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ABSTRACT

Recognition of polyhedra by a heterarchical program is presented. The
program is based on the strategy of recognizing objects step by step,

at each time making use of the previous results. At each stage, the

most obyious and simple assumption is made and the assumption is tested.
To find a 1ine segment, a range of search is proposed. Once a line seg-
ment is found, more of the 1ine is determined by tracking along it. When-
ever a new fact §s found, the program tries to reinterpret the scene taking
the obtafned information into consideration. Results of the experiment
using an fmage dissector are satisfactory for scenes containing a few
blocks and wedges. Some 1imitatfons of the present program and proposals
for future developments are described.
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1+ INTRCDUCTIOR

We do not know how to make a program to recornize objects visvally
25 well 85 a human being. One of tihe shortcomings of many computer
Troframs is, as kinsky has pointed outﬂ, their hierarchical structure. A
human may recognize objects in the context of the environment. The
environment mey he recoenized based on his a priori knowledge. The
recornition rrocedure is, hovever, well programmed so that the siaple
cbvicus rparts are recosnized first and the recognition proceeds to the
more comrlicated details based on the previous results.

The work in this parer sztudies an example of a heterarckical program
to recoornize polyhedra with an imare dissector. Most previous works
tegin by trying to find festure points in a entire scene and nsike a
copplete line drawing. it is wvery difficult ¢o gFet a complete 1line
drawing without knowledge about a scene. If the line drawing has scme
errors, the recognition by a theory based on the assumption of the
compiete line drawing such as Guzman”’s® might make still more serious
nistakes. Our work is an attempt to recognize objecis ster by ster, at
each time making use of the previocus results.

We assume in this paper that the difference in brighiness beiween
cbjects and the backrround is larse enough 1o detect the boundary
approximstely. At tresent, this rrogram works for recognizing
roderately complicated confisurations of blocks and  wedzes. The

iimitaticns snd tropesals for future devoloprent are described lster.



2. GENERFAL STRATEGY

2«1 Priority Of Processing

For corvenience, we define the edges of the objects in a scene as
falling into 3 classes. A line formed at the boundary dbetween the bodies
snd the cuter beckeround is a contour line of the bodies. In Fir.1,
lines AL, ", Cv, DE, EF, ¥G, GR, HL, IJ, JK, XL, L., MK, NO, AO, Vi, WX,
XY, YZ and ZV are contour lines. A Loundary line is a line ca the berder

of an object. Contour liner are boundary lines. In Fif.1, the boundary

lines are the contcour lines snd lines on the bourdary betweern twe bodies,

i.e C?, FE, IQ, OF, and R, An jinternai lire occurs at the interssction

of two rianes ¢f the same body. Lines 45, 15, Q€, 5, NT, AT, U, oL, Ib

and XV are internal lines.

The pletal sirategy is shown in Fig.2. At first, the contour lines
are extracted (because we zssume a priori enough conirast vetween the
cbjects and the Lackrround}. If more than one contour is foum, as in
Fig.1, one contowr for todies E1, BZ, I3 and another for lody B§, then
the boundary lines and internal lines are searched one by one for each
contour. The global stratery ir bleek £ in Fig.2 is as follows.

A} Find boundary lines before finding internal lines because boundary
lines often give zeod cues t0 fues: internal lines. Kote that to find
boundary lines iaplies to find bodies.

)} In searckinr for lines, different situatione require examination of

larcer or smaller areas. In owr sirategy, the smaller the area
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In Fig-1, for instance, tc determine the existencc of a extensior of
line 1€, it iz encugh to search & seall ares whose center 1s on the
extension of the line. To find line IG, however, we should consider
all possitle directions of & line between IP and IJ. Thus the fermer
search has priority over the latter
The prierity te extract the most obvious information first is the
following order.

{ 1) If twc boundary 1lines make a concave point {such as point B in
Fir.Z), try to find ihe extension of then. IT only one extensicn is
founé, track along this line. Most of such cases are like in Fig.B
{b) where one body hides the ather. We can determine to which side
of bedy this line belongs.

{ 2) If no extensions of two concave lines are found, try to find another
line which starts frcm the concave point. If only one line is found,
track along this line. kost of these cases are as in Fipg.3 (c} where
it is not clear locally to which body this line belones. In Fig.2
{c}, line BD belongs to the upper body, hut this is not always true.
That is the lines AB, BC, Bl are not sufficient to decide the
relation.

{ 3) If toth extensicns ¢f two lines are found at a concave roint, try to
find a third one. If only one line is found, track along this line.
This is the case as shown in Fig.? (d) where the third line is the

boundéary line.
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Wrenever tracking terminates, an attempt iz always made to connect
the new line to the other lines that were already found. If more than
one line serment is found in (1), {2} or (3}, the trscking of thcse lines
is put off hopefully to be clarified by the resulis of knowledge obtained
in simpler cases. Tig.4 illustirates two extensions found at concave
roint P. The interpretation of the two lines is put off to treat sinpler
cases first. That iz, one would continue examining the contour snd lines
£B and CT might bte found next; then, by a circular sesrch at yoints E
{which is exrlained later), line BP would be found. At this stsre it is
cagier to interpret iines AE and BP as boundary lines which separate two
bodies. Then lire ILF right be found similarly and interpreted
correctly.

{ 4) If an end of a boundary line is left unconnected as PQ in Fir.5, try
to find the line starting from the end point (Q in this example} by
circvlar search. If multiple lines are found, try to decide which
line is the boundary. If a boundary line is determined, track slong
it. In Fig.5, the dotted lines are found by circular search and the
arrows show the boundary lines tc be tracked.

{( 5} If no 1line is found in the case {4) as stated atove, extend the line
{FQ in this example] by a certain length and test if the lire is
conected to other lines., If not, then apply circular search arain as
in {4). This is necessary btecause the termination pcint of the
tracking is not always precise.

flote that thiz process can be repeated until succeasful (that is

¢ither tre line is connected to other lines or line segments are found by
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circular search).

{ 6) If the toundary lines ¢f a body are known, select the vertices of
the boundary that micht have interral lines starting at them. The
selection of vertices is based on heuristics such as seleting upper
right vertex rather than lower right vertex. At each vertex, try to
find an internal line which is nearly parallel to otker boundary
lines. If one line is found, track along it. In Pip.l, for
examrle, internal line JE is parallel to the boundary line KL or I,
and {3 is parallel te Rl or IJ. Tine FL is parallel to FD snd XV is
rarallel to XZ. Thus it is often useful to find internel lines
rarallel to bhoundary lines of the same body. Hote that search for
rarallels has small area,

{ 7) If no line is found in (&), try to find one by circular search
between adjacent boundary lines. VWhen one line is found, track along
it. In Fig.4, circular search between BA and BC is necessary to find
the internal line EF.

{ 8) If two internal lines meet at a vertex, try to find another internal
line starting at the vertex. This process is used in twe cases. One
is vhere no internal 1ine was found in (7) because of little
difference in brightress between adjacent faces. Suppose ir [Fig.1,
that the internal line &J was not found at vertex J, but thet I and
(S were found. Thenn try tc find an internal line starting at ©
toward J. IT there is enough contrast near 5, a line sesmert is
found. The other case is where a body is partly hidden by other
bodies. In Pir.56, the trianrular rrisr is partly hidden. After ¥T
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and CE are found, EF is searched for. In beth cases, the direction
of the line is sometimes predictable and sometimes not. I it is
rredictable, then try thet direction. If it is unpredictable or 1if
the predicted directior failed, then arply c¢lrcular search between
the two internal lines. If one line is found, track along it.

( @) If en end of an internal 1line is not cormected to eny line, try to
find 1lires starting from the end by circulsar search. If lines are
found, track along them one bty one.

{10) If no line is found in (%), exiend the line by a certain length as
in (5} and test if it is connected to other lines. if not connected,
try circular search zgzain as (9). This process can alsc be repeated
until successful. Fig.7 illustrates this process. In rFig.7 (a),
line MN° is not connected to otkers at N’, thus step (%) is tried at
i and fseils. The line is extended to Fy and (C) is again applied.

This process is repeated until the line is conmected to line KL at N.

Fig.7 (b) shows that line BI is extended by this process to P vhere

a new line is found by circuwlar search. Similarly line CG is

exterded to Fg. This process is useful so as to not mpiss a new body

sitting on ar obscure edre.

At eachk stape when an sbove step 1is finished, the obtained
information is interpreted as shown in Fig.2 (bleck Z). Ffor instance, if
tracking aleng a line termirates, a test is made whether the line is an
extension of other lines and/or the line is connected to other lines at a2

vertex. If a boundary line is conrected to another boundary line, the
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tody having the lines is split into two bodies and the propertice of both
lines and vertices are stored in an appropriate structure. In fig.8, for
exanple, line ¥°T” is obtained by tracking starting at point H. This line
iz interpreted as an extension of ilid, and N and N°P" are merged into one
gtraiznt line usin~ the equations of these two lines. Then, it is
commected to CO snd Fig.& (b) is obtained. FEefore the line was connecteod
o €O, there were two bedies Bl and B2 as in Fig.8 (a).  How body B2 is
tplit into two bodies E2 and B3. We can interpret line 0 as the
boundary of B3 which hides a2 part of B2. The other properties of lines

end vertices are obtained similarly at this stage.

2.2 TXanple

We illustrate the entire line-finding procedure with the aid of the
exanple shown in Fig.9. At first, the contour lines AB, kC, CL, DE, EF,
iy wily 11y 1d4 d% and K# are obtained as shown in Fig.9 (a). Step (1)
described irn the previous section is tried for the concave points € and
J. In this example, the rosition of { iz not precise enough to find the
extension of 3. Cn the other hand, a line segrent 1is found as an
extension of the line KIf. KJ is extended by tracking as far as L.
Eacause ihere is no cther roint to vhich ster (1) is applicable, ster (2)
is tried for point G. One line segment is found and extended till
trackine terrinates. Thus a line G'i” is obtained as in Fip.9 (k). This
iine is interpreted as ar extension of FO and connected to JL. Then the
yosition of yoint 7, G, L are adjusted to as shown in Fig.9 (¢). How twe

todies I7 ard BE are created by the boundary lines CGL and JL. It is
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important to notice this, for it means that ster (1) is arain applicable
{to point L) at this stege. Thus line FL is extended as far as K in
¥ig.© (d) (Ncte that line K¥° has not yet been fcund). I¥ is interpretcd
&s &an extension of TL but the end yoint ¥ is not connected to any cther
lines. Thus vertices F, G, L and end roint M are adjusted considering
the new line LM. Fere neither ster (1), (2) nor {3) is applicable, so
that (4) is row applied to M. Three lines are found bty circular search as
Fip.¢ (d). ME® is determined as a boundary 1line and extended by
trackinr. bthen it terminates, the line is connected to boundary lins BC
at vertex Il es in Fir.9 (e). Body E1 srlits into body F1 Ard 5%. It is
known at thir stzre that B1 is hidden by 83 and F2 is hidden by partly E3
and rartly by Bl. [Lext, step (6) iz aprlied to each body one by one at
each tire selecting the easiest body for proposing the internal lines(in
this exanple, the order is I3, E1, B2 because E3 hides B which hides
E2). Internal lines CC and MO are found and connected at vertex 0, but
no line segment is found using step {6) and (7} applied to vertex F {this
stage is shown in Fig.2 {e)). BStep (8) is arplied to vertex 0 and a line
segment toward E is found. This is extended by tracking as far as E” as
in Fig.¢ (f). Line OE” fails to be connected to any other lines vhich
ectivates step (10). After a few trials, OF" is extended to commect to
vertex E. Simiiarly, internal line Al is obtained for body E1 and line 1F
is ottained for I2. When every cstep has finished, three bodies sare known
topether with the relationships between thenp.



3+ ALGCRITEMS

This section describes the details of the algorithas that are used
in findins contours &nd in the steps stated in section 2. Come of them,
such as trackingr and circular search are used in more than one step. An
glrorithr used in more than one ster npay be slightly different in each
step hut its essential part is not changed. In the trackine algorithm,

Tor examrle, some chences occur depending on whether tracking is vsed for

touncary linecs or internsl lines.

%.1 Contour Finding

Fim. 10 chows the outline of the procedure to find contour lines.
The rpicture date obtained with an image dissactor usually consists of a
larre number of points (say about 10C,000) each cf which represents 1ight
intensity level. To speed up the processing, one peint for every 8 x @
yoints is sempled. This compressed picture data consists of 1/64 the
number of points in the eriginal picture. To find the contour, this data
is scanned till a contour point is found. The judgement of contour point
is btased upon the sisple assumption that there iz enough contrast between
the backeround and objects. It is then checked whether or not the roint
iz 5 ncise peint. If it is a real contour point, trace alons the
contour. Thus z set of contour points are found. Then, the rpicture
data is apain scanned until & new contour point is found.  This process
is repeated for all the picture data. Uhen all the seis of contour

roints hrve tren found, each set is separately anaiyood.
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Suprose a certain set of contowr points is to be anzalysed. we now
return to the original high-resolution  picture. Ve can puaess
avproximately the position of the boundary reint in the original picture
éata vhich corresponds t¢ the first point found in the sampled picture.
The yprecise boundary point is searched for near this peint. A set of
contour roints is cobtained by trscine from this roint in the sape way as
in the sample ricture. A polygon is formed aflfter we cornect contour
roints one by one. To ¢lassify the peints of this “curve” into serments,
the “curvature” ¢l the polyron is used. This curvature in a dirital
riecture is delined brre for convenience as shown in ig.11. FEach cell in
the firure represents a contowr point. The curvature of a peint P is
defined to be the difference in anrle hetween PR and FQ (&), where ¢ ang
I. are a conatant nurber of points away from P (& voints in this caose).
if we plet the curveture aleng the contour as shown in Fip.12, we can
1ell what part is near a veriex and vhat part lies in a straight line.

Note that curvature is not very sensitive to noise or digitization
£rIor. If we interrate the curvature in rart of a straight line, the
result 1s nearly zeroe despite the effect of noise. If we sum ur the
curvature of consecutive points whose absolute value is preater than sope
threzhold, we can determine the existence of a vertex, That is if this
sum of the curvature of such points exceeds & certain thresinold, there is
g vertex near those yoints. Thus every contour point is classifled to be
citter in the strairht vart of 3 line cr near a vertex. Usine points
wvhich belonr to the stralrht part of a line, the equation of the line is

calculated. Ihen each vertex is decided as an inters=ction of twc
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cdjacent lincs.

3.2 Line segnent Detection

f Jline Serwent iz detected piven its direction and starting point.
This procedure is used in most of the steps stated in section 1. The
mrocedure  consiste of two narts.  One is to detect the possible feature
reints which are to be regarded as elements of the line. The otter is to
test wholher or not obtained feature points cake a line serment.

In dotecting feature —oints; we should consider various types af
eilmg, Herskovits and binford classified the light intensity profiles
ccross £n edee into 3 types, nanely step, roof and edre—effect, ana
rrepesed 3 types of boundary detectors. In this paper, a roof type
detector is not considered because roof type edpes can be detected by a
ctep detecter or an edze—effect detector. In addition, mest roof type
edges are acconTanied Ly step or edge-effect types. We set up local
Cartesian coordinates U=V such that U is the directiion of the 1line
serment  to te detected.  Let I{u,v) denote the light intensity at roint

{u,v), and define the contrast function Fy{v)} at (u,v) a=

) = 82 3% {Hws v+ DT+ v - D)

J=1 I==iw
Suppose we have zn intensity profile as shown in Figf.13 (a), Fulv) at F
in fiﬁ.ﬁﬁ (b} iz the difference of summed intensity between area A; and
I Fu{v) for =a typical step type profile (Fig.13 {a)) iz shoun in
Fir.13% {e) in which the edre is detected as the pesk. The typical

rrofilas of ¥y (v} for otter types arc shown in Fip.l4 where the edre i
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detected as the middie roint between positive and nerative peaks.

The basic yrocedure,therefore, is to detect the feak of Fy(v) and
its yosition. The necessary properties for a peak are as follows (sce
Fig.15).

{a) If Fy(v) ranres from vgy to v, , there must exist the mexioum of

Fy{v) at ve other than vy or vy.

(L) Fulvg) > vhere fy is threshold
{c) There rust exist a minimum of F,{v) at v, between v, znd v, ard a
ninimun of Fy{v) at vy tetween v, and vy such that

Fulva) = Fglwy) > £

Falva) = Falvy) > g where fy is a threshold

If such vy, is found, the left of the peak (v3)} and the right of the
Teak (vg) are deterained as the intersection of Fy(v) with the line Fy{v)
= [y as shown in Fig.15. The value of {4y depends tm_ F“(v‘} and is
represenied as

f+ = ¢, Fylvy} + ¢

vhere ¢, and ¢y are constent and 0 < ¢y < 1, ¢, > O
The positior. of the peak vg is obtained as the middle of vy and vg. If
more than one peak is found between v; and vy , the peint v vhick is
rearest to the nmiddle of v, and v, is adopted. A megative pesk is
gimilarly detected. A feature point for an edge-effect or roof is
cbtained as the middle e¢f the rositive and negestive peaks, if both are
found, (althcush the threshcld fy, is not the same as in the simple
Tositive or nesptive peak detection). This method for the detection of

Tealks and positicns is noct arpreciably affected by noise.
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The other part of the line segment detection is a test of the c¢o-
linearity fer the detected festure points. Suppose concave boundary
lines Ly and Ly meet at Fpand suprose the line segment extending L, i=s
tested as shown in Fig.16. Feature points are detected in & rectanpular
search area with given length and width whose direction is equal to that
of Lg{= L}, at an appropriate place where the detection of feature points
is nat affected by the edee corresponding to 1y . Featwre poinis are
dntected alonr the direction v at the center pcints Py ,P; ;:a.,Fn
sequentially. If vositive peaks are found at MyyMzy...,My a8 shown in
the ficure, the linearity of the points are tested as follows.

(a) The number of the feature Joints must exceed a threshold number n .
(k) The deviation §* of the points in line fitting with the least

square cethed should be less than a threshold 4.

{c) let L° denote the direction of line segment cbtained by line
fitting,

W - vl <ug

where |U’ - U| denotes the diffrence in directions U° and U

Similar tests are made for the different types of feature points.
If more than one type of line segment is found, the selecticn depends on
the followinr criteris.
(a) If an edge-effect type is found, then it is selected.
{b} For the line segment with 4*and U”, let the criterion
function € le

C=4"+ wlU° - U] where w is = constant
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The line sezment selected is the one wiht smaller C.

3«3 Circular Search

Circular search is used toc search for limes gtarting at a given
yoint. The direction of the lines to be searched for is not known. The
range of directions in circular search depends upon the particular case.
fuppose two known lines L; and Ly meet at P as in Fir.17 (a) and surpose
we wish to search for lines lyinr between them. The search range & is
between two lines L] and Lj whose directions are slightly inside of L,
and Lj resrectively. If lines starting at point P of line L are
searched for as in Fir.17 {b), L] and L7 are similarly set inside of Lp.
The center point r of the circular search is not alweys yrecisely
deternined, especialiy when iracking along a line has terminasted at roint
T as shown in Fig.17 (b). Therefore circular search should not be too
sensitive to the position of the center point.

It might be natural to try to detect feature points, as defined in
section 3.2, based upon Fylv) along ares around the center. The
difficulty with this search is the classification of festure points into
line segpenis if there is mere than one as shown in Fig.18. To avoid
this difficulty, a simple algorithm is wsed in this paper. Its tasic
method is tc apply line zegment detection successively in various
directions. This is illustrated in Fig.19, vhere successive line
segment detections toward uy ,u; and uz are applied. The ster of
€irectior chanse and search area (A,,A, and As in the Tfigure) are

¢eternined so that line segments of any direction near the center toint



¢an be found. Thus successive circular search along a2 line as shown in
Fig.7 can find lines starting at rcints between two adjacent center
roints {e.g. line L in Fig.20 starting between Py and P;). The alporithm
for 1line segment detection iz the came as described in 3.2 except with
respect to thresholds and search area. Because the search areas for
cifferent direction= overler eech other, the sane line segment mey be
found in different searches. Fach time a line semment is found hy line
so-ment detection, » check zhould be made whether or not it is the same
as the are cottained by the rrevious detectione.

If the center point of circolar search has not been determined
vrecisely, it iz not always possible to find 11 the lines starting at
the giver point. In Fir.21, for example, line Lz might le missed in
circular search at Fpe. To evoid this inconvenience, when line seprents
ere found (such as L and Lz in the Tigure}, a new center point F; is
calculated Ltased on the known 1line (Lp) and the oktained line seruents
{L; and Ly). Then circular search is arplied again at Fy.

3«4 Tracking

Tracking is used when = line sepment is given, to trezck slong it
wtil it terminstes. The requirements for a tracking procedure are 1)
the line should rot be lost due to the effect of other lines or noise,
znd Z) tre procedure should terminate as precisely as possible at the end
of the line. These requirements are contradictory in that the
tepmination concition should be strict to satisfy the secomd requirement

which makes it difficult to =atisfly the Tirst. The followins alsorithm
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is a comyromise between these requirements.

The taeic procedure is to predict the location of a feaitvre roint
and to search for it near the point using line segment detection. The
result of the search is classified into the following 4 cases.

(a) there is no festure point.
{b) a feature yoint is on the line.
{¢) A feature roint is not on the line.

{d)} 1t is not clear whcther or not a feature point is on the line.

In case (2], the detection of & Tfeature point is similar to line
sergent dotrotion oxcert that the tyre of edme is already krnown so that
the threcholds stated in 3.2 can be adjusted bdased on the averase reak of
¥u{v})e The decision tetween cases (b}, (¢} and (d) is mode vsing the
distance 4 between the point and the line. That is

If 4 £ 4y then case {b)
if 4 > dy then case (c)
IPg;<d £d, then case (d)}

The threshold d; chanfes derending cn the state of trackine. The
state of tracking is represerted by two intepers m; snd m; which are set
initially to Q. The value of m and m are changed for each case (a),
{b), {(c) and {d)} as follows.

(a) my = m; + 1
(b) If m; > my, m=m =1, (where m is a constant)
Gtherwise, my = 0, my = 0, snd classify those feature peinte

into (&) which heve teen clasified into case (d)



in the previcus steps of tracxing. 2djust the
equation of the line with these points and the

rresent feature point

{c) If d £ d3 and m; > m,, n, =@, -1
{where d is a constant)
Otherwise no change

() my =m3 + 1, and if m> my, my= m- 1

The threshold d, is represented as

dy = dg + Wy B,  (where dg and w,, are constanis)

Thiz procedure is repeated and tracking proceeds step by ster
extendins the line until the termination condition is satisfied.
the terminaticn condition of trackinr is either

m, > my, or By + my > my  {where ay and my are constants)

1he terminal point is defined as the last point classified into case {b).
tig.22 illustrates hcw this algorith works. In Fig.22 {a), two lines
cross at Py. Iracking might finisk at some point beyond Fp (Py in the
fipure) which satisfies the termination condition. The terminal point of
trackinr is, however determired more precisely near Po(Fy eor PFi). In
Fig.22 (b)y Pj 48y,F3,Fp08re classified into case {d) increasing the value
of ny which classifye Fy into case {k}. Then the line is adjusted with

these points which are now classified inte case (b) and tracking
rroceeds.

Pir.22 (¢} end (4} illustrate that even if a port of the intensity

rrofile iz disturbeé by roise or other lines, frackinm does not teruinate
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there. In Fig.Z2 (d), however, if the light intensity of the right side
cf L, changes across L), the type of feature points might change across 1,
« Thus feature roints P3,Pgs--- might not be obtained ard tracking might
terminate at P;. When tracking terminates, the line segment detection is
applied at the extension of the line to see if another type of line
segment is found. If found, we adjust the line equation and tracking
Troceeds. 1f not found, tracking finally terminates at point F; and the
rosition of I is adjusted with the line eduatinn- The above [rocedure
cften extends the line across other lines when it terminates {emporarily
£t thelr crossing as in Fig.¢ (b) where tracking along G°M” crosses aany

vertical lines.
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4. EXPERIMIFNTAL RESULTE ANLD COMMENTS

To test the prooram, experiments are made with cubes and wedres
havine relatively uniform white surfaces placed on a biack backzrcund.
Tne inmare dissector camera , used as an inpui device, dissects the scene
onto a 20000 x 20000 (occtal) grid. In this experiment, one pcint for
every 8 x & block of grid elemenis is sampled. Thus, the scene is
reprasented by 1024 » 1024 crid points. Cbjects cceoupy oniy a part of
the =scene. In the typicsl scene, the rectanpular area which inciudes the
cojects of interest may consist of abtout 400 x 400 points. This area is
Civided into blodks each of which is made of 64 x &4 points =nd stored in
Cisk memcry. When & light intensity at some point is required, a tlock
containin, tla »cint and adjscent biccks are stored in ccre memory. The
core aencory is saccessed for the input of the light intensity until a
roint outside of those blocks is referercnced.

Video input is at Tirst converted into & 10 bit digital number vhich
i= an inverse linear measure of the light intensity. It is again
converted into 10 bit lorarithmic aeasure. some intensity level
resoluticn is losi in the loparithmic conversion. In thls experiment the
lipht intensity is represented by a little less then 100 levels. The
input data for & clear iright edre in the dark tackground iz blurred due
to scme limitations (mostly defocusing). If the intensity change is a
ster  functicn, there is a transient area in the Inmut deta about 1C
Teints wide. Thus the resclution of the picture is reparded as 1C

rpinta. The rorsmeters used ir line scemert detection and trackinge are
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based urcn this resolution. Features of the picture involving resolution
of less thean 10 roints ere not usually found.

Some results are shown in Fig.23. The difficulty or processing time
of the recogrition depends not only on the complexity of the object bhut
also on the information extracted at each stage. In Fig.23 (¢), for
exanyle, boundary lines SJ, KS and Q8 are easily rropcsed as the
extension of contowr lines. On the other hand, it is not easy to find
boundary lines Kb or Lii in Fie.23 (¢ ). That is, after DK and HL are
found, circular search is necessary at K and L respectively. Circular
search is less reliable in [findinm a line sesnent, and more time
consuming. Once the boundary lines are determined, all the internal
lines are proposed in both csses. But tracking along V¥ in Fig.23 {c )
and FN in Fig.2% (¢ ) terminates in the middle. Then step (10} stated in
section 1.1 is spplied. This is the most time consuming process {sbout
10 times more then the simple tracking process).

Sone exemples of the result of a nierarchical trogram are shown in
Fig.24. llierarchical programs may look at the whole scene homoreniously
and pick up feature points. Lines are found with those featwre points
obtained in the previous stege. It is very difficult to determine a
yriori the various thresholds for detection of feature points, line
fitting and connection of lines. In this beterarchical program, it is
rossible to sdjust varicus thresholds with the context of the information
chtained proviously. [Furthermore the algorithm itself can be modified
case by case. (For instance, tracking sirorithm is chanred depending on

vhether the line is a boundary or internal.) The results of experirents
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with moderately complex scenes are mostly satisfactory. Because ¢of the
many checks for consistency of lines and vertices, the program has small
grobability of findin» false lines,

However, there are comc limitations of this program at yresent. One
of them jis that todies may be pissed in some cases. A simple exaaple is
shown in Fip.25. The bouncary lines 2B and EC in Fip.25 (a) are not
rrorosed thourh the other contouwr lines and internsl 1lines are found,
bacause the resuitine ropions are =0 “neat” that no conceive vertices
activate ster {1). In such a case when bodies are neatly stacked, it is
necessary to seerch for boundary lines which start from some reoints on
the toundary line. In rig.£5 (b) body E2 iz not found. Tc find a body
that is included in a face of another body, it is necessery to search for
line serments inside the region. Though these two kind of search (search
alons the boundsry line and search in the regiocn) are required to find
all the todies in the scenes as shown in Fig. 25, they are still more
effective then the exhaustive search in the entire scene. Besides, it is
simpler to interpret the scene when a line is found by those searches.
This procedure, kowever, is left to future work.

The other Jlimitation of the present program is, as stated in the
introduction, that it is not always applicable to concave objects.
Fig.26 {a) shows a siaple exaaple. Line 5D is found as an extension of
iine CE. if all the bodies are convex, line ED is interpreted as the
toundary line as shown in Fig.26 (b}. This does not hold for concave
bodies. in this rrogram, line ED is regarded as a boundary line, and

then line NI can be found by circular search at [. At this stare, however
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IE should be interpreted as an internal line of the same body instead of
the bourndary 1line which seperates the body into two. If DE is

interpreted correctly, then line BD can be determined as an internal
line. This procedure should also be implementec in the present program,
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CONCLUSION

A hetersrchical program {0 recopnize polyhedra is presented. The
rrosran is tased upon the strategy of recornizing objects step by step,
at each time making use of the previous results. The order of the lines
to be detected is 1) contour lines (boundary of bodies and the
tackrround), 2) loundary lines which are the boundary between twc bodies,
%} internal lines {intersection of two faces of the same body. Among
toundary lires or amons internal lines, the ‘most plausible lines” are
rrorosed at each stare and an sttempt is made to find the Iine. To find
e line, the range where a line segment may exist is proposed and it is
detected in &8 suitable way for the profosed range. If a proper line
serment is found, the end of the line is determined by tracking salong the |
line. shen the line is determined, the progrem tries to understand the
scene takinm this line into consideration, Because lines are mostly
froposed instead of found by exhaustive search in the scene, the program
is relatively effective. Fesults of the experiment using an image
dissector are setisfactory for scenes including a few blocks and wedges.
#lthough the present program has limitations, some of thern may be

evercone by developments proposed here for futurc work.
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Fig. 3. Examples of concave boundary lines



Fig. 4. Tllustrates two extension lines at coancave point P.



(e)

Fig, 5. Examples pf line configuration found by clrcular search.



Fig. 6. Example of circular search for internal lines.



(b)

{dotted lines are not yet found in thiz stage)

Fig. 7. Examples of line verifying by circular search.



{a) (b)

Fig. 8. [I1lustrates the process after tracking



(e)

Fig. 9. Illuatrates the procedire to find lines.
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Fig. 13. Example of Fu{v}.
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Fig. 15.
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Fig. 16, Detection of feature points.
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Fig. 17. Range of circular search,



X represents a feature point

Fig. 18. Illustrates difficulty in classification
of feature points,

Fig. 19. Successive line detection in circ¢ular gearch.
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Fig. 20. Example of succesgive circular search.

Fig. 21. Repeated circular search.
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Fig. 22. Examples of tracking.
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Fig. 23. Exemples of Experiment.
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(aih Objects, (bih Result of Hierarchical Program
(cih Result of this program

Fig. 24, Examples of Comparison Between Hieravchical
and Heterarchical Program.
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Fig. 26. Illustrates difficulty for concave body.
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Fig. 25. Illustrategz lack of cues.



