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ABSTRACT

The central scientific goal of the AR PA Image Understanding Project
research program at SRI International is to investigate and develop ways
in which diverse sources of knowledge may be brought to bear on the

problem of interpreting images. The research is concerned with specific

problems that arise in processing aerial photographs for such military

applications as cartography, intelligence, weapon guidance , and

targeting. A key concept is the use of a generalized digital map to

guide the process of image analysis.

The objectives, methodology, and current status of our research are

described in this report. In the present phase of our program, the

primary focus is on developing a “road expert ,” whose purpose is to

monitor and interpret road events in aerial imagery. We also describe

herein the details of an innovative procedure for tracking road segments

and finding potential vehicles in imagery of approximately 1—3 feet per

pixel ground resolution. This work represents an important contribution

towards achieving the indicated goals.
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I DETECTING AND INTERPRETING ROAD EVENTS IN AERIAL IMAGERY

A. Introduction

Research at SRI International under the ARPA Image Understanding

Program was initiated to investigate ways in which diverse sources of’

knowledge might be brought to bear on the problem of analyzing and

interpreting aerial images. The initial phase of research was

exploratory in nature and identified var ious means for exploiting
knowledge in processing aerial photographs for such military
applications as cartography , intelligence , weapon guidance , and

targeting. A key concept is the use of a generalized digital map to

guide the process of image analysis.

The results of this earlier work were integrated in an interactive
computer system called “Hawkeye.”1 This system prov ides necessary
basic facilities for a wide range of tasks and a framework within which

speci alist programs can be integrated. Research is now concentrated

upon development of a program capable of expert performance in a

specific task domain: road monitoring. The following sections of this

report present an overview of this new effort.

B. Obleotive

The primary objective of this research is to build a computer

system that “understands” the nature of roads and road events. It

should be capable of performing such tasks as:

* Finding roads in aerial imagery
* Distinguishing vehicles on roads from ~!~~dows , signposts,

road markings, etc.

1 H.G. Barrow, “Interactive Aids for Cartography and Photo
Interpretation ,” Semiannual Technical Report to ARPA , Contract DAAG29—
76—C—0012, Artificial Intelligence Center, SRI International, Menlo
Park, California, (October 1977). 
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* Comparing multiple images and symbolic information
pertaining to the same road segment , and deciding whether
significant changes have occurred.

It should be capable of perfoi ig the above task even when the

roads are partially occluded by clouds or terrain features , or are
viewed from arbitrary angles and distances , or pass through a variety of

terrains.

C. Aporopch

To achieve the above capabilities , we are developing two “expert”
subsystems: the “road expert” and the “vehicle expert.” The road expert

knows mainly about roads, how to find them in imagery , and what things

belong on them. It works at low—to—intermed iate resolution (e.g., from
1 to 20 feet of ground distance per image pixel) and has the ability to

distinguish vehicles from other road detail. The vehicle expert will

work on higher-resolution imagery and can identify vehicles as to type.

We are concentrat ing our initial efforts on the road expert and
therefore will limit our discussion to this component of our system.

Among the specific tasks to be performed by the road expert are the
following :

* Place an image in correspondence with the map data base
* Establish the precise location of known roads in the image
* Determ ine the visibility of the located road segments

* Mark the road centerline and lane boundaries

* Detect anomalous regions on and along the road pavement
* Determine which anomalies are potential vehicles.

The image/map correspomdenoe task will be accomplished primarily by

using roads as landmarks; thus, the first 3 tasks will interact strongly
with one another. These tasks will be performed at approximately 20

feet/pixel resolution so that a reasonably wide field of view (10 to 100

square miles) can be processed at one time.

After visible portions of roads have been located , individual

• sections will be selected for detailed analysis. With resolution

• 2



increased to approximately 1—3 feet/pixel we can find the road

centerline and lane boundaries , starting with the initial estimate

obtained in the low—resolution step. We will then detect anomalous

regions on and along the road pavement , and finally decide which of

these regions are vehicles. Since road anomalies will cause problems in

tracking a nominally homogeneous road surface , Tasks 14 through 6 will be

integrated to some extent.

The above tasks will be supported by information about road

condition and general structure from a symbolic data base. For example ,

if prior photographic coverage of the area being analyzed is available ,

the prob lem of anomaly classificat ion can be simplified by det ermining
if a similarly shaped anomal y had been found in the same general

location over some extended period of time . Additional examples of how

data—base knowledge and stored models can aid in the analysis process
include: using the time of day in discriminating shadows from objects of

interest ; utilizing the general shape and width of the road (obtained

from a map) as an aid in road tracking; providing relevant information

on the anticipated size , shape , and road orientation of potent ial
vehicles.

A central theme of this effort is to consider roads as a knowledge
domain. In particular , we plan to add ress the question of how apriori
knowledge can be directly invoked by the image—processing modules (what
type of knowledge , how should it be represented , and what are the
mechanisms for its use?) . To achieve our goal of building a very—high-
performance system , we plan to develop explicit models of the image

structures we will be dealing with , as well as models of the decision

procedures embedded in the image—processing algorithms —— so that the

algorithms can evaluate their own performance. Finally, we must develop

an overall control structure , whose function will be to coordinate

analysis across a number of levels of resolution , and to integrate

multisource information.

• 3
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D. Progress

Working programs already exist that are capable of performing most

of the major tasks to be performed by the road expert. For example , the

problems of image map correspondence and road marking (at low

resolution) can be dealt with in an integrated way using the road—

tracking and chamfer—matching techniques reported on in our description

of the Hawkeye system 1 . Figures 1—6 illustrate this capability.

Figure 1 presents an overview of one of our test sites in the San

Pablo area north of Oakland , California.

Figure 2 shows a section of the road network that appears in

Figure 1 , as located by our road tracking algorithm.

Figure 3 shows our data base representation of this road network
superimposed upon the data in Figure 2 as a set of point landmarks .
The lack of correspondence is due to our initial error in estimating the
location of the point in space from which the image in Figure 1 was
acquired .

Figure 14 displays an intermediate stage in the iterative

calibration process in which the camera model is being refined using

“goodness—of—fit” data provided by the chamfer—matching technique.

Figure 5 shows the final result , in which accurate calibration has

been achieved.

Figure 6 shows that the road follower can operate successfully

even in a rather cluttered urban environment; thus, our ability to
locate roads and utilize them for achieving image map correspondence is

not restricted to rural areas.

Some new work now in progress on an extension of the chamfer—

matching technique allows a more precise estimate of the mismatch
between a reference map and a sensed image, and thus should enable a
more reliable and accurate final calibration. The basic idea is to

associate individual points in an image and reference map , rather than

simply measure the distance between a point in the reference map and

14







some unspecified nearest point in the corresponding image. It turns out

that very little additional computation is required beyond that needed

for the older chamfer—matching algorithm.

This technique , which will be described in detail in a forthcoming
technical note, is illustrated in Figures 7— 11 .

Figure 7 is a high altitude image of the San Francisco Bay Area.

Figure 8 is an outline of the land—water boundaries in Figure 7,

extracted by an edge follower.

Figure 9 shows the map data base representation of’ these

boundaries, superimposed upon the data of Figure 8. The mismatch

reflects our initial calibration error.

Figure 10 shows an intermediate stage in the iterative calibration

process. The links between the map and image boundaries are

automatically inserted by the chamfering algorithm, and their total

length is a function of the existing mismatch.

Figure 11 shows the final result of the calibration process.

Figures 15 through 19, discussed in the next sect ion of this
report, illustrate some of’ our new capabilities in following roads and

marking potential anomalies in higher resolution imagery. For example,

Figure 15a depicts a portion of our test site near Palo Alto ,

California ; Figure 15b shows our ability to accurately locate the road

centerlines and mark potential anomalies; Figure 19 shows that we can

even tr3ck poorly defined dirt roads.

All of the above capabilities, notwibstanding rather impressive

performance , represent merely an initial stage in the development of’ the

high-performance road expert we have defined as our goal in this effort.

Our current programs are “low—level ,” In the sense that they still

cannot coamunicate with one another, or modify their performance on the
basis of context or self—evaluation. In almost all cases, their level

of performance is expected to improve substantially as we integrate the

individual modules and modify them to accept data—base support.
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There are still a number of problems that we must contend with. In

Figure 17, the road centerline tracker is shown to have successfully

followed a curved section of roadway, but it gets somewhat confused when
the pavement material changes abruptly; here it marks a section of the

road as a potential anomaly. Certainly, such a problem could be

alleviated by using data-base knowledge of the fact that such a road

surface transition does occur at the given location. Even a previous

image (with a suitable time differential), showing a similarily located

anomaly, might suffice to largely eliminate such problems. However , in

Figure 12 we see two images of the same area taken approximately six

months apart. In the earlier image we find two arrows painted on the

road surface ; six months later there is a moving vehicle positioned

directly over one of the arrows just at the moment the photograph was
taken . Any simple heuristic routine which attempts to use data—base

knowledge in this situation will almost certainly confuse the vehicle

with the assumed road marking.

In the image shown in Figure 13, we see that the six—month interval

between the acquisition times of the two images has produced some very

significant photometric changes (reversals in intensity between the road

surfaces and their surrounds) , landscape changes (a creek with bordering
trees to the left of the curved road segment looks dramatically

different in the two images), and even the improbable movement of what

is apparently a fair—sized building from its initial location near the

creek to a point perhaps 60 feet away in the later image.

The point we wish to make here is that access to data-base

knowledge does not necessarily provide a simple solution to the

difficult problems of image interpretation. If used indiscriminately ,

such knowledge can cause more problems than it eliminates. We believe

that we can make an important contribution by determining what typ e of
apriori knowledge can “ pay” for itself , i .e . ,  will provide a gai n in
performance commensurate with its complexity, reliability, acquisition

cost , etc.

10
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The images presented in the above examples are part of a data base

we are building In order to support our experimental work. We have

acquired multiple photographic coverage of five distinct sites (Figures

1 and 114) scattered around the San Francisco Bay Area. This imagery,

most which has been scanned , shows road detail at resolut ions ranging
from 1 to 20 feet of ground distance per image pixel , and reflects

significant variations in time and viewing position.

12



II ROAD TRACKING AND ANOMALY DETECTION

This section of the report descr ibes a new procedure for tr acking
road segments and detecting potential vehicles in aerial imagery of

approximately 1 to 3 feet per pixel ground resolution. The road

tracking algorithm discussed here is currently initiated by manually

specifying the posit ion of the center an d the direction of the road
fragment we wish to analyze. The nominal road width could be supplied

by the user , by the data base , or by an image analysis funct ion that can
determine the width of a road fragment. The road tracker produces two

forms of output: a point list descr ibing the track of the road center ,

and a binary image of all points in the road that are anomalous and

might represent to vehicles. In the complete road—expert system, th is
image will then be analyzed to screen fa lse alarms and inter pret the
remaining anomalies.

A. Algorithm Description

Figure 114 shows a representative road scene digitized at a ground

resolution of approximately 2 feet per pixel and containing segments of

a mult ilan e freeway , with a few vehicles and road surface markings

(painted arrows and words in the extreme left lane). The variations in

road surface mater ials , centerlines , and intralane wear patterns
correspond linearly to the road itself. The vehicles and other

anomal ies , however , stand out as being quite different from the pattern
• of the road .

These observations lead to a simple model for the photometry of

most of the road surface. The model predicts that successive road
reflectance pro files extracted perpendicularly to the direction of the
road and centered upon it should have approximately the same appearance.
Devia tions from the model , defi ned as anomalies , are caused by road

13
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surface markings , vehicles, shadows , changes in road width and

constituent mater ials , and by other influencing factors. The first

attempt at a road—tracking algorithm exploited this model. Successive

road reflectance profiles (RRP) extracted perpendicular to the direction

of the road showed a high degree of correlation , which suggested that

road tracking could be accomplished by using a cross—correlation—based

approach. The location of the correlation peak was used to maintain

alignment with the road center and to generate a model for the road
trajectory. However , this first attempt turned out to be unsat isfactory
because anomalies perturbed the location of the correlation peak an d ,
concomitantly, other small errors in locating the correlat ion peak
accumulated.

To overcome these problems , six refinements were introduced:

* A cumulat ive road reflectance prof ile model
* Bounded—difference alignment

* Masked alignment
* Match—function peak interpolation
* Anomal y detection
* Trajectory extrapolation.

The cumulative road reflectance profile model was introduced to

reduce the tendency of alignment errors between successive RRPs to cause

an increasing drift away from the road center. Each new RRP is aligned

with the current RRP model , rather than with the preceding RRP. The RRP

model is an exponentially weighted average of all RRPs previously

encountered in a road segment (excluding anomalous points), as expressed

in the following equation :

RRPmodel (t+1 ,i) = K*RRPmodel(t,i) + (1—K)’RRP(t+ l ,i)

K de termines the “half—life ” of the model. The choice of exponential

weighted average rather tha n some other form of average was empirical.
The model is initialized to the first RRP.

15
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Bounded—difference alignment is a technique which is less prone

than convent ional cross correlation alignment to cause misalignment of
RRPs. This is accomplished by computing the mean bounded absolute

difference between two RRPs for a variety of al ignment s according to the
following formula:

find k which minimizes summation over I of
mln( KMAD , abs[ RRPmodel(t ,i)—RRP(t ,i+k) I )

where KMAD is set to a multiple (like 1.5 or 2) of the expected mean

absolute difference between RRPs which do not contain anomalies.

Masked alignment further reduces the effect of anomalies on the

alignment peak by eliminating from the alignment function those points

whose absolute difference exceeds a threshold similar to KMAD . Match—

funct ion peak inter polat ion uses parabolic inter polat ion to ref ine to
sub—pixel accuracy the estimate of the alignment peak location.

Anomaly detection is accomplished by compar ing the aligned RRP with
the RRP model. Corresponding pixels that disagree by more than a

threshold (similar to KMAD) are marked as anomalies. Anomaly detection

can be done densely, so that every pixel on the road is tested against

the RRP model. This differs from RRP alignment, which is performed only

as needed to determine the course of the road.

Parabolic extrapolat ion of the locations of prev ious road centers
is used to predict road trajectory. The trajectory prognosis is used to

guide the tracker past areas where the match function peak is

unsatisfactory or an inordinate portion of the road consists of

anomalies.

x(l) = a*1
2 

+ b*l + c
y( l )  = d*12 

+ e*l + f
where 1 is length of road path , and a—f are coefficients determined by a
least—s quares approximation of the road course over the few (typically
six) preceding RRP alignment points .

16
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Steps for the refined tracking algorithm are given below:

(1) Based on past road center points and directions,
extrapolate the position of the road center K feet
ahead , using the parabolic model .

(2) Extract the road reflectance prof iles (RRP) along a
line perpendicular to the direction of the road at the
extrapolated center point.

(3) Use mean bounded absolute-difference alignment to
determine displacement of the current RRP with respect
to the REP model.

( 14 )  Generate a mask indicating the positions of anomalous
pixels that deviate from the REP model.

(5)  Use masked alignment to locate more accurately the
proper alignment of the REP with the ER? model.

(6) Use match—function peak interpolation to refine the
alignment.

(7) Detect the anomalies by comparing each pixel in the
vicinity of the current REP with the REP model.

(8) Update the REP model , using only the “good” points of
the current REP at the optimum alignment. Updating is
done using the exponentially weighted average.

(9) Repeat steps 1—8 until the edge of the image is
encountered or the ER? model becomes inval id (see the
following section).

B. ~~perimental Results

In the experiments shown here, the road tracker was interactivel y
started by indicating the following information for each road segment:

<XO ,YO> center of road lane
thetaO direction of road at <X0,YO>
w nominal width of road

The freeway example in Figure 15 conforms well to the above road

model , as shown by the overlay results in Figure 15b. The bright lines

Indicate the road trajectory an d the bright blobs Indicate potent ial
anomalies.

17
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The simplistic model in which a road consists of well—correlated

reflectance profiles clearly breaks down in the example shown in Figure
16a, where the road surface changes from concrete to asphalt on the

overpass. Certainly the ER? model generated for the asphalt will not

match the intensities in this different  road surface.

When the tracker encounters the surface change a high percentage of
the pixels in the RRP will be anomalous (Figure 16b). When this occurs ,

the tracker extrapolates in anticipation and tr ies to reacquire the
road . If the road is not reacquired within the length of the longest

expected anomaly, the tracker then assumes that a pavement transition
has taken place and establishes a new ER? model.

The four vehicles shown in Figure 16 were detected , but most of the
anomalies marked therein are due to road surface changes. A later

section will discuss basic changes in the control structure of the

current program to eliminate the false alarms resulting from the surface

changes.

Figure 17 shows results for a freeway interchange on—ramp loop.

This example is interesting because the road curves rat her tight ly ,  and
the road surface changes at approximately the same place where the roa d
trajectory changes from a circular arc to a straight line.

Figure 18 illustrates a very complicated example of road forks,

variat ion in lane wid th , and intersections. For the lanes tracked all

vehicles and at least portions of the road surface marks (ar rows and
words) were found . In a developed road—expert system , the data base
should help significantly in handling the complexities of this image

through its knowledge of the location of forks, intersections , lane-

width changes, and the like. This information will facilitate the task

of interpreting causal factors In ER? model changes.

In marked contrast to the situat ion in most of the prev ious
figures, Figure 19a shows a rather poorly defined dirt road with little

evidence of wear patterns. Figure 19b shows the successful results of

the road tracker. Most of the anomalies marked were due to shadows cast

by sparsely foliaged trees.

19
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FIGURE 18 A BUSY INTERS ECTION
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FIGURE 19 A DIRT ROAD
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C. Concluding Discussion

The preceding examples demonstrate both the capabilities and

limitations of the present tracking algorithm. The algorithm has shown

surprising ability to cope with a wide variety of road situations ,

including total change in the road surface. The use of bounded-

difference and masked—alignment techniques nearly eliminates

perturbation of the road track by anomalies. Trajectory extrapolation

enables the tracker to reacquire the road after detecting that the road

surface has changed. All results were obtained using the identical

program and the same detection and threshold criteria; no attempt was

made to “fine—tune” the parameters individually for each example.

One defect of the present algorithm is t he attempt to accomplish
too much in one pass along the road. In particular , anomaly marking , in

the present system, begins before road—surface changes have been

detected. The false alarms induced by this defect can be eliminated

either by backtracking when a road transition is found , or by performing
the detailed anomaly detection in a second pass along the road ,
utilizing the road—course and surface—change knowledge generated by the

tracker.

The road tracker presently operates as an independent module. As a

component of a larger road—expert system, it will be Init iated from the
output of a map—guided road—detection algorithm operating on lower—

resolution imagery. Data-base knowledge can also be used in the

tracking algorithm to increase reliability and reduce false alarms In
anomaly detection. Such knowledge might consist of previous imagery of
the same area or geometric information about the location of road forks ,
intersections, overpasses, surface changes , lane—width changes, and

other parameters. To exploit such knowledge , it is necessary to
establish geometric correspondence between the image and the data—base

coordinate system. If, for example , a road anomaly corresponds to a

known surface marking on the map or appeared in the same place in

prev ious Images , it is probably a surface marking rather than a vehicle.
Similarly, the use of an illumination model can help to distinguish

shadow-casting objects from surface markings.

22



We have acquired and digitized images taken under diverse viewing
conditions with seasonal variations. We have also developed algorithms

to introduce clouds and cloud shadows Into these images to simulate
realistic situations in which visibility is impaired and surface

lighting modified . This will permit testing of’ the tracking algorithms
under controlled conditions of nonvisibility of road segments (due to

clouds) and major photometric differences between key features in images

of the same area. The use of a map data base will be essential to guide

the interpretation of such images; as noted earlier, however ,
determining how such apriorl knowledge should be used is a major focus

of our research effort.

With the enhancements and improvements that are planned , it should
be possible to track roads and detect potential vehicles with very high
hit rates and low false—alarm rates, even when operating with difficult

imagery. This capability is a central component of an overall road—

monitoring system.

23



.__ .!L c’1~~~ Lf2.0~1 —- _____________— - -
S r c u R I l Y  C L A S S I F I C A ’~ ION or ~ , . iS PAGE ( W). .n 0... F nI . , . d )

R E A D  ~NSTRU CT1 O NS
/ REPORT DOCUW~ENTATION PAGE BE F ORE COMPLETING FOR M

~. ~~~~~~ R T NUM~~(R / 1~ 
~OVT ACC ESSION NO. S RECIPIENT ’ S C A T A L O G  NUMBER

4. -
~~~~~~~

l-

~
:-
~~

; —~u~ - 
- /

IT L E (a~d 3ub~SfJS) ..~~~~~~—- - S.. ~~~~ bF~~~~~~~ 7 & ~~~~~~~~~~~~- 

I Technical Hert 
~~
, I

Interpretation. ~ ~~~~~~~~~~~~~~ rL *JN1 ’~~~IdJ 
~~—-- .——-- .- - -.-- - — —*—. — 

______ - - - - ---——----- .-..... , 6,
G. J./Agin . 

~J, M. A./Fischler~. L.. Quam / - - - -

DAA G29—76- C-0057.H. ~./~arrow . T. D./Garvey 
~~

‘ J. M. Tenenba~ r~ -

H . 0./Bolles.. J. --K~’e~ers H. C. Wolf I (. —

6. P ERFORMING ORGANi ZATION NAME AND ADDRESS ID. P O ~~~~~W *k*uIrt r/ ~~~~~~~~~~~~s~i International  A R E A  & WORK UNIT NUMBERS

~erilc Park , Ca i fo rn ia 9J4 O 25 .. - - -
~

II. CONTROLLING OFFICE NAME A ND ADO RESS _______

U. S. Army Fesearch Off ic e ..2_4~~n. •‘~~jF. 0. Box 12211 ,
~ NUMB E RO r PA G g )

Research Triangle Park, NC 27709 23 / -~
14. MOHITORING AGENCY NAME A AOO RESS(IV dSf l., .n f Iron. Controlling OIfic.) IS- SECURITY  CLASS. (of U,

unclas s i f i ed

IS. , D E C L A S S I F I C A T I ON/DOWNGRAD ING
SCH EDULE

16. D,STRIBtITI ON STAT EMENT (of tAt . R.port)

Approved for public release; distribution unlimited.

17. DISTRIB UTION S T A T E M ENT (of ha .b.I,.ct wf .,.d in Block 20, ii ditI.r ,t iron. R.porf)

IS. SUPPLEMENTARY NOTES

The fi nd ings  in th is  report are not to be construed as an o f f i c i a l
Department c f  the Army posit ion , unless so designated by ot her authorized
documents.

19 KEY WORDS (Continua on ta.. ,.. aid. ii n.c..aary *id id.nhlfy br block numb. ,)

20. A BSTRACT (Conil nu . cm v... ,.. .fd. If n.c...Itv cmd Id.neify by btock numb.?)

The central scientific goal of the ARPA Image Understanding Project research progr ~~~~‘

at SRI International’4is to investigate and develop ways in which diverse sources
of knowledge may be brought to bear on the problem of interpreting images . The
research is concerned with specifi c problems that arise in processing aerial
pho tographs for such mil i tary applications as cartography , intelligence , weapon
gui dan ce , and ta rge t ing .  A key ccricept is the use of a general ized dig ital map to
gui de the process of image analysis .  The objectives , methodolo~~~, and current — -

‘A’

DD ~~~~~ 73 1473 EDITION OF 1 NO V 6 6  IS 1~C’IAv1IFORM 1 ~ I 
— —

Un class if i ed

______________________________ — — — -—



S EC U R I T Y  C L A S S I F I C A T I O N  OF TMIS PAGE/wA ., 0.1. Enl.r.d) 114305. 1—A—EL 
—

20. A.B3TRACT CONTINUED

4 s tatus of ou?’ research are described in this report . In the present phase of

~~~~program, the primary focus is on developing a 
“road expert,” whose purpose

is to monitor and interpret road events in aerial imagery. -W~’ also describe~
~ 4’in~’the details of an innovative procedure for tracking road~segrnents and
finding potential vehicles in imagery of approximately 1—3 feet per pixel
ground resolution . This work represents an important contribution toward.t
achieving the indicated goals .

Unclass i fied
SECU RITY CLASSIFICATION OF THIS PAGE/wAn. , Dat a EnI., .4)

- ~~~~~ - --


