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Abstract

Most of the geometric information in a scene is captured
by local coordinate frames oriented according to local
geometric features. In polyhedral worlds these features are
faces, vertices and edges. Such features lead naturally to
parallel algorithms for building such a scene description
from stereo input that are insensitive to noise and
occlusion. This representation can be used for object
location, object recognition, and navigation.

1. Introduction

The critical problem of foom perception is that of picking the
right representation. In previous papers we have argued that if frame
primitives are picked as the underlying geometric representation, then
many problems related to form perception can be solved in an elegant
way (234,56,7,23 |. Frame primitives are geometric coordinate frames
that can be extracted from more primitive image features. These
primitives play a dual role: thev can be- Regarded as features in then
own right and used in the form matching process directly, orlheycm
be used to specfy transformations between themselves and other
features.

In this paper, frame primitives are developed with respect to a
polyhedral model of the geometiic environment. The advaniage of a
polyhedral model is that the polyhedral primitives arc inimately
related to the frame primitives. Howevei. any substrate related to
coordinate frames such as symmetries |8| may be used as well.

fame primitives express the fundamental nature of rigidity:
two shepes are equivalent if there exists a rigid transformation that
meps ore into the other. This idea can aso be extended o the
matching of a prototype with portions of a scene. A portion of a soere
is said to represent an -nstance of a prototype it there exists a rigid
fransformation mapping the prototype into portions of the scene. 1 he-
use of rigidity distinguishes the approach from topoplogical matching
11.12324.

The problem of matching a 3d prototype to an image can be
hierarchically organized into: (1) the recovery of 3d lines from stereo
data (for monocular . se |?LI1]); ) the
construction of a 3d polyhedral scene model: and (3) the matching of
portions of that model to a library of stored prototypes. This
hierarchical sfrategy is similar to that of [9] and hes several advantages
over the methods that trv to match the image to the 3d prototype in
one stiep for example. [19.20] try to match the 3d prototype directly
with the 2d line drawing.

The computation is implemented in a connectionist architecture,
motivated by biological information processing sysems (2. The
complete processes of extracting 3d structure and matching is carried
out by a parallel probabilistic relaxation algorithm
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2. Basic Cencepls

2.1. Geometrical Primitives

A S plane s detined by oal o+ B} + o/ + 08 - 0 where n =
Ger B e s nmak nermal 10 the plane surtace ang s the gistancye of
clemest approach ta the ongim.

A o bue s detined hy the cquanen £ - 1) + se where 13 s the
closest pome o the angin that the Tine passes through, vos the amit
Lector direchion of the lineand s 2018 a ~ealar patamener

Fach of the above can be seen s the partasd speeidiedation of
foc i cownfoagte frey whete e Bame Daldmivelers i G ieTiumions

with geometne features, In other wonds, these geomictical entities
provide watterad choees tor the onentatmon of local seametic foatunes,

2.2, Frame Descriplions

A coutdinate Frame s dehned by o transtormation sith cespect
(3] 4 Fgse: conrdiate Hemie which N veelors
(v v, v OLLAEME IR0 L, Thes oransloomation: 1< specthed by
ek fctor s o rostauon of the frame by anoanghe & about o unit
vector wowith respect w o base coordiate frame. and o translanion of
the vrigen by 0 Notananadly we will refer w the complete rame s
tothe towtn part as B Yhos Boo (R wherne b le L ea e
A0 orthomertal hass,

A osirte ab the geometie printives s that the asstonmabon
st allews one 0 chapze the ot of view. Thus W make an
Arbutrary framic boootegen ¢ val the hase Trame, ane need onldy
apply the trasistormation mocwerse Wbl the trame primitoves, Fhid s,
I -im, - 8, —xg) where w oand # e determuned from e, e and
ey U shiew Dow s sodone o Seeon 230

This extremely impurtant pant s the man virtue of fime
PHMILYCS. frame primpives corbam aff e mfinadton necesyar o
change the proaf of view, Auy particular primmtive mas be chosen as g
reference for oll the other primmuves by applving the refefetioe
transformation o cach prumtive.

2.3. Matching Different Frame Descriptions

An instance of an object in the viewer centered frame may be
related to a prototypical intemal representation in an object-centered
frame bv a viewers: transforminations. but this problem is generally
underdetermined [5]. Furthermore, the image usualv contains merny
features that belong to different objects, and these lend to confound
the perception of a particular shape,

A key simplifying assumption is that the intemal representation
contains only a single object. In this case the viewing transformation
can generally be computed and parts of the object in the image can be
identified despite other image clutter |3,6]. The task of determining if
a known object is in an image is posed as: is there a tfransformation of
a subset of image features such that the transformed subset can be
explained as the object? If the answer o this question is no, then the
object is not present. If yes. then the transformation provides all the
necessary information about the object.



The principal tieatre of our method s that 1 decouples the
compntatons for orentation and translacon, Inother words, (he
ottentation of the objeet can be detected without knowng s
ranslatum,

3. Specification of Constraints

3.1, Muatching Two-Dimensional Sterco Lines

A Lo i e image plane defines a plane which pisses through
the focal point 47 = ) as well as the e el Hhis developmenn s
simbar o that ol [P Consider the maersection ol ths plane wilh
the mige plane. At the miersecion Tovus X0 w0 ) woand 4
Foso that (he equation of the line methe immage plinme s

duv+ e o= 0

The difterent unaging peamelries of stereo images will produce two
diflerett Tines, and correspondingly, two different planes. In order to
relate these twe planes, (hey must be cxpressed o the sarmne voordinale
frame. For the sanple cose of parallel views separated v A the
ciguation al (he seeond plane (s, e osh m werns of the hest (rame s

steply
FEE RN TE SRRV ST, S

he two plaoes, when inlersected detne a0 3d Time (0 ¢y Given
b e gorrnads mopoaned mee o Peoreadily calvulated as

- X 2> (KRB

where the aperator €2 Nomializes 10 seetor reumient. e et
Neme the arem T} s be caleudated by solving

oy i
wlhery
HyLoHyL My
\ Ha, o He, M and df g th
', I t

L2 Building Polyhedreal Seene Descriptions

st o collection of 3d hines, the problem now beeomes ane o
receteriny onbdimmmal W ostrueture. Lo de this one cane explint an
mslance b Barlaw’s noton of “suspeewous comedences,” Applicd to
nolvhiedral world, thes wlea s s follows, o wendtbely thad two theee
domemsieticd {oney sl happen fe Be coplanar or meet uf a o eriey
decwdeatalfe. Thus we consider constiamts hetween afl pairs of
Ties, assumimg Wt niersections wsidly retlect nod polshedrad
structure. The vonstraints are sunple applicatons of sector peometry
at & 1723 and are as follows

o Pwe planes define 0 comeave or comrey edies Paars of plines

o= A oand M= tn 0 produce edees whoch e an
1 It . s

assorclated coordrate e (e e e g where

Epen ) Koy X poX ey ung + na2) i
The distance of Closest approach of the edie o the nogim. D can be
calenlated from the lollowing ree cqitions.

n; - = d‘|, na- 0¥ - b LS -0

[ Fwo o owdgpes can determune a plane. Coplanar W hines with
erneRtations ¢ q and ey must he mea plane gno ot where

nm- ey X {44}

and of s specibed hy
o-1D-n Dz o ti5
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H Pwoo edees can determne o vertes, IF two coplanar 3d Tines
intersect . then e mterseetion ponts can be determined by sulvme
twur equations From

-0 wegs - ﬂl‘” (3h)

I Dwe planes and o 3d bme can define an edve. A 3Wme only has s
direction e, byt addiional orentation infortanon can be computed in
the vase where the line 1y also the intersection locus of two planes. In
this case o trame can be specidied thal has the onentaion given by
1337 where my and s oare the nomals ol the two planes.

AL Matching a Scene Frame with a Prototype

Lo Redatieendd Constramt. 1o develop the mitattotal constraml we
shvw how green fwo vnentation tames £, oand £, (rom e prototype
aind seene, we can compute the rotalion # shout g oumt vectar wo The
mathentaticn of quatermions, e [28]0 states that the sotanen of one
LBt sechoer o ametber it LIV TET N |f|"f'lll1d fl lirlj[ YOOI ANTY, W
et b

B W i X alwn X u) (M

Wo will e the orientation vectomy ¢ trom bolh the model and image
v amd s respectvely How doowe define w7 Siee womist
perpendicular Lo both wand voocan be defined o wnms ol e tan
U BLILOR e s

w:(uin—c.nj)({e_‘:,—t.._} [RES]
fn the specal cse ol where e o ol e and ea cquals g we
athitranly set s — (L 0. Mand 4 - 00 s procedure and (1.7)
spectfy the axas of rotition.

e niext sten s fo compate & tor the general case, Phe rlanan
1Torre iy v 1s b 2ivem by

FooconlBoT 4 a8 m [ER!
where # s the angde of satation around the uni vector axis w. Phus
e angle & can be computed frem C8 1amd 049,

H Rovaeng the Madel Oncg the totatinon hetween the prototype and
soene hay been established, ther the ongms ot the protorepe frames
can be appropriately rotated by (for devauls, see [ 23]

v, Ry ,R ! (3.1th

This results 1 o new et of ongins that onby difter frome ther
caunterparts it the seene by o translaton soctin

HE Prasdatonad Constrann. The wranslational constraimt s rvially
vomputed 1F the correspondence between o seene frame angm x and
a rotded protoype ftame ongm s known The answer s the
dilerenee vevtin

Ax v, - x (311

4. Algorithms

4.1. Energy Minimization

The parliel alponthn wses o oem o relasaton developed bor
iy threshold utirs by (IS 14 Fach unit has a0 state, s, which s
eithet ot (s — Trar ot 0s 0 08 Ty the vase o lermary constiatils, o
wmt Kk owill recerve o weshted inpat from pars of sther value cells
and | omoan amount gnen hy wos s, Facl unil ursis on aceording e
the followitig computatinen:

1y Compule e input

Y
m 2 mask

RERTTSILIATTNN |

2} Substract o threshold

I
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3 furn s vn i py > 8 else turn it off

Loty are wirned on and o acordimg e steps 1 throuph 1 gnnd
comvergenee s achieved. bomally, of alt the weghes w, e
swimimetiicat (ny = wy wg,, ) then the converged set of states will
muinunlze the energy function £ = S owy oy oy s In practice, the
examples that we have tried are well conditioned. so that convergenice
iv achwesed i one steration.

It the dlporthm takes one eranon to conserge, it s roughly
equivalent  correfaren. 1f more than one iteration w required. ie., @
sequence of sutes 8* gonverges i fixed point 87 then the aigorthm
speciiicd by steps 11w eguivalent to erfiend searek. Crradien
seitrch will work 1f the constrainis have o angle minimum.  The case
where B has more than ane Jocal muinimum can be handled by
simuhared anmeadny [LI14 0]

4.2, Value Cells

The constrimts are reprosented  wsing  special conie Dot
archilecture hased on e eelfs In the adue el approach. o
particular vector vanabie iy represeated as g disceete collechion of cells
where the central Tocatan ol the cell v g panbcubar salie By the
sartable and the width of the cell s ats accwiacy For exnmple,
reprisenling cdges o an image reguires g hree-dimenswnal cell oope
with bwation {ag, vy, 8p) and width (A Ay, A8 Colleenons ot
these wells coser the range of ail possible sdee positions, and

onenkiations,

Since value cells are desenbed i lerms ot threshold units. ey
cin by either off or o AN on salue sinifies the presence of an edey
AL the assocuited positon and orentatien \aldiional accucey and the
avoidance of certain coomputationad problems can he acueved trough
the use ol sverlapping cells, The techmgal detats ol enerlapproye cells
acieres are discussed 0 o separate paper [2Y]0 Value cells
represenung different varables e relaed v constants, kb the
Lamilar exampie of line detectim an edge el G vy, @) os related
Al e cell @y thirongh the consaraing vaeos#y « vandy, = py

I'he previows hne consteoant was binary i that asalue cell for g
specific vdpe valioe was conmeted (e cell tor aspeatie Tine. A special
Kimd ot constiamt s & feran coendeead 1 which three valow cells are
relatedl, v tefnan eohstrnl el daprove e accuraey of e
dewetion by using two cdpes Ly #0and (v ve @2, that are on
the sanee bne (F # 7 # Tarctanty - vy v v BE s comstramt s
satistied, then the (p @3 cell s determimed Dy

= arctaniiy v ove- ) 1y

p oo+ vpsind

4.3. The Overall Network

Representative value cells in the overall network are shown in
the following figure. Part A) denotes the prototype frame primitives.
B) shows the cells related to the view transformation. () shows the
polyhedral network, and 1>) shows the
stereo network. Temary constraints ae denoted with an ac
connecling pairs of inputs. In each parameter network, only
representative cells are shown.

5. Implementation

5.1. Data Structures

The overall algorithm is conceptually simple; asynchronously,
eah cell evaluates its input and tums on or off. When the entire
nebvork  converges, the on units represent the solution to the
particular problem. This simple description can lead to inefficient
implementations, shce most of the cells are off in anv given instant

Thus when a chedss its input pairs (in the case of a
temary constraint), most of the cells will be off. To teke advantage of
this, we use pairs of on units to calculate incremental inputs, and
when all such pairs have been considered for any network, subtract
thresholds and determine whether to tum the units on or off. This
strategy is repeated for all the temary constraints in the network The
onlv differences are: (1) the different constraints that relate different
value cells: and (2) the set of' on units at any given instant. The above
strategy requires a data structure that only records on cells.

We ue hash tables with collision resolution via chaining, eg.,
(16, pp. 462-469).

Fgure 1

| x4 8 r ,"1;919 4
NP Na L

5.2, Generic Relaxation Structures

For cach ternary constimtid, tweo Lables most be indexed
compute the andex of o thad, Then the mpier s added 1o the
appropriaie cell s follows.

toreach an £ do
Foreach v F ) de
{
w, o tuledus Fy fa
fncrement tw. £4)

!



the funcuen of Jucremens 18 W oadd the approprate weight to the p
fickd of the entry in the Dlinctable. U there s no previous ey, Jan
appropriate cell i added. Nexl the entries dre thresholded, wd i
below threshold, deleted from the tahle:

Forcach uin T do
1'u < threshold then
delewe (v

Gueen the wenenie Lo, we vl specty the network of
computatians by speaifuing ollecuons of hree tahles, cich group
having an assovtaied  update quke

The Jollosme surmmary  Lable
wpresents s mformatioen

" e ——— _'!_—r— - {E_—_—I—— rule s
A S I S T
Lo_be L he podboe 4 by V.12
e ] adine | plne Ty 340
L aine ] e venen [ g 3
. plane ___l plane 1 pussible edge Fy. 1%
possible cdge _1I_ dilne ! vl fhg. A3 Sed 0B
e vdge | adl L M R R
wene I protatpe . onentiion Fys. Y8 19
o wdpe G oedee o 4 L
anentaton o medel 1Labed [ tg. 110
Ll herx r__._j_r.‘}'." |
rotated TR translation | Fy. 311
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5.3. Implementation

The status of the current implementation is that the constraints
lor matching an object in (wo coordinate flames hale been shown to
work by |23|. The stereo portion of the constraints are currently being
implemented, Figure 2 shows the resut for a simulated three-
dimensional wrench. In these first tests, the data for the wrench is
rotated and translated to obtain a soene ocopy and there is no sell
occlusion.

This is then matched against the original using the constraints
described in Section 3.3 implemented as described in Sections 4 and
S. the figure shows: A) the wrench, B) \alues for the direction of
rotation(magmtude not shown) and C) values for the direction of
tratislation(magnitude not shown). The multiple values are die resutt
of fase paiings between sore frame primitive and  prototype.
Atthough the grey scde does not emphasize this, the comect
transformation is found easiy in this case.

6. High-Level Control

The prototype frames fomm a generic basis set  In order fo
represent a particular object, an appropriate subset of value units must
be tumed on. Ore way to do this is to represent objecis as specific
links between an object token space and the prototype frame space.
This amangement fooms a basic architecture that can be used in
severa different ways.

/. Object localion. If a particular object is sought, its prototype frame
description is tumed on by activating its objcct token. This (ums on
the appropriate frame primitives. Then if a match between the object
and a subset of the soene exists, a rotation and a translation unit will
be tumed on in the fransformation network.

/. Object Recognition. If an object hes been segmented (by other
methods, eg. range, color efc) and its identity is sought, the
prototype frame can be loaded with several candidate objects. If the
matching process can build a transformation between any of tese
objects and the segmented object, appropriate rotation and translation
units will be tumed on.
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Figure 2.

/11. Navigations. This architecture can also be used for navigation in
the following way. At some initial ume to the current soere is loaded
into the prototype frame by activating the identity units in the
transformation space. This has the effect of tuming on units in the
prototype frame that are a copy of the soene units at that instant.
Henceforth, as the observer moves around, these units are locked on.
The result is that at any instant the transformation units will reflect
the transformation betwveen the cument soene and that at t, The
inverse of this transform commesponds to the observer motion.
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7. Conclusions

In dus paper we have deseloped o number of imerdependent
weas, Fhe mann point s that geometne frames provide a natutal way
ol talkang 2bout shape. This adea fias heen present in paachology aod
ditferenugl gcometry for s long time. Our contrthutim has been
develop the particutar constramts Tor polvhedra and show how thes
lead maturally (@ agorthms for estracung frame mtortravon e the
seene and tmaching 1t against stered profotypes.

the particular focus o} the paper was shethe extraction af linear
featires rom edpe dats and ihe matchimg of these features ©w obtaim
three-dimensional information.

It s exbremels important Wwomele that these alaorithms all vse
whitanon a5 the compatmg cugne and  walue cells ay the
representation. The fact that ATk these prohlems can be Tundhed mothe
same wary arpues lor the penerahing ol the appioach
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