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dbstract

Interest in the analysis of imase sesuences develored only
aulte recently. In their survey nof work on dynamic scene
analysis Martin and Assarwal [1) differentiate between three
processes., the motion detection process, the attentive process.
and the cosnitive process. We rresent an aleorithm for the
motion detection and the nttentive process, worKine with imoae
sgauences from a real world scene. This alsorithm does
not only provide an estimate for imases of movine objects. In
addition., it accumulates evidence for the imase of stationary
scene components. We start from the assumetion that the first
frame represents the stationary scene component. ince 1t
has been recosnized that a subarea of this initial estimate
corresponds to a movine obiect, the sreyvalues in this subaren
are replaced by later estimates of the stationary bacKkeround at

this position. No Kknowledse specific to a vparticular
scene i3 utilized in the alsorithm. The results for
three scene seauences are presented in detail and the
arplicability nf this aleorithm is discussed.

(@) On leave of obsence from Indian Institute of Technolosy,
Kharasrur/Indio. Current address: Department of Electrical
Eneineering, University of Texas nt Austin, Austin/Texaos 78712



1. Introduction

Imase analysis concentrated up to now mostly on single imnses
or the comparison of imase pairs. Interest in the analysis
0f extended imase seeuences from other than special application
areas liKe cloud motion detection [2] or heartecycle x-ray films
[3-5] developed only auite recently. In their survey of workK on
dynamic scene analysis, Martin and Aesarwal [1] differentiate

between three processes - the “peripheral vision®” or mntion
detection process, the attentive process and the cosnitive
ProcCess . The first of these processes identifies oreas in the

field of view with persistent chanses from frame to frame.
so-called nonstationary imase components. The second erncess
focusses attention onto one of such imase areas in order to
investieate it in more detaoil. The third eprocess relates
the observations derived from this subimase seauence to system
internal Knowledse about the section of the real world convered
by the field of view.

Our worK is pursued in the context of an attempt to derive
scene specific Knowledee about a real world scene (its mavine
objects o0s well as the stationary fore- and bacKeround) using
only the TV-frame seeuence as input toeether with a
scene-inderendent Knowledse hase [B)]

In this paper we present an alsorithm for the motion detection
and attentive erocesses in the analysis of n real world scene
seauence. This alearithm detects a nonstationary imase
component as soon as an objiect image is displaoced by a few
pixels from its position in the reference frame which initially
is taKen to be the first frame. After the object imase has been
totally displaced from its position in the reference frame, the
nlgorithm modifies the reference frame by subhstituting the
sreyvalue characteristics of the bacKeround from the current
frame for those epixels which were occuesied by the obiect imase
in the reference frame. The remaining nonstationary imasge
component 1is assumed to correseond to the imase of a moving
object and a sreyvalue reeresentation for this obiject imase mav
be extracted. In the time interval - time beins resresented
here by framenumber - between the motion detection and the
extraction of a sreyvalue rerresentation. the algorithm is able
to estimate the rate and direction of diseplacement for a
nonstaotionory imase component as well as its size. The
alsorithm may act on the imanses of more than one movine object
within an imaoee sequence 3simultaneously as lons as the
nonstationaory imase components associated with different
objects do not merse. If the imase seauence is lons ennush,
sreyvalue characteristics of stationary bacKeround may be
substituted for the imoses of all moving nhiects apreoring in
the first frame - thus renderine the reference frame
inderendent from the particular configuration nf movine nbiects
in the first frame of a seauence . Once a areyvalue



representation for an object imase hos heen extracted the
alesorithm may focus attention to this obiect imooe.

Earlier stuwes of development for this alsorithm have been
rerorted in [7.8]1.

2. Active FODP Resions and Their Proeperties

The sisnal of a B/W-TV-camern is recorded at our lahoratonry in
real time on an analos TV-disk. Subseauently each TV-frame on
the anolos disKk can he selected under computer control and
dieitized into 573 rows with S12 columns at B8 bit srerlevel
resolution. These raow dato aore condensed into 9B6x128 pixels
by computine the mean and variance for each subarray of four
consecutive columns in three consecutive rows of digitizines
from one halfframe. Only dieitizines from one halfframe
{ field ) are used. Otherwise the imaoses of faster movine
obiects may show a sisnificant displacement in successive rows
taken from the two interlaced fields of o full TV-frame - thus
introducine an additional variance into the sample. For
every TV-frame 1in the sequence, eoch pixel is comepared to the
data of the first condensed frame at the same pixel coordinates
by means of the followine liKelihood ratio
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m and s denote the wmean oreyvalue and its variaonce for the
measurements from the first and the current condensed frame at
this pixel position. This exeression is formed in analosy
to one eiven by VYaKimovskKy [9]1 to determine whether tuwo
neishbouring test areas can be thousht of beine measurements
from identical or from differine normal distributions far
areylevels. Here, the measurements are not tokKen from two
neishbourine areas of the same TV-frame but rather from the
same orea of two TV-frames to be compared - on ideao which comes
auite natural when worKins with the YaKimovsKy alsorithm on
gseauences of TV-frames [16.11). The numerator corresronds to
the square of the variance for the sample formed by combinine
the measurements from the first and the current frame at this
rasterposition. We substitute a minimum value of 28 for
all wvaoriances that apepear in equotion (1) to account for the
noise in the TV-sienal ineut to the ADC. This approoch has been
shown to vield sood results [7] with the some threshold t for
this liKelihood ratio at all TV-frame sesuences processed so

far .

If the likelihood ratio equols or exceeds the chosen threshold
t, it is decided to attribute the measurements for this pixel
of the current frame to a different normal srevlevel



distribution than that of the first frame. This is called a
"mismatch”. An accumulative "difference rpicture® with
96x128 paositions is eenerated which 1is referred to in the
followine under the name “First Order Difference Picture” or
FODP. Each position contains the number of mismatches between
the reference frame { initially the first condensed frome ) and
the second frame up to the current frame. & eroup
of at least N d4-connected entries in the difference picture is
denoted “active resion”. Fies. 1ia and 1b show two frames of a
sgauence and fisg. 2 shows the FODP generated from the first
five frames of this seauence. The followine Ppaorameter
values have been used durine the anolysis of oll TV-frame
sgauences. The threshold ¢ in esuation (1) has been set to 4.8
The minimum numbher N of epixels constitutine a FODP-resion
has been chosen to be 18. This correseponds to 18224 = 248 raw
TV-daota rpixels or obout 8.1 Z of an entire TV-frame. Previous
tnvestigations have shown that the wmismatch results are
inagnaitive to the precise choice of the threshold t if a lower
bound of 28 is ploced on all three variances appearine in

equation (1).

In order to find a possible relotionshie between the changses in
the TV-frame seauence from a scene and the entries in the
correspondine FODP, let us consider an ideaclized situatinn.
A4 homoseneous rectansular obiect i3 movine with constant
velocity rarallel to the imase plane. in the direction of scan
lines, before o homoseneous bacKsround differine sienificantly
in areyvlevel from the object. Due to the displacement nf the
obiect, part of the backeround which was oepen to the camera
till the previous frame is covered hy the front end of the
ohiect. On the other hand rpart of the backeround which till
the previous frame was covered by the objiect is uncovered at
the rear end of the obiect. This coverins and uncoverine of
backeround comeonents by ohject comeonents results in nonzero
entries in the difference picture. Let us consider fies.
Ja-d and let the TV-frames be numbered from 8 onwards, the
reference frame beins the Bth frame. Now after the 1st frame
there will be “1* entries in the difference picture towards the
rear and the front end of the obiject due to uncoverine and
coverine, resepectively, of haocksround by the obhiect. Since
the objiect motion is assumed tn be unidirectional, after the
2nd frame 1 entries become 2 and new 1 entries are senerated
due to further uncoverine and coverine of bacKeround by the
obirct. The 3rd fraome results in updatine of 1s tn 25, 2s to
3s and seneration of new 1s. This process continues until the
nhiect imase hns moved over a distance D eauivalent to the
diameter of its projection alone the direction of displacement
in the imose elane. After the object has moved over this
distance D, new 1 entries will result only at the front end of
the object. since the troiline edee of the obiect henceforth
only uncovers bacKsround ereviously covered by the leadine edse

of the object. Before the ohient hns moved nver
this distance D there are two clusters of nonzero entries |in
the difference ricture. When the object imose has heen

displaced by this distance D, these two clusters will merse and



form a sinele resion. The entries in the FODP ot those pixel
rositions where the obijiect was in the first frame and at those
Ppixel positions where the object is in the current frame will
Keer increasine with increasine number of frames. In
between the entries will remaoin constant at those pixel
rositions where the obiject has been in some intermediate frame
but wos nelther there in the first nor is there in the current.
This situation is shoun in fio. 41 . In the
rreaent case of motion alons the scan lines, the entries of a
row in a cluster will form o monotonic sequence. These
entries show decreasine values in the direction of displaocement
of the object imase. If the obiect imaee is movins in
the direction perpendicular to the scan lines in the imase
plane. then the monotonicity in the entries of an active resion
will be alons columns. If the nbject imase 1is moving
obliauely to the scan lines then the wmonotonicity in the
entries of the octive resion resulting from this motion will he
alone rows as well as alone columns.

In real world scene seauences a wmovine nbjiect may be of
arbitrary share, havine manr different srevlevel regions, and
may be accompanied by a shadow, wovine in any possible
direction., occluding ( and eettine occluded by ) other movins
obiects. Due to motion in varyvine directions, the shape
and size of the objiect imase moy chanse. It seems that
even in such complex situations an approximate idea about the
nbiect ond its wmotion way be formed by nhservins the active
reaions of a difference picture. If an object does not
chanae 1its direction of wotion abruptly - which is the case
with most of the real world obijects - then the active resions
in o difference picture have the followine proserties:

(i) The cluster of nonzero entries in a difference picture
will increase in the direction of imase displacement as
more frames are nhserved.

(ii) A row or a column of this cluster may contain one or
more monotonically increasine or derreasine seauence of
entries.

(iii) If a movine obiect corresrponds to more than just a few
neishbourine pixels then its motion may result in more
than one active resion within the difference picture.
All these active resions will have mersed tosether by
odditional mismatches after the obiect imase has been
disploced by its extension D alons the direction of
displacement.

(iv) After the object imase hos moved nver the distance D,
there will be only one active reeion for this object.
This active resion may be considered to consist of three
subreeions:

n) The subresion where the obiect was located
in the first frame. The location., size, and
share 0of this subresion wil) remain the same for
subseqauent difference pictures.



b) The subreeion where the nhiect is located in
the current frame.

c) The subresion where the object has been
durine its course of motion but neither was
there in the first frome., nor is there in
the current frame.

The mismatch entries in the subreeions a) and h) will Keep
increasine with increase in number of observed frames . but in
the subresion c) the number of mismatch entries at each pixel
will remain constant and only the size of this subresion will
continue to srow with further TV-frames.

As a preliminary filter mechanism asainst mismatch entries due
to noise we reject an FODP-entry which has no B8-connected
neigshbours for the current frame and where no mismntches at all
are observed in a 3-by-3 sauare centered at the correspondins
position for the precedins and the followins frame.

3. Computotion of Active FODP Resion Descrirtors

The sroperties of o resion are chosen to be based on the
eroperties of individual rows and columns nf the reeinon [121.
In this report - unless otherwise atated - AND., OR., and NOT
will be used aos in fuzzy set theory [13]1, i.e.

A AND B = MIN [ A, Bl
ADRB =MAX L[ A, Bl
NOT (A) = 1.8 - A

A B8 B=A+DbB-A+0DB

Let o seeuence which may be o row or a column of an active
regpion be represented as al1l ., al2] , ... . alnl . It is
assumed that this seauence is o row or o column of an active
resion whose leadins and trailine zeros have been suppressed.
For this seeuence the followins auantities are computed:

a) ASC and DESC denotine the number of ascendine and descendins
subseauences: LASCLI) and LDESCII] denotins the lensths of the
Tth ascendine and descendins subseauence, reserectively.

Constant terms are not allowed to breok the monotonicity of a
SpQUence . In the eresent implementation it is
decided that if o constant subseauence appears ot the start or
end of an ascendins or descendins subseauence, this constant
subseauence 1is mersed with the ascendine or the descendins
subsequence. Ascendinse and descendine subseasuences are
evaluated independently from each other. Therefore, o single
FODP-entry or a constant subseauence may aprpear simultaneously
at the end of an ascendins and at the stort of o descendine



subseauence or vice versa. Let us consider a seauence
12344456676665433275A4

The first ascendine subsesuence in the above seauence is 1 2
4445667 The first descendins subseauence is 7 68 8 K 5
332 and a second descendine subseauence is 7 5 4 .
These conventions are illustrated usine the above seauence for
which we now have: ASC=1 , LASCr11=18 , DESC=2 ., LDESCI11=9 ,

LDESCL2]=3.

3
4

b) In the sequence 2 3 B B 2 4 5 8 6 4 2 there are twn sars (a
subsequence of zero entries) havine leneths 2 and 1. The
number of <eaps and their lensths will be dennted by GAP and
LGAPILI]), respectivelr.

c) The averaee difference in successive entries of ascendine
and descendine subseausnces is denoted by FDA and FDD,
respectively.

On the basis of the above variaobles the followine eproperties of
a seauence are computed. Fach individunl secuence within
the resion under consideration is classified as ascendine if it
contains more ascending than descendine subsequences., it is
classified os descendine if the oprposite condition rprevails,
and it is classified as nonmonotonous if the numbers of
nacendine and descendine subsequences esual each other or no
such subsgauences have heen detected. The value of F1

Fi1 = ( ABSCASC-DESC) /7 CASC+DESC) DweKi.. . ............ L2

derends an the difference in numbers of ascendins and
descendine subseauences. This difference is taken as an
approximate measure for the monotonicity of a seauence. If
a seeuence has at most a few short sars then this will result
in hieh volues nf FILL defined aos

FILL = F2 AND F3. . .. . . . £3)
with

F2 € £ £.8 = BAP %0 =K2Y, ..., o6 055845 938 63 364659554 (43
F3 =  (LASCLI] + LDESCLI]) /7 LENGTH J=xK3. .. .. ...... (53
The constants in eauations (2) - (5) have been set to

Ki =1 ; K2 =08.5: K3 =1

As n measure of confidence in the volues of F1 and FILL for a
seauence. the variable CON is set to F&

FA = Max( LASCIII / LENGTH .. ... . ... ... . . . . . .. ....... (B8)
for an ascendine seauence., 1t is set to FD
FD = Max( LDESCLII /7 LENGTH Y. ... ... .. ... . ... ... ... ... (72

for a descendine sesuence. and it is set to zero otherwise.



The followine prorerties will be computed for a resion on the
basis of its seeuence properties in horizental (from rows) and
vertical (from columns) directions.

MONOTONICITY: A function similar to F1 is used to
measure the MONOTONICITY of the resion. At a prositive
value of MONOTONICITY., the reeion is )lahelled as ascending.
whereas a nesative value will result in a descendine label.
The MONOTONICITY of an active resion sives the direction of
displacement of the imase. Normally for an object all
seauences of the active resion should show monotonicity in the
same direction., resultine in a hish value of MONOTONICITY for
this resion. A small value of MONDTONICITY for an active resion
indicates that there mieht be hish noise in the picture or that
the nactive resion is due to two overloerins obiects moving in
different directions.

A amall value of MONOTONICITY for an active reeion may also he
due to drastic chaneses in the direction of motion of an object.
In such a sjtuation., individunl rows (or columns) maoy haove hish
monotonicity but in different directions, resultine in a small
value of MONODTONICITY for the active resinn. lnder the eremise
that movine objects do not chanse their direction of motion
abrurtly , the sepatiol distributinn of new mismatches within an
active resion should reflect the serparation between orisinal
and current object position when subareacs of an active resion
show marKedly differine MONOTONICITY. As will be seen later,
such a situation is prorerly identified and handled.

FILLNESS: TaKen as the averase FILL of sequences. FTLINESS
will be hish if number and lensths of the eaeps in an active
region are small. A hish value of FILLNESS for an active

reglion indicates either that this resion is one of the tuo
imase reeions correseonding to the rear and front end of a
fairly homoseneous movins obiject. or that the imase aof the
ob3ject responsible for this region hos heen displaced by its
proijected diameter D. For a nonhomoseneous movine obiect
there will be severnl active reeions, which may 3join each other
much before the object imase is diseplaced by the distance D.
In such a situaotion., the FILLNESS of the resion - resulting
from a merser of two or more reeions - may be poor. One may
find some excertinns to this conclusion . bhut in most cases the
above observation will hold.



VEI_: Let us consider two ascendine seauences:
S1: 12348586
S2: 2468 16 12

The sequence S1 is from an active reeion which 1is due to an
nbiect imase beine diselaced to the left by one pixel from
frame to frame. If the imnee is displaced by one rpixel durins
the interval of two fromes then the active resion will show a
sgaurgnce S2. Thus, the difference between the successive
entries of an active resinn 49 the inverse nof the raote of
displacement of the object imaee exepressed in terms of pixels

rer frame. This prorerty allows to estimaote the rate of
displacement for the imaoee of a movine objiect cousine this
reeion. If the resion is labelled as an ascendins

reeion then VEL is taKen as the averose FDA: if the reeion is
labelled as descendine then VEL is tnKen ns the averase FDD.

CONF : If MONOTONICITY is ereater than 8.5, CONF is taKen as
the averose CON of the sequences, ntherwise this meaosure of
confidence in active resion descriptors is set to zero.

CONF reepresents the confidence in the estimates based on the
above mentinned prorertises. The low values of MONOTONICITY may
be due to inconsistency in the nature of individual seauences
of the reeion. This inconsistency could have been coused by
hish noise and hence the above seauence prorerties mar not be
expected to result in eood estimotes for MONOTONICITY.
FILLNESS, and VEL for such an active FODP-resion. CONF  may
olso be low if the seauences of the octive resion contoin many
subsequences such that no sinele seausnce is lone in comparison
to the lensth of the entire sesuence. This situation indicates
the presence of nonhomoseneous or nonrieid objects. No <ood
estimotes may be obtained in this situation and hence due caore
should be taken when hypothesizine on the basis of such
property values for an active resinn.

In the followins sections, MONOTONICITY. FILILNESS, VEL, and
CONF of na resion in horizontal and verticol directions are
represented by usine H., and V., resepectively, as a peprefix to
the proeperty names.

4. SODP Rewmion Prorperties

In the eprecedine section we discussed some prorerties of the
FOBP which are useful for estimotine anttribute valuss nf o
nonstationary image component and its displacement
characteristics. The FODP rontains ao hish amount of
information since it represents the mismntch history of pixels.
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In addition to the FODP, a so-colled "Second Order Difference
Picture” (SODP) is derived for each fraome after the second one.
A SODP for the nth ( n » 2 ) frame is a binary picture havine 1
entries in only those pixel rositions where the difference
pictures obtained for the (n-1)th and nth frame have different
egntries. A set of 4-connected “1" entries in the SODP is called
a SODP-resion. Analysis of SODP-reeions associated with
an active FODP-region may rvield important clues for identifyine
the different subreesions of a FODP-resion discussed in
raraerarh (iv) of section 2.

Let us consider fiss. 4. Fig. d4a shows nn obhiect imase in the
reference frome and fie. db some frames later. The FODP- and
SODP-reeions due to this displocement of the object imaose nre
piven in fiss. dc and 4d ., resrpectivelyr. Fie. 4h shouws
the object imaose after it hos been diseploced by o distance
sreater than its D with fies. 4d4i and 43 reeresentine the

associoted FODP- and SODP-resion. It has bern explaoined
in section 2 that in aon ideal case initially there are two
reegions due to the disslaocement of the nbiect imase. For
both these FODP-recions there will be correspondine reeions in
the SODP. As the displanement of the objent imange
increases, the size of these FODP- and S0DP-reeions also
increnses. After the nbiect imaee is displaced by its
distance D, both these FODP-resions 3join and henceforth there
ia only one FODP-resion. However. there will be two S0DP

regions; ane will be at the reference frame position of the
nhiect imase and another ot the current frome eposition of the
obiect imaee. The S0DP-resion at the reference fraome rosition
of the object imaee neither increases its size nor changes its
rosition as more frames are observed. The SO0DP-resion at the
current frame position of the nhiect image changses its size,
share ond location accordine to the current size. shape and
rosition nf the obiect imaoge. Since the hish recordins rate of
TV-frames justifies the assumption of only small chanees in the
imasee of a movine object from froame to frame, the SODP-region
corresrondine to the obiect imaoese in the current frame will
chanes its size only slowly. In 9eneral the chanses in
SO0DP-reeion size durine the buildine-up phase will be larser
than aofter the moment where the obijiect imaoee has been diselaced
by its projected diameter D alone the direction of

displacement. We assion different nomes to these different
S(DP-reeinns: the erowine reeion due to coverine of
backaeround by the obijiect imase is called an 'object-ernwine’ or
0.6ROW resion. The erowine reeion due to uncoverinse of
bacKernund by the object is called o ‘bacKeround-erowine’ or
B_GROW resion. The resion at the reference frame rosition of

the obiect imase nfter the objiect imaose hns heen disslaced by a
distance sreater than D is called a STATIC resion: and the
SODP-resion ot the current frame ensition of the obhject imase -
after the object imoee has been disrplaced by a distance ereater
thon D - is called o MOBILE resion.

To see an oadditional advantangse of bheing nble to classify a
SODP-rewsion into one of these four catesories., let us consider
the situotion shown in fies. Sa-d. Here two obiject imoges
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of width L., 01 and 02, are diselaced by d raster units in the
same direction from a position correseponding to fie. 5a into a

position correspondine to fis. Sb. The resultins
FODP-resions R1 throueh R4 for these obiect imases aore siven in
fis. Sc. FODP-reeion R2 is ohout to merse with R3 and
aimilaorly FODP-reeion R3 with R4. Since resions R3 and R4

are due to the same obiect, their mersine 1s not problematic
for the olsorithm; this situntion has been discussed alrendy.
However., joinine of the resinns R2 and R3 will result in a
single FODP-resion for imoees of two different objects which
were never touchine or occludine each other in the real world
scene. This may complicote the anaolysis since the
estimates derived from this FODP-reeion may not be consistent.
Thus, if possible. such mersine of FODP-regions due tn imaoses
of different objects should be prevented. If we substitute the
areyvalues for the bhocksround from the current fraome and
reinitinlize the FODP-pixels correspondine to reeion R3 then
the rroblem may be solved since reeion R3 is due to uncoverine
of backeround. Correct classification of SO0DP-reeions S1
throueh S4 (see fis. 5d) ossociated with FODP-resions R1
through R4 , respectively., will allow to detect a situation
like the one shonwn in fis. 5c. In nrder to claossify
SODP-regions into the above four catesories we exploit the
followins observation. If the contour nf an SODP-resion
coincides with the contour of on obiect imaee in the reference
frame then this SODP-resinon will belone tn the cotesories
B_GROW or STATIC. If . however , the contour of a S0ODP-reeion
coincides with the contour of an object imasee in the current
frame then this SODP-resion belonss to the catesories D.GROW or
MOBILE . It should be mentioned that this nbservation
allows to differentiate between 0.GROW and MNMOBILE reeions on
the one hand and B_GROW as well aos STATIC regions on the nther
hand . In fact, this is the distinction desired since an
0_GROW resion subseauently becomes a MOBILE region and a B.GROW
resion subhseauently becomes STATIC.

A liKelihood ratio analosous to (1) is used to decide wether
there is an edse between neishbourins pixels from the same
condensed frame (either in the reference frame or in the
current frame) where one pixel hos a rasterensition just under
the contour of a SODP-resion and the other pixel is its
neieahbour Jjust outside the SODP-reeinn. The rotio of edse
lensth - i.e. number of edees between neighbourine prixels -
for a SODP-region in the current frame tn the edse lensth for
this same SODP-resion determined for the reference frame |is
denoted by CURREF. Consider resion 52 of fis. 5d. This
SODP-resion of catesary 0.GROW has an edse lensth ( L + 2d ) in
the current frame whereas in the reference frame this resion
has an edse lensth L, resultine in a value of

CURREF = ¢ L + 2d ) /7 L
For a B-GROW reeion 1like S1 this ratio can be seen to result in

CURREF = L /7 C L + 2d )
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After the obiect imase 01 has been displaced by its erojiected
diameter D, this ratio for a STATIC SODP resion will be

CURREF= 8 /7 ¢ 2L + 2D )
and for a MOBILE SODP-resion this ratio will be
CURREF= C 2L + 2D ) /7 B

Thus the value of CURREF for an 0O_BR0OW resion is expected to he
sreater than 1. For B.GROW reeions it will be smaller than 1.
For MOBILE resions it will be very much hisher than 1 and for
STATIC reseions very much smaller than 1. Moreover, the size of
SODP-reeions in the caotesories STATIC and MOBILE will rcemain
almost constant as more fromes are observed. The «izes of
0_GROW and B.GRDW resions, however, will be incrceasing.
The arpendix indicates a set of functions formulated in an
attempt to compute SODP-resion attributes that correseond to
these observations. Althoush results obtained with these
functions senerally surport our hyepntheses, alternative forms
and the choice of rarameters have still to be investisated in

more detoil.

When o FODP-reeion has srown to the stose where its SODP-reaion
is about to split into a STATIC and a MOBILE subresion the
4-connection between these twn subresions may derend only on a
few entries. In order to postpone a - mavbe due to noise
sliehtly premoture - splittine of a SODP-regsion we attach all
grours of d-connected SODP-entries that do not exceed the
SODP-resion threshold (currently set to the same value N = 18
chosen for FODP-reeions) to B-connected neishbouring
SODP-reeions which have olreandy epassed thot threshnld.

S. Estimation of Nonstationary Imanee Components
and Their Displocement ser Frame

Startine with the third frome, the following procedure is
rerented for each subseauent frame . The active resions of
the FODP are found. A set called ACTSET is formed which
initially includes all active FODP-reeions in this frame. For
pach active resion in ACTSET., the number of relaoted resions of
d4-connected entries in the SO0DP is determined. If both
H_oFILLNESS and V._FILLNESS for an aoctive FODP-reeinn erxceed a
FILLNESS threshold (currently chosen as 8.75) and if there are
exactly two SODP-resions for this octive FODP-resion then it is
concluded that the nanstationary imase component has been
displaced by more than its eprojected diameter D. Tf these
conditions are satisfied the first time f{for an active
FODP-reeion, the detaoils of this active FODP-reeion and nof both
SO0DP-resions are entered into o list of obijects denoted as
OBJI_LIST. lJsing the displocement direction derived from
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MONDTONICITY it is estimated which of the two SODP resions
correspronds to the current eposition and which to the reference
frame rosition of the nonstationary cbiect imase. The O0O._GROW
and B_GROW attributes could be used to confirm this estimate
althoush it has not vet been done for the exrperiments rerorted
in section 6 . If this FODP-reesion had already been entered
previously into the OBJ_LIST then these estimates are updated.

Once all entries in ACTSET have been treated in this manner the
OBJ..LIST is examined. An OBJECT_CONFIDENCE is determined based
upon the followine consideration. The number SIM nf pixels in
the intersection of the STATIC SODP-resions from the precedine
and the current frame is counted for this onbhiect.
Likewise the number NONSIM of pixels is counted where these
STATIC SODP-reesions do not overlae. Then the similarity between
these two STATIC SODP-resions is defined as (SO0DP-resions of
size 1 contribute two counts to NONSIMN if they do not nverlas,
but only one count to SIM if they overlap)

SIMIL_STATIC = 2 # SIM / ( 2#SIM + NONSIM )

If SIMIL_STATIC exceeds the value 8.7, a value SIMII._MOBILE is
determined aonaloenusly for the MOBILE SODP-reeions from the
precedine and the current frame for this object. These two
similarity estimates are combined to yield

SIMIL = SIMIL_STATIC AND SIMIL.MOBILE

Based on this similarity measurement the OBJECT..CONFIDENCE -
initinlized to zero when an obiject is detected - will be
updaoted according to

OBJECT_CONFIDENCECcurrent) =
OBJECT._.CONFIDENCE(previous) & SIMIL

If this OBJECT_.CONFIDENCE exceeds a threshold currently set at
.95 - i.e. if sufficient confidence has been sained in the
estimates for any nonstationary imase comeonent - then the
reference frame is modified ot the orisinal position nf this
nonstationary imose component. The serervalues and their
varjances for pixels in the reference frame correseonding to
this nonstationary imase comeponent are rerlaced by ereyvalue
characteristics of corresrondine pixels from the current fraome.
The mismatch count in the FODP is reset to zero for each pixel
rposition of the nonsatationary imase component where areyvnlues
of the current frame are substituted into the reference frame.

The nbove procedure sives us the initial and current pnsitions
of nonstationary imaee comeonents and the raths of all
nonstationary imagse components that haove been diselarced by at
least their projected diameter D. It also vyields
approximate horizontal and vertical disslocement estimates per
frame for each nonstationary imase component.



6. Results

The alsorithm discussed in the erecedins sections has been
implemented as a PASCAL eprosraom for a DECSystem KI-16. This
prosram has been aprprlied to several TV-frame sesuences from
downtown street intersections with movins cars and pedestrians.
Results from our experiments with three sequences are presented

here.

Three frames out of 26 frames from seeuence A are shown in
fies. la-c reeproduced from raw disitizinss by a facsimilewriter
interfaced to our laboratory computer-network [14]. Fig. Bao
presents a serervalue reeroduction of the condensed reference
frome obtained from the TV-frame depicted in fie. 1n. After
havine processed the 9th frame the brisht movinse car in the
center of this picture sequence is detected as an object. Figs.
7 show the FODP and SODP at this stase. After havine eprocessed
two additional frames. enoush confidence has been sained to
modify the reference frame. The result is siven in fig. 6b.
This haprens premoturely since rparts of the movins nhient’s
imase remain ot its initial position. As will be seen. this
premature decision is corrected laoter on automotically. After
the 16th frame the redestrian southwest of the car in the
center 1is recosnized as an obiect - see fies. A - ond the
reference frame is modified after havine processed frame 18.
Fies. 9 present the FODP and the SODP at this stose and fisg.
Bc shows a pictorial representation of the reference frame
nfter subatitution of backsround serervalues at the initial
position of the pedestrian. As can be seen in fiss. B8 the
rartiol substitution of backseround ereyvalues at the initial
position of the car results in continuine accumulation of
mismatch entries which are recosnized as a STATIC SODP-reeion
after frame 18 has been processed - see fis. 9 . Two frames
later the reference frame is urpdaoted ot the remainine pixels of
the orieinal car position, resultine in fis. 6Bd.

The premature modification of the reference frame can be
avoided by raoisins the FILLNESS threshold from 8.75 to 9.88.
Everrthins else esual this will posteone the detection of this
obiect until after frame 13 has been processed. The reference
frame will then be modified after frame 15. Fiss. 18 show the
FODP and the S0ODP correspondins to this stase after frame 15.
Usine this hisher FILLNESS threshold will lead to correct
detection of the pedestrian after havine processed the 16th
frame - i.e. at the same frame as with the lower FILLNESS
threshold. However., such a higsh wvolue for the FTILILNESS
threshold prevented the correct detection of the moving obiject
in series B. Therefore, all frames have been rprocessed with the
somewhat smaller value of 8.75

It should be pointed out that the movins car at the center of
these TV-frames is slishtly occluded in its initial eositinn by
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another - turnine - car that slowed down tn let the redestrian
POSS .

Other cars and pedestrians have not been analysed in the same
manner since the number of frames is not sufficiently larse to
observe the displacement of these objiscts by more thon their
projected lensth D alone the direction of diseplacement. It
should be noted that all these other objects are hishly
nonhomoeensous and are movine almost rerrendicular to the line

of sight.

39 frames of seauence B - see fie. 11 - have been processed

In this seauence a car 1is turnins risht. The car is
partially occluded by a tree durine the observed frames. Fis.
12a presents the FODP after 18 frames nf this seauence have
been processed and fis. 12b presents the correspondine SODP. It
can be seen thot o single SODP-entry still establishes the
4-connection between the two SODP-subreeions corresepondine to
the initinol and the current rposition of the car imase. After
havine processed frame 19 of this sequence this S0DP-resion
splits apart and the resultine STATIC and MOBILE SODP-reeions
are accepted by the alsorithm os the initial and current
position of the moving obiect’s imase. After two andditional
frames the reference frame is wmodified at those pixels
corresponding to the STATIC SODP-reeion. Fie. 13a epresents the
reference frame before and fie. 13b after this wmodification.
Fie. 14a shows the FODP after havine processed the 22nd frame
of this seaquence and fis. 14b the associated SODP.

Once the separation of subresions correspondine to tyee al) and
b) of sesection 2 (iv) has been verified in the SDDP, these
separated subresions in the SODP may be treated as a masKk to
nbtain a ereyvalue resresentntion for the nonstotionary imase
comeponent from the initial and the current TV-frame. Fie. 15a
presents a greyvalue representation extrocted from the
correspondine frame at the locations of nonzero SODP-resion
entries shortly before the STATIC and MOBILE SODP-subreeions
separate and fie. 15b shows the sereyvalue reeresentation of
the object imnse correspondine to the MOBILE SODP-resion after
separation. As can be seen., the shaodow is considered rpart of
the moving object since its imose is displaced tosether with
the obiect imase. These masks can subseauently be used
to determine the ereyvalues of the obiect imase from different
frames. Even if neither of these mnsks and their correspondine
greyvalue imnges are individunlly a sotisfactory ceepresentation
of the objiect imase. taKen tosether they may Pprovide enoush
information to refine the coarse descriptions obhtained from an
individual frame.

The sequence C rerresents a complex situation - see fie. 16 .
The mntion of the nbiects at the street intersection cnuld not
be eproperly analrysed by the present aleorithm. The main
reason for the failure of the current version of our oleorithm
to cope with these events at the street intersection is the
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absence 0of any Knowledse about occlusion of movine nhiects

There are three cars (two of which are of the same areyvalue)
and a pedestrian crossine at the street intersection and
partially occludine each other within 38 frames or 1.2 seconds

realtime

7. Discussion

Results similar to those for series A and B hove heen nbtained
for two other TV-frame seauences from street intersections.
Taken tneether. these results indicate that this apprnach may
allow to extract imases of wmovine obiects from real world
TV-frame seauences baosed solely on the assumption that comepact
objects are displaced smoothly in front of a sufficiently
contrastine boackeround. The incorporation of this arernoch
into a more comerehensive system [68] is currently beinse
implemented.

Further research is reauired to investisate alternative
formulations for computine some of the FODP- and S0DP-resion
attributes and to study the influence of the various parameters
used in their computation. The essential parameters of our
approoch as it has been rerported here are the mismatch
threshold t , the minimum value for the variances used In
equation (1) . the wminimum occeetoble size for FODP- and
SO0DP-resions, the FILLNESS threshold and the OBJECT_CONFIDENCE
threshold. Amone these five parameters the FILLNESS and the
DBJECT_CONFIDENCE thresholds as well as their gssociated
concepts need more attention. Such investisations reeuire
extensive experiments with larser seauences of TV-frames. The
resultine bottleneck in processine coracity is liKely to be
felt for any approach to detailed understandins of imase
sRQUENCes .

In our first approach [7] we continuously updated the estimate
nf the reference frame by incorrporatine data that had been
judesd compatible with the reference data. 0Our current version
only modifies the reference frame at those rosterensitions
where it has been explicitly decided to replace a resion
considered to be the imase of a movine obiject in the reference

frame .

The evaluation of srervalue differences betuween TV-frames in
order to classify different observed chanse charocteristics can
be refined. Further worK in this direction will be necessary to
cover the eround between two extreme aeproaches: on the one
hand observine chanees in isoloted small imaee areas which are
subseqauently aserecated intn erours - see also [15): on the
other hand first sesmentine each imnse frame, with subseauent -
symbolic - chonse analysis on the basis of resultine seaments.
Recent results for this latter aopeproach have been rerported in
(11 « 38 . AT » 18],



The Jlast remark reeards the reauired processine time. We need
about 68 seconds CPU-time for the KI-1i8 to Pprocess an entire
raw dieitized TV-frame with nbout 38B KBrtes which is recorded
within 48 masec real-time. The PASCAL-erosram is executed with
runtime checks and other debussine nids. No effort has been
spent yet on identifryine the bottlenecks and optimizins these
parts., e.9. by codinse them in ossembler lansuase. Derpendine on
the point of view, this processine time can be considered as
being 5till three orders of masnitude bevond reanl-time
Processine or as an encourasgine step towards realtime motion

analysis

8. Arprendix

The fnllowing functions are used for assisnins labels to o
aiven S0ODP-resion

"

0_GROW FLCURBEF=1)/20)%%@ 23 . . cviimsmimimsmsnsy (8)

B_GROW (1-CURREF)#**@.5 ... ... .. ..... ... ... ... .... (9)

If the size of the SODP-resion has not changsed by more than 18
percent then

STATIC = C1-CURREF) . .......oooioieoeoo o (18)

MOBILE =  C(CURREF-1) / 28 )%%8.5 ... .. T an
Dtherwise

STATIC = @ and MOBILE = B ... .......ooooo . (12)

Negotive values for any of the above functinns are rerloced by
zZero.

So far ., the value of each eprorerty for a S0ODP-resion is
computed on the basis nof only one frame. In order to
incorrorate past values it is decided that in the nth frame the
property P(n) will be taKen to be

P(n) = (P{n-1)*B.73) s P . ... ... .. .. .. ... ... ... €133

where P(n-1) is a eproperty in the (n-1)th frame and P is the
correspondine prorerty computed usine above functions from the
current fraoame.

In order to prevent the mersine of FODP-resions correserondine
to imoses from two different objects, the following prncedure
is aprlied. Usine the locaotion and velocity estimates of
FODP-regions from the current fraome it is predicted whether a
FODP-region trailine another FODP-resion wmisht catch up and
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merge with the leadine FODP-resion in the next frame. For this
purpose it is determined whether the O_GROW value of the
trailing FODP-resion exceeds its B_GROW value and the B_GROW
value of the leadine FODP-resion exceeds its O0_GROW value.
If both these relations turn out to be satisfied, it i{s assumed
that o confisuration corresepondine to the exameple of fis. 5 in
the latter wort of section 4 prevails: the imase nf a new
object is about to cover the area occuried by the imase of a
differsnt movine obiect in the reference frame. In this cose
the pixels correspondine to the imase of the movine obiject 1in
the reference frame oare replaoced by rixels reepresentine
backeround in the current frame 3just before the new obiect
image shifts into this area. The corresponding entries in the

FODP are reset to zero.
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11. Figure Caprtions

Fige. 1: Frome 98 (fie. 1a), 94 (fie. 1b), and 114 (fis. 1c)
from the TV-frame seeuence A consistine of frames 98 throush
115. It rerresents a street intersection with traffic.

Fisg. 2: The difference picture FODP up and includine frame
94, with frame 90 as the reference frame for seauence A.

Fim. 3: aa’, bb’, cec’., and dd’ represent the successive
positions of o movine object imaoee in the Bth., 1st. 2nd., and
drd frame reseectivelr. The numbers above the leadins and
trailine part of the movins obiect imose indicaote the number of
mismatches determined after comparine the 1st., 2nd., 3rd, frame
with the 8th frome.

Fie. 4a: Nbiect imase in the reference frame.

Figes. 4b, 4c., 4d: Object imoee., FODP, aond SODP after a few
frames.

Fies. 4e, 4f, 4e: 0Object imase, FODP., and SODP. respectively.,
after the nbiect imaose has heen diselaced exaoctly by its
diameter D projected onto the direction of displacement

Fias. dh, 4i, 43: Object imase, FODP., and SODP, resepectively,
after the nbiect imase has been diselaced by more than its
diameter D proiected onto the direction of disrlacement

Fie. Sa and Sb: Two object imases., 01 and 02, movine in the
same direction.

Fie. 5c: FODP for object imames D1 and 02 after o few frames.
The FODP-resions R2 and R3 may 3join after a few more f{rames, so

do R3 and R4.

Fie. 5d: S0ODP-resions correseondine to this situation.

Fig. S5e:! Superensition of SODP-resion S1 and S2 with the obiect
imaee in the reference frame rosition. Heavy edses indicate
where SODP-region boundaries coincide with edees of the obiject

imose .

Fie. S5f: Surerrposition of SODP-resion S1 and S2 with the obiect
imase in the current frome rposition.
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Fis. 6 : Breyvalue representation of the condensed reference
frame for series A at different staees of the analysis.
(a) the initinl froame - see fis. la - in condensed focrm ; (b)
after - eremature - modification at the initial position of the
bright wmovine car in the center | (c) after subhstitutine
bacKkeround ereyvalues at the initial rosition of the pedestrian
sguthwest from this car : (d) after clearine up the remainine
pixels left over from incomplete substitution of backeround
ereyvalues at the orieinal rosition of the movine car in the

center

Fie. 7 : The FODP (a) and the SODP (bl after havine processed
the 39th frome of series A. The obiject corresrondine to the car
in the center haos been detected at this frame.

Fis. B8 : FODP (a) and SODP (b) after 16th frame of series A.
First detection of the object correspondine to the epedestrian
southwest of the briseht car in the center. Note how some
mismatch entries accumulate at the incompletely modified
orisinal rposition of the movine car at the center.

Fies. 9: FODP (a) and SODP (b) after the 18th frame of series A.
The incompletely modified reference fraome area is recosnized as
a STATIC S50DP-resion at this stase.

Fie. 18 : FODP (a) and SODP (b) after havine Pprocessed 15
frames of series A with increased FILLNESS threshold nf 8.88
This postrones the detection of the obiect corressondins to the
car ot the center until its imaose has heen completely displaced
from the position occuried in the first frame of this series.
The STATIC and MOBILE SODP-reeions in fie. 18b clearly show the
share of the movine car.

Fie. 11: Frame 435 (a) and 461 (b)) from the TV-frame sesuence B
representine o rieht turnine wvan. This seauence starts with
frame 433 . 38 frames of this sequence have been

processed.

Fig. 12 : The FODP (a) aond SODP (b)) for the sequence B nfter 18
frames of this seausnce have been analysed. The imaose of the
turning van hos been displaced almost by its distaonce D.

Fie. 13 ! Breyvalue reeresentation of the reference frame for
series B before (a) and after (b) the reference frame has been
modified by substitutine erervalues from the bacKeround of
frame 21 at the initial position of the imase of the movine
van.

Fia. 14: FODP {a) and SODP (b)) after havine proceased 22 frames
of series B, L.e. one frame after the reeplacement of the van
imaee at the orisinol position in the reference frame.

Fig. 13 ! Greryvalue rerresentation of the van imase shortly
before (n) and after (b) it has been detected as the imase of a
movine object.

Fig. 16 ! Frame 18 (a)., frame 28 (b)), and frome 48 (c) from the
TV-frame sequence [ representine a comeplex scene at o street
intersection.
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REFERENCE PICTURE OF SERIES A : MODIFIED AFTER 18TH FRAME

REFEREMCE FRAME OF SERIES A 1+ MODIFIED AFTER 20TH FROME
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