

specified area by stepp ing down throug h the h i e ra rch y. We consider onl y

subc el l s  tha t ove r l a p  the area , and then onl y their subcells that

overlap it , and so on. The process is strong l y focused onto onl y the

bo t tom—mos t  cells that overlap the area in question . Similar algorithm s

have been used for hidden l ine removal in line drawing generation ; they

have proved to be fast and efficient.

Final l y,  in the network we also have descri pt ions of the

different concept ual data type s in the system , such as pictures , maps ,

transform s, and displays , together with their interrelation ships . This

enables us to have documentation of the data t ypes in use permanently
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available to the user and to the system . We pl an to includ e

descri ptions of the system ’s functions to facilitate intelli gent

strategy planning for image understanding .

4. ~iantity data storage

We expect to be deal ing with  very large quantities of

information in the knowled ge base , far too much to be maintained

completel y in a data structure in core. We have therefore designed our

representation so that fragments of the network may be read in from disc

file , examined or modified in core , and rewritten onto disc if

necessary.

We main tain a buffer in core of perhaps up to 1000 objects

(a toms) , each of which may mention in its property list other objects

that may or may not also be in core . Each atom is tagged when its

properties are read from disc . Thus , when we wish to step from one

objec t to a related one , the system can check whether the related objec t

is in core . If it is not , it can be read in from disc , possibly after

writing out another objec t to make room in the buffer. The buffer is

ordered by time of use , so objects used least recentl y can be discarded

first. Objects are rewritten onto disc only if the y have been modified

du ring their period in core .

This data base maintenance scheme has the advantage of

permitting storage of arbitrarily structured information , rather  than

fixed — format records. It r emains  to be seen how well  it performs with

very large quantities of data , but since we antici pate that the system

will perform a lot of computation with each chunk of data it read s in ,

we expect it to provide reasonably good support for our work .

8
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III WOR K PLA NNE D FOR THE NEXT SIX MONTHS

During  the past six mon ths , we have  adhered to the r e sea rch  pl an

laid out in the projec t proposal . We have encountered no insurmountable

problem s , and our work is very much on cour se . We intend to continue

following the research plan , so this section will be brief.

The pl an calls for us to continue exploratory investi gations into a

wide range of tasks and techn i que s, but to beg in transferring effort to

the develo~~ent of expert sub—systems. We have progressed more rapidly

than expected in the area of system developnent , and have cap italized on

th~ time gained by pursuing some of our explorations in considerable

depth. We are therefore in a strong position for the nex t stage of

research.

The problem of representation is central , and one to which we feel

it is important to direc t part of our effort. We therefore intend to

pursue our current approach in this area and to explore ways in which

the knowl edge base can be employed to direc t the lower level processes

more effectively.

So far , we have two strong cand idates for expert sub—systems:

map/ picture correspondence , and linear feature trac ing . The first task

is fundamental , in that map/picture correspondence is important for

in te l l i gent image analysis and understanding . It has importan t

appl ication in reg istering images from multipl e sensors , in naviga t ion ,

map upd a t i n g ,  and pho to i n t e r p r e t a t i o n . Our present  system rel ies on

i n t e r a c t i o n  to d e t er m i n e  correspondenc e , but we can c e r t a i n l y  au tomate

the  process in many  case s , lead ing to the c a p a b i l i t y  for  t o t a l l y

a u t o m a t i c  m o n i t or i n g .

The second t a sk , l inear f e a t u r e  t r ac ing , is impor t an t  for such

app l i c a t i o n s  as map upda t ing  and photo i n t e r p r e t a t i o n.  A t rac ing
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subsystem could be a valuable component in establishing map/ picture

correspond ence. We have been successful in trac ing road s in particular

situations , and it would be appropriate to capitalize on what we have

al read y achieved , ex tend ing the scope of the existing system

considerab ly.
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