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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 obvious and simple assumption is made and the assumption is tested.
Ta find a 1ine segment, a range of search is proposed. Once a line seg-
ment is found, more of the line is determined by tracking along it. When-
ever a new fact is found, the program tries to reinterpret the scene taking
the obtained information into consideration. Results of the experiment
using an image dissector are satisfactory for scenes containing a few
blocks and wedges. Some limitations of the present program and proposals
for future developments are described.
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1. INTRCLUCTIOR

We do not know how to make a program to recopnize objects wvisually
25 well as a human being. One of the shortcomings of many comruter
Trograms is, as Minsky hes pointed ﬂutq, their hierarchical structure. A
human may recognize cbjects in the context of the environment. The
environment may bhe recosnized based on his a priori knowledee. The
recornition rrocedure is, however, well propgrammed so  that the siaple
cbvicus parts are recosnized first and the recognition proceeds to the
more comrlicated details based on the previous results.

The work in this parer studies an example of a heterarchical program
to recomnize poelyhedra with an imare  dissector.  Most previous works
tegin by trying to fimd Teature points in & entire =cene and make &
conplete line drawing. It is wvery difficult to get a complete line
drawinr without knowledpe about a scene. If the line drawing has some
errors, the recognition by a theory besed on the assumption of the
complete line drawing such as Guzman’s mright make still more sericus
nistakes. Cur work is an attempt to recognize objects ster by ster, at
each time making use of the previous results.

We assume in this paper that the difference in brightness between
cbjects and the backsround 1is large enough to detect the boundary
approximately. At yresent, this yrogram works for recognizing
roderately cooplicated confimurations of blocks and wedges, The

limitations #nd rroposals for future developrent are deseribed later.
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2. GENEFAL ETRATEGY

2.1 Pricrity Of Processing

For convenience, we define the edyes of the objects in a scene as
falling into 3 classes. A line formed at the boundary between the bodies
end the cuter backsround is a contour line of the bodies. In Fir.1,

lines AL, ™, C., DE, EF, FG, GH, HL, IJ, JK, KL, L&, MN, NO, AD, Vi, WX,

XY, Y2 and ZV are contour lines. A boundary line is a line cn the border
of an objact. Contour lines are boundary lines. In FifF.1, the boundary
lines are the contour lines snd lines on the boundary between twe bodies,

l.e0 CFP, PH, If}, 0%, and Ril. An internal line oceurs at the interszction

of two vlanes of the same body. Lines J&, L&, @O, i, NI, AT, U, oOU, DU
znd XV are intermal lines.
The rplotal strategy is shown in Fig.2. At first, the contour lines
are extracted (because we szssume a  priori enough contrast between the
objects end the btackground)}. If more than one contour is found, as in
tig.1, one contour for bodies E1, EZ, I3 and another for tody B, then
the beoundary lines and internal lines are searched one by one for each
contour. The global stratery in bleck £ in Fig.2 is as follows.
£) Find boundary lines before finding internal lines becsuse boundary
lines often give gqood cues to pueses internal lines. Fote that to find
boundary lines ioplies to find bodies.

L) In searchinr for lines, different situations require examination of
larmer or smnaller areas. In our strategy, the smaller the are=s

requircd to search lines, the higher pricrity we zgive to that sesrch.
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In Fig.1, for instance, to determine the existence of a extension of
line 1C, it is encugh to search & seall ares whose eenter is on the
extension of the line. Te find line IQ, however, we should consider
all possikle directions of a line between IF and 1J. Thus the fermer
search has priority over the latter
The prierity to extract the most obvious information first is the
following corder.

{ 1} If twe boundary lines make a concave point (such as peint B in
Fir.%), try to find the extension of them. If only one extensicn is
found, track aleng this line. Mgst of such cases are like in Fig.Z
(b) vhere one body hides the other. Ve can determine to which side
of body this line belongs.

( 2) If no extenzions of two concave lines are found, try to find ancther
line which starts from the concave point. If only onme line is found,
track aleng this line. kost of these cases are as in Fig.3 (c) where
it is not clear locally to which body this line belongs. In Fig.>
(e}, line BD belongs to the upper body, but this is not always tLrue.
That is the lines AEBE, BC, BED are not sufficient +to decide the
relation.

( 3) If both extensions cf two lines are found at a concave point, try to
find a third one. If only one line is found, track along this line.
This is the case as shown in Fig.3 (d) where the third line is the

bouncary line.
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Wrhenever tracking terminates, an attempt 1is always made to connect
the new line to the other lines that were already found.  If more than
cne line sepment is found in (1), (2) or (3), the tracking of those lines
is put off hopefully to be clarified by the results of knowledege obtained
in simpler cases. Fig.4 illustrates two extensions found at concave
roint F. The interpretation of the two lines is put off to treat simpler
cages first. That is, orne would continue examining the contour and lines
AB and CI might ke found next; then, by a circular sesrch at roints B
{which is exrlained later), line EP would be found. At this stare it is
easier to interpret lines AE and EP as boundary lines which separate two
bodies. Then 1line IDP wright be found similarly and interpreted
correctly.

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

{ 5) If no line is found in the case (4) as stated above, extend the line
(FQ in this example) by a certain length and test if the line is
conected to other lines. If not, then apply circular search again as
in (4). This is necessary because the termination peint of the
tracking is not always precise.

lote that thiz process can be repeated until successful (that is

gither the line is connected to other lines or line sepments are found by
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circular search).

( 6) If the boundary lines cof a body are known, select the vertices of
the boundary that misht have interral lines starting at them. The
selection of vertices is based on heuristics such as seleting wupper
right vertex rather than lower right vertex. At each vertex, try to
find an internal line which is nearly parallel to other boundary
lines. If ore line is found, track along it. In Fig.l, for
examrle, internal line JE is parallel to the boundary line KL or IQ,
and (5 is parallel to Fl or IJ. Line FU is parallel to FD and XV is
rarallel to XZ. Thus it is often useful to find internsl lines
rarallel to boundary lines of the =ame body. Note that search for
rarallels has small erea.

( 7) If no line is found in (E), try to find one by circular search
between adjacent boundary lines. When one line is found, track along
it. In Fig.¢, circular search between EA and BC is necessary to find
the internal line EF.

( &) 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 where no internal line was found in (7) because of little
difference in brightness between adjacent faces. Suppose in Fig.1,
that the internal line &J was not found at vertex J, but that LE and
L8 were found. Then +try to find an interpnal line startinc at ©
toward J. If there is enough contrast near 5, a line sesmert is
found. The other case 1is where a body 1is partly hidden by other
bodies. In Fir.6, the trianpular rrism is partly hidden. After ¥F
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and CE are found, EF is searched for. In both cases, the direction
of the line is sopetimes predictable and sometimes not. If it 1is
predictable, then try thet direction. IT it is unpredictable or if
the predicted direction failed, then arply circular search between
the two internal lines. If one line is found, track alongz 1it.

( 2) If &n end of an internal line is not connected to any line, try to
find 1limes starting from the end by circular search. If lines are
found, track along them one by one.

(10) If no line is found in (2), extend the line by a certain length as
in (£) and test if it is connected to other lines. if not connected,
try circular search sgain as (9). This process can also be repeated
until suceessful. Fig.7 illustrates this process. In Fig.7 (a2},
line MN® is not connected to others at K°, thus step (%) is tried at
L* and fails. The line is extended to F) and (%) is apain applied.
This process is repeated until the line is connected to line KL at N.
Fig.7 (b) shows that line HI is extended by this process to Py where
a new line is found by circular search. Zimilarly 1lime CG is
exterded te Ig. This precess ie useful so as to not miss a new body
sitting on an obscure edge.

At each stame when an above step 1is finished, the obtained
information is interpreted as shown in Fig.2 (bleock 3). For instance, if
tracking along a line terminates, a test is made whether the line is an
extension of other lines and/or the line is connected to other lines at =

vertex. If a boundary line is comnected to another boundary line, the
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tody having the lines i= split into two bodies and the propertiesz of both
lines and vertices are stored in an appropriste structure. In Fig.2, for
exanple, line H'F” is obtained by tracking starting at point i, This line

is interpreted a5 an extensicn of M, and HN and N'FP° are merged into one

7]

straizint line usins the equations of these two lines. Then, it i
connected to CO and Fig.E (b) is obtained. Eefore the line was connected
to €O, there were two bodies Bl and B2 as in Fig.2 (a). lHow body B2 is
£plit into two bodies E2 and E3. We can interpret line HO as the
boundary of EZ wvhich hides 2 part of BZ. The other properties of lines

end vertices are obtained similarly at this stape.

2.2 Fxample

We l1llustrate the entire line-finding procedure with the aid of the
exanyle shown in Fig.9. At first, the contour lines AB, EC, CL, DE, EF,
U, Jiy LI, 1d, JX and K& are obtained as shown in Fig.2 (a). Step (1)
described in the previous section is tried for the concave points G and
J. In this example, the position of G iz not precise encugh to find the
extension of FC. Cn the other hand, a line segrent is found as an
extension of the line KJ. KJ is extended by trackins as far as L.
Ercause there is no cther noint to which step (1) is applicable, ster (2)
is tried for point G. One line segment is found and extended till
tracking terrinates. Thus a line G'I” is obtained as in Fig.9 (k). This
line iz interpreted as an extension of FG and connected to JL. Then the
rosition of yoint ¥, G, L are adjiusted to as shown in Fig.9 (e¢). HNow two

bodies IL[1 ard B are created by the boundary lines GL and Jl. It i=s
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important to notice this, for it means that step (1) is again applicable
(to point L) at this stage. Thus line FL is extended As far as ¥ in
Fig.© (d) (Note that line MN” has not yvet been feound). L¥ is interpreted
as an extension of I'L but the end roint M is not connected to any cther
lines. Thus vertices 'y, G, L and end roint M are adjusted considering
the new line LK. Fere neither ster (1), (2) nor (3) is arplicable, sc
that (4) is row applied to M. Three lines are found by circular search as
Fie.© (d). MI" is determined as a boundary 1line =and extendad by
trackine. then it terminates, the line is connected to boundary line EC
st vertex [J &5 in Fir.9 (). Body E1 srlits into bedy F1 And EZ. It is
known at this stzre that B1 is hidden by B3 and E2 is hidden by partly EZ
and rartly by Bl. lext, step (6) is aprlied to each body one by one at
each tiwe selecting the easiest body for proposine the internal lines(in
this exanple, the order is E3, E1, B2 because E3 hides Bl which hides
E2). Internal lines CO and MO are fourd and connected at vertex O, but
no line segment is found using step (6) and (7) applied to vertex E (this
stage is shown in Fip.2 (e)). Step (8) is arplied to vertex 0 and a line
segment toward E is found. This is extended by tracking as far as F° as
in fig.t (f). Line OFE® fails to be comnmected to any cther lines which
sctivates step (10). After a few trials, OF” is extended to connect to
vertex E. Sipilarly, internal line Al! is obtained for body BE1 and line IF
is obttaired for 2. When every step has finished, three bodies are known

torether with the relationships between them.



BaGE 2

3« ALGCORITEMS

This section describes the details of the algporithms that are used
in finding contours and in the steps stated in section 2. come of them,
such as tracking and circular search are used in more than one step. An
glrorithr used in more than one ster may be slightly different in each
step but its essential part is not changed. In the tracking algorithm,
Tor examrle, some chanrces occur depending on whether tracking is used for

boundéary linfs or internsl lines.

Z«1 Contour Finding

Fiz.1D shows the ouvtlire of the procedure to find contour lines.
1he pleture date obtained with an inare dissector nsually consists of a
largse nunber of tolints (say sbout 100,000) esch of which represents 1ight
intensity level. Teo speed up the processing, one point for every 8 x ©
joints is sszmpled. This compressed picture data consists of 1/64 the
rumber of peoints in the original picture. To find the contour, this data
is scanned till a contour point is found. The judgement of contour roint
is based upon the simple assumption that there i1s enough contrast between
the backrround and cobjlects. It is then checked whether or not the point
is =2 neise peint. If it is a real contour point, trace =long the
contour. Thus a set of contour peints are found. Then, the pricture
data is again scanned until a new contour point is found. This process
is repeated for all the picture data. VWhen =all the sets of contour

roints have been found, each set is separately analysed.
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Suprose a certain set of contour points is to be anslysed. We  now
return to the original high-rescolution picture. We can puess
anproximately the position of the boundary reint in the original picture
data which corresponds to the first point found in the sampled picture.
The precise boundary peoint 1is searched for near this point. A set of
contour toints is obtained by tracins from this point in the same way as
in the sample rpieture. A polygon is  formed alfter we connect contour
roints one by one. To elass=ify the points of this “curve” into segments,
the “curvature” of the polyron 1is used. This curvature in a dirFital
rieture is delfined hrre for convenience as shown in Fig.11. Each cell in
the firure represents a2 contour point. The curvature of a peint P is
defined to be the difference in angle between FR and FQ (&), where { and
' are & constant nurber of points away from F (& points in this cose).
If we plet the curvature along the contour as shown in Fip.l2, we can
tell what part is near a vertex and what part lies in a straight line.

Note that curvature is not very sensitive to noise or digitization
EITror. If we interrate the curvature in rart of 2 straight line, the
result 1is nearly zero despite the effect of noise. If we sum ur the
curvature of consecutive points wheose absolute value is greater than some
threshold, we can determine the existence of a vertex. That is if this
sum of the curvature of such points exceeds & certain threshold, there i=s
g vertex near those points. Thus every contour peoint is classified to be
either in the strairht rart of a line or near a vertex. Using points
vhich belons to the strairht part of a line, the equation of the line is

calculated. Then each vertex is decided as an intersaction of twe
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zd jacent lincs.

3.2 Line segment Detection

A Jine 3erment is detected given its direction and starting point.
This procedure is used in mest of the steps stated in section 1.  The
rrocedure  consists of two parts.  One is to detect the possible feature
roeints which are to be regarded as elements of the line. The other is to
test whether or not obtained feature points make a line sepment.

In datecting feature roints, we should consider wvariocus types of
elms. Herskovits and Einford classified the light intensity profiles
scross =2n edge into 3 types, namely step, roof and edge—effect, and
propesed 3 types of  boundary detectors. In this paper, a roof type
detector is not considered because roof type edpes can be detected by a
step detecter or an edze—affect detector. In addition, mest roof type
edses are accompanied by step or edge-effect types. We set up local
Cartesian coordinates U=V such that U is the direction of the line
serment  to be detected. Let I(u,v) denote the lirht intensity at roint

(usv}, and define the cortrast fumction Fy(v) at (u,v) as

P(v) = 22 3% {Tus v+ D-Tu+ i,y - 3))

=1 1=—im
Suppose we have an intensity profile as shown in Pif.13 (a), Fy(v) at I
in Ein.iﬁ (t) is the difference of summed intensity between area A and
P Fulv) for a typical step type profile (Fig.13 (a)) is shown in
Fir.1% (ec) 1in which the edre is detected as the pesk. The tyriecal

rrofiles of Yy(v) for other types are shown in Fig.14 where the edre 1is
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detected as the middle point betwean positive and nerative peaks.

The basic yrocedure,therefore, is to detect the 7yeak of Fy(v) and
its josition. The necessary properties for a peak are as follows (see
Fig.15).

(a) If Falv) ranmes  from vy to Vy , there must exist the maximum of

Fulv) at v other than vy or vy.

(b)) Fulve) > fm where fy is threshold
(c) There pust exist a minimum of f“{v} at v, between Vg and Vi and a
minimun of Fy{v) at v, tetween v, and v, such that

Fulva) = Fylvy) > 4

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

If such vy is found, the left of the peak (v3) and the right of the
reak (vg) are determined as the intersecticn of Fy(v) with the line Fy(v)
= fy as shown in Fig.15. The value of fy depends on Fy(ve, and is
represented as

Fy = ¢\ Fylv,) + cp

where ¢, and cg are constant and O < ¢y < 1, ¢cg > O
lhe positior of the peak vy is cbtalned as the middle of vy and vy. Ir
more than one pesk is found between vy and vy , the peint vp vhich is
rearest to the npidcle of vy and vy is adopted. A negative pesk is
gimilarly detected. A feature point for an edge-effect or roof is
obtained as the middle of the rositive and nesative peaks, if both are
found, (slthough the threshcld fg is not the same as in the sinple
Tositive or nerstive pesk detection). This method for the detection of

Teaks and positicns is not arpreciably affected by noise.
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The other part of the line sepment detection i=s a test of the co-
linearity fer the detected feature points.  Suppose  concave boundary
lines Lp and L| meet at Fyjand suppose the line segment extending L, is
tested as shown in Fig.16. FPeature points are detected in a rectanpular
gearch area with given lencth and width whose direction is egual to that
of Lg{= U}, at an apprropriate plece where the detection of feature points
is not affected by the edre corresponding to L) . Feature points are
cetected alonr the direction v at the center points P Py ;...,Fn
sequentially. If rositive peaks are found at Fy,Mz,...,My 2as shown in
the figure, the linearity of the peints are tested as follows.

(a) The number of the feature Joints must exceed a threshold number n .
(b) The deviation €% of the points in line fitting with the least

square rethod should be less than a threshold 4%.

(c) let LU” denote the direction of 1line segment cbtained by line
fitting,

lu* = U] < Ug

where |U° — U] denotes the diffrence in directions U° and U

Similar tests are mads for the different types of feature points.
1f more than one type of line segment is found, the selecticn depends on
the followinr criteria.

(a) If an edpe—effect type is found, then it is selected.
(b) For the line segment with 4% and U, let the criterion
function C be

C=4"+ wlu - uj where w is a constant
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The line sefment selected is the one wiht smaller C.

3.3 Circular Search

Circular search is used to search for lines starting at a given
eint. 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 Ly and Lz meet at P as in Fir.17 (a) and suppose
we wish to search for lines lyin~ between them.  The search range o is
between twe lines L) and L whose directions are slightly inside of L
and L resrectively. If lines starting at peoint P of line Lgp are
searched for as in Fir.17 (b), L] and L3 are similarly set inside of Lg.
The center point F of the c¢ircular search is not alweys rrecisely
determined, especially when tracking along a line has terminsted at point
F 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 Fy(v) aleng ares around the center. The
difficulty with this search is the classification of festure points into
line segments if there is more than one as shown in Fig.18. To avoid
this difficulty, a simple algorithm is used 1in this paper. Tts basic
method 1z to apply line gsegsment detection successively in  various
directions. This is illustrated in Fig.19, vhere successive line
sesment detections toward u) ,uz a&nd wy are apnlied. The ster of
¢irectior chanre and search area (A;,Ay and Ay in the figure) are

deternined so that line segments of any direction near the center 7point
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can be found. Thus successive circular search along a line as shown in
Fig.7 can find lines starting at reints between two adjacent center
roints (e.g. line L in Fig.20 starting between Py and P3). The alrorithm
for line sepnent detection is the szame as described in 3.£ except with
respect to thresholds and search area. Because the search asreas f[or
d¢ifferent directions overlar each other, the =sane line segment mey be
found in different searches. Fach time a line segment is found by Lline
serment  detection, 2 check should be made whether or not it is the same
as the ore obtained bty the mrevious detection.

If the center point of circular search has not been determined
rrecisely, it iz not always possible to find a1l the lines starting at
the piven peint. In Fig.21, for example, 1line Lz might bte missed in
circular s=search at Ig. To avoid this inconvenience, when line sepments
ere found (such ss L, and L3 in the figure), a new center point F; is
caleculated based on the known line (Lg) and the obtained line sepments

(L and Ly). Then circular search is applied again at F).

Zed Tracking
Tracking is used when = line sepment is given, to track =long it
wntil it terminstes. The requirements for a tracking procedure are 1)
the line should rot ke lost dus to the effect of other lines or noise,
end 2) the procedure should terminate as precisely as possible at the end
off the line. These requirements are contradictory in that the
termination concition should be strict to satisfy the second requirement

which makes it difficult to =atisly the first. The feollowins algorithm
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is a compromise between these requirements.

The basic procedure iz  to predict the lecation of a feature point
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 roint is on the line.
{c) A feature point is not on the line.

(4} It is rnot clear whether or not a feature point is on the line.

In case (a), the detection of a feature point is similar to line
serment detection except that the tyre of edge is already known so  that
the threcholds stated in 3.2 can be adjusted based on the averare peak of
Iy{v)e The decision between cases (b)), (¢) and (d) is mede wvsine the
distance d between the point and the line. That is

If d £ 4, then case (b)
Ifd > dy then case (c)
If dp< d £ d, then case (d)

The threshecld d; chanres derending cn the state of trackine. The
state of tracking is represented by two interers my &snd m, which are set
initially to 9. The value of m and m are changqed for each case (3,
(b), (c) and (d} as follows.

{a) m, = my + 1
(b) If m{ > my, mpo=m =1, {where m is a constant)
Otherwise, m =0, my =0, and classify those leature peints

into (b) which hove teen clasified into case (d)
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in the previcus steps of tracxing. £Adjust the
equation of the line with these points and the

present feature point

(c) If d £ dy and m > Mgy m = m = 1
(where d is a constant)
Otherwise no change

(d) my =my + 1, and if m> mg, my= m— 1

The threshold dy is represented as
dy = dg + Wy Oy (where dg and wy are constants)
This procedure is repeated and tracking rroceeds step by ster
extending the line until the termination condition is satisfied.
1he termination condition of trackine is either
my » My O Iy + Mz > Mg (where um, and my are constants)
The terminal point is defined as the last point classified into case (b).
tig.?2 illustrates hcw this algoerith works. In Fig.22 (a), two lines
cross at Py. Iracking might finish at scme point beyond Py (P in the
fipure) which satisfies the termination condition. The terminal point of
trackins is, however determired more precisely near Pp(F, cr Fp). In
Fig.22 (b), Fy 453,FyFpare classified into case (d) increasing the value
of mp which classifys P¢ into case (k). Then the line is adjusted with
these rpoints which are now classified into case (b) and tracking
rrocesds.
Fir.22 (e) end (d) illustrate that even if a poart of the intensity

rrofile is disturbed by noise or other lines, trackins dees not tarminate
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there. In Fig.22 (d), however, if the light intensity of the right side
of Ly changes across L), the type of feature points might change across L
. Thus feature yoints Fy,Fg,... might nct be obtained and tracking might
terminate at P;. When tracking terminates, the line segment detectlon iz
arplied at the extension of the line to see if another type of line
serment is found. If found, we adjust the line equation and tracking
Troceeds. 1f not found, tracking finally terminates at point P and the
rosition of I| is adjusted with the line equation. The above rrocedure
often  extends the line across other lines when it terminates temporarily
ot their crossing as in Fig.© (b) where tracking along G'M” crosses many

vertical lines.
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4. EXFERIMFNTAL RESULTES AND COMMENTS

To test the progsram, experiments are made with cubes and wedges
havings relatively uniform white surfaces placed on a black backsround.
The imepe dissector camera , used as an input device, dissects the scene
onto a 20000 x 20000 (occtal) grids In this experiment, one point for
every 8 x & block of grid elemenis is sampled. Thus, the scens is
represented by 1024 x 1024 grid points. Objects cccupy only a part of
the secene. In the typical scene, the rectangular area which includes the
cbjects cof interest may consist of about 400 x 400 points. This area is
divided into Dblocks each of which is made of 64 x &4 points =nd stered in
CisK mMemory. When & light intensity at some point is required, a tlock
containings tha point and adjacent blocks are stored in core memory. The
core memory is accessed for the input of the light intensity until a
roint outside of those blocks 1s refererenced.

Video input is at Tirst converted into & 10 bit digital number which
iz an inverse linear measure of the light intensity. It is apain
converted into 10 bit loparithmic measure. some  intensity level
resoluticn is lost in the loparithmic conversion. In thils experiment the
light intensity is represented by a little less than 100 levels. The
input dsta for & clear tright edge in the dark tackground is blurred due
to some limitations (mostly defocusing). If the intensity change is a
step function, there is a transient area in the Input data about 1C
roints wide. Thus the resclution of the picture 1s regarded as 10

roints. The parameters used in line serment detection and tracking are
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based upcen this rescluticn. Features of the picture invelving resclution
of less thean 10 points are not usually found.

Some results are shown in Fig.23. The difficulty or processing time
of the recosnition depends not only on the complexity of the object bhut
also on the information extracted st each stage. In Fig.23 (e), for
exanrle, boundary lines 5J, K5 and QfF are easily 71ropcsed as  the
extension of contour lines. On the other hand, it i= not easy to find
toundary lines Kk or Lil in Fig.23 (c ). That is, after DK and UL are
found, circular search is necessary at K and L respectively. Circular
search i 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 cases.  Fut tracking alomg V¥ in Fig.23 (e )
and FN in Fig.23 (¢ ) terminates in the middle. Then step (10) stated in
section 1.1 is epplied. This is the most time consuming process (about
10 times more than the simple tracking process).

Some examples of the result of a hierarchical rrogram are shown in
Fig.24.  llierarchical programs may look at the whole scene honorenicusly
znd 7pick up feature points. Lines are found with those feature peints
cbtained in the previous stege. It is very difficult te determine 2
rriori the various thresholds for detection of feature points, line
fitting and connection of lines. In this beterarchical rropram, it is
Tos5ible to 2djust variouws thresholds with the context of the information
chtained proviously. Furthermore the algorithm itself can be modified
case by case. (For instance, tracking sl-orithm is chanped dependins on

wvhether the line is a boundary or internal.) The results of experiments
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with moderately complex scenes are mnostly satisfactory. Because of the
many checks for consistency of lines and vertices, the propram has small
rrobability of finding false lines.

However, there are some limitations of this program at rresent. One
of them is that bodies may be missed in some cases. A simple exanple 1s
chown in Fip.25. The boundary lines pB and EC in Fig.25 (a) are not
rroposed thourh the other contour lines and internsl lines are found,
becavse the resultine rerions are so  “neat” that no conceive vertices
activate ster (1). In such a case when bodies are neatly stacked, it is
necessary  to sesrch for boundary lines which start from some roints on
the toundary line. In Fig.25 (b) body E2 is not found. To find a body
that is included in & face of another body, it is necesssry to search for
line serments inside the region. Though these two kind of search (search
slongs the boundsry line and search in the region) are required to find
all the bodies in the scenes as shown in Fig. 2%, they are still more
effective than 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, however, is left to future work.

The other limitaticon of the present program is, as stated in the
intreduction, that it is not always applicable to concave objects.
Fig.26 (a) shows a simple exomple. Line 5D is found as an extension of
line CE. If all the bodies are convex, line ED is interpreted as the
toundary line as shown in Fig.26 (Bb). This does not held for concave
bodies. In this rrosram, line BD is regarded as a boundary lines, and

then line IE can e found by circular search at L. At this sta-e, however
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IE should be interpreted as an internal line of the same body instead of
the boundary line which seperates the bedy inte twoe. If [DE is
interpreted correctly, then line BD can be determined as an internal
line. This procedure should also be inmplemented in the present program,
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CONCLUSION

A hetersrchical program to recognize polyhedra is rresented. The
rrograo iz btased upocn the strategy of recognizing 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
btacksround), 2) toundary lines which are the boundary between twc bodies,
Z) internal lines (intersection of two faces of the zame  body.  Among
toundary lines or among internsl lines, the “most rlausible lines” are
rreposed at each stage and an attempt is made to find the lire. To find
2 line, the ranre where a line segment may exist is proposed and it is
detected in a suitable way for the proposed Tange. If a proper line
=egment 1s found, the end of the line is determined by tracking along the
line. khen the line is determined, the program tries to urnderstand the
scene taking this line inteo consideration. Because lines are postly
rroposed  instead of fourd by exhaustive search in the scene, the program
is relatively effective. Fesults of the experiment wusing an image
dissector are setisfactory for scenes including a few blocks and wadges,
Although the present program has limitations, some of thenm mnay be

cvercone by developments prorosed here for future work.
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Fig. 3, Examples of concave boundary lines




Fig. 4. 1Illustrates two extension lines at concave peint P.
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(e)

Examples of line configuration found by clrcular search,




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



(b)

(dotted lines are not yet found in this stage)

Fig. 7. Examples of line verifying by clircular search.
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Fig. 8. Illustrates the process after tracking



Fig. 9. Illustrates the procedure te find lines.
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Fig. 10. Flow chart of contour finding.
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Fig. 12. Example of curvature.




intensity —

....'=’. i
(a) light intensity level profile
U
—V
P
Ay Ag
(b} Areas to compute Fyat P
z
=
v -y

{c) Fu{v} for (a)

Fig. 13. Example of F"[y}.



€— AJFEUalUuy

e— (0)"1

v—

roof

edge-effect

Typical profile of Fu{v}+

Fig. 14.

Peak detection.

Fig. 15,



y v
My ﬂf M|
.8 Hg x,
w
o o 0O c o o
u Fo
P, P, P, F, P, Pl!

search area

Fig. 16. Detection of feature points.
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Fig., 17. Range of clrcular search.
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Fig. 18. TIllustrates difficulty in classification
of feature points.

Fig. 19. Successive line detection in circular search.
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Fig. 20. Example of successive circular search.

Fig. 2Z1. PRepeated clrcular search.
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Fig. 23. Examples of Experiment.
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Fig. 24, Examples of Comparison Between Hierarchical
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Fig. 26. Illustrates diffilculty for concave body.
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Fig. 25. Tllustrates lack of cues.



