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ABSTRACT

Three dimensional images, similar to depth maps, are obtained with a
| trighguigtion system using 4 television cgmerg, aNd a deflegtaple

laser beam diverged (nto a plane by a cylindrical lens,

Corplex objects ape represented as structures Joining parts called
generalized cylinders, These primitives ae formalized In a volume
reorosentation by an arbritrary cross section varying along a space
curve axils, Severa| types of Jolnt structures are discussed,

Experimgnta| results ar® shown for the description (bullding of
interna} computer moceis) of a handful of compiex objects, beginning
with laser range data from actual objects, Our programs have

: generated complete descriptions of rings, cones, and snake~|lke
J obJectc, all of whhlich may be described by a single primitive,

Complex objects, such as dolis, have been segmented Into parts, most
of whlch are weil deserivbed by programs which Implement generallzed
cylindep doscriptions,
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| 1 INTRODUCTION |
Cur present interest in representation and desc iotjon of

curveo objects arose from a2 desire to extend the capabilities of
Ca the Stanford Hand-fye System (Fe|dmanles to recognlze a wide,

ciess of objects than plane«bounded sollds, OQur initial attemots
to rScognize cones, cylinders, and spheres were not carried far
enoudh ¢t0 demonstrate the usefulness of existing techniques In
recodnizing this imited acddition to the class of recognizable
oplecta, But there appears tc he no Insupmountabl® barrier to
doling so,

hers have heen few other attempts to recognize curved :
obJects, B, K, P, Hopn [Horn] reconstructed the depth contours
of three dimensional surfaces from thelr photographs based on
assuTptlions about the light reflection characteristics of the

| ; surface, Krakauer [Kprakauer) was able to distinguish among
j several kinds of feult by examining the connectivity ang

structure of brightness contours in a twoedimensiona! image.

it soon became apparent that lityle ugeful purpose would deserved by thege echniques, A significant Improvement n
q performance of vislon systems would come only when they were
) carable of recognizing the sort of everyday oblJects that =2 robot

of the future might have to deal With, To accomplish this, we
rake use of two now tools or technlgues,

- . ]

snoush®so! "3X 7} taet8a [ReB HARTER NERELL 200070, de] 0X0 04Sand thelr relation to one another, The representationwe propose
iil allow several different modeis for primitives or oarts of
obJects, These models may Include prototypes of varlous_sorts,

: The particular prototypes we emojoy, generalized cylinders, are
usefu| for describing a large ciass of natural and manemads

Ch opJects, Generalized cylinders consist of a space curve or axis
x and a set of cross sections described on this axls, they

cescribe In a natyral and intuitive way pleces which possess
elongation, or which have axlal symmetry, The gQeneralized

| cylinders mgy be |inked together In varlous ways toc form compiax
obJects, The most significant departure from previous methods of
description Is that the representation Is essentially a volume
representation, as opposed tc a surface representation, Chapter
2 of this report describes In detal| representation by
gsnerglized cylinders, and glves some exampies of how obJects
right be mode|led with such a represensation,

® Names In gguape brackets denote references which may be

found at the end of this report,
1
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1 ITROJUCTION .

Tne seacono pew technicue Is the use of direct dep shTeastrement for recognition, Every tWoed|mensiong | mage of 4
threa-dimengiong| scene [s amtlguous, In that there are an| Infinite number of realizaple ohysical obJects (or droupings of

i obJects) which could glve rise to the Image, These amtigulties
Tay De rasolved only by a crilor]| assumpi{lons about tha nature of
the scene, The use of direct centh Information eliminates the
need for assumptions such as sQuareness of corners, requirements
that stored pretotypes exist for avery cossibie objsst In e
scene, op knewledge of tha reflective characteristics of
surfaces, Chapte,; 3 describes a ranging system, whlch gdtalns
cepth Information by triangulation, using a iaser and qotelevision camera,

The test of any vis|on system myst be how wel] jt deals withactua| objects, Chapters 4 anc 5 describe an experimantaj system
to Oenerate descriptions of phys!cal obJects, from denth dataderivVeg fram ehe ranging system, The system has so far 9lven
900d resuits In geecribling some simple Curved objects, and hasbeen moderately successful In describing parts of complex
cbJects, Some results may be seen In Flgures 2,15 through 2.28at the end of Chapter 2+ Chapter 6 containg some sudgastions forfurther ressarch,

50 far we have not achieves our goal of recognition of
complex objects; we cannot yet Identify a given obJect, say, as a
huranold figures or as a hammer, Sut We hope our mathod of \redreésentation ang our work In description of oblects nas laid |the droundwork for progress In thls area,

i

{

3

2

J

d

EE



. ~ i EE A ana aint Ahaha alta |

t

|

2 REPRESENTATION

R 4 fundamenta! prapiem In the design of Intelligent mechines| and computer programs Is rggcesfniation, Prcbjem sofving
St ! requires facts about tne prob %n d mala: Opgy a finite quaber of
Ri facts may be stored dlroctly mm a machine's memory} other

Inforratlon wWhicn the machine reaulres must be decuced or
} inferred from the avalliahle data, We shall address oursélves

spec!fically to Information about solid, three dimensional |
opJects, The auesticn Wwhlzh must be ansveéred in the preiiminary

t deslSn stage of an Intelligent machine Is, then, what types of
data wlll Se stored, and how should It be organized in order to |
obtaln other useful information? »

F " \Y f PooLo fpeayertly, problem solving cagy lies n LLanS ga opent nt |
¢ the same date, For the robot shiloh must acaulre information

arout the external world through sensors, this means going from
the raw Input from the sensors Irto a set of facts upon which
decislons may be based, We use the word descclotign to _dencte
the process of derlying a high level representation iron low
level data, We may also cal! the data structure SO derived a

’ description,

Nepresentation and description ars intlipatadly related, The |
form of the representation dictates the descriction strategy, A
ussfu| representation makes description easy, But a_useful
representation must &lsc provide ways of deailng with &nd

’ renipulating lts descriptions, It must provide us with the kinds
of ‘nformatlon we really want for decision making, Intel ilgent
rachires will utl|lze this Information for recognition and |
classification, for manipulation by externa] machinery, for mane
rachlne communication, and for grachical display or drawings,
Sectlon 2,1 spejis out some desirable charecteristics of a

’ rebresentation for decision making,

s p . , . . YRL URI IIR HIS PLA HE HEH Lpvolre ane k3e, 1981089043
composed, Usuz|ly the m=ode|s themss|ves Dossess some st ucturs
of ghel, own, Degc loglon a.9 bulle up DY wpecifying he| ) relationships between orimitives, specifying a Sonresentat|on
involves a cholce of what models to make usa of, and how they are
to be interrelated, [n Sectlon 2,2 we outline the structureof a |
new representation making use of geoerallzed cylinders and other
trodes, Genera ized cylinders are treated [n Section 2.3,

4

3

UESa.| SyI



|

2 REPESENTATION 3

Cther representations have been used and are being used In
Intelligent machlineg fo, describing sollac oblects., jn Section |
2,4 we compare some of these with representation bY generalized
cylinceps, aro eXplaln how they fall tc meet the requ! rements we . |

: have set forth, |
i

2.1 REAUIRFMENTS FOR A REPKESENTATION

A general purpose Intelligent machine shculd be, gaoab |e of ]dealing wlth a wide variety of Information, Specifically, +¢
shouid be able ¢o recognize and manjpula¢® a wide class of
ObDJEC es Rect he oimila !ey beswdan 440 o Mo _e otlecios ANd
cetersTne 28e5%, 5 atForshins among oblects withth its iniSerse,
To oesian such a machine, It Is necessery to dsveldc sone
concepts of the "ghape" of a threee-dimensional object,

A e of ,shape .is WR . Sgrugture
spect t 188 TRE ma dtr 40u ES, 02 0r5aR 00 03, RRRURENRa 0, SEESEEVES
and minor detal|s are reiated, Some other Important attributes
of shape are topological connectedness, elongation; jengtheotoe
width ratios, presence and orfentation of edges, and symmetry,

Ar adequate r2presentation of shape should bE capat]e of
segmer¢ing an object Into parts, Parts may te described
Irdecendentliy, then +the relationship of the parts may be
spec! fied to form obJects, segmentation is essential in the
descriction of complex objects, [t allows a smal| number of
basic parts to be linked In a large variety of ways, The

| structure of a complex object Is then contained _{n the
relationships between nparts, If the segmentation iS done
properly, the parts wlll possess simpler descriptions than the
opJezt woulg without segmentation, when the parts may be further
segmented Into sub-parts, a hleararchical representation Is
obtalned,

| A Wierarchica| representation also a|llgws a variad|s degrees| of detail to be studTec, Detal iad Informacion should be
availabje for comparison betwean objects which are nearly alike,
but this detalled Informat!or should not be allowed tec hlde the
relavent structural Information when the detalled Infornation is
unnhetged, .

| Yet a hierarchical ordanization 0068s not completely 30]ve the| problem of mak | ng avallable a variable degrees of cecall, In
| Jgneral, some redundant Information must De stored. (or \

Qenaraced), A Giyer part might contain sd,eral descriptions,

| 4

|
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REQUIREMENTS FOR A RFPRESENTATION 2,14 |
| successive approximations Qlvin3 greater and greater precision,
! The 9rosser descriptions will not contaln as much information as

the finer ones, so the additional storage to keep the grosser
i ones w!|l not be great,

| Comparison between objects must te allowed, and the degree ofsimilarity assessed, comparison should be on the basis of
structural similarity first, and tnen on degree of similarity

\ between parts of ths structure,

Many natural and Tanufactured obyegts POSSESS elongat] n,Most higher orders of ([fe are distinguished by thelr extrem Jes
=~ |egs, arms, hepds, stems, and branches, The shape of man-made
ocbJects are frequently dictated oy the shape of their raw
raterials, their method of manufacture, and thelr fungticn, And

J where elongation Is present, the clrectior of the elongation
Usually bears scme useful or functional relatlonshis to the
oblect as a whote,

2,2 A HIERARCHICAL VOLUME REPRESENTATION

We present here a hlerarchica| representation. which we
believe to contain most of the desirable features set forth In
the preceding Sectlon, The representation |s essentially a
volume representation, whlch makes use of arm|ike orimitives, and
bul fds deserliptions ty relating the orimitives and thelr axes in

| various ways, The orimitives are called geperallized cvilnders,
which ape capab,e of describing "spa, 88 of arbitrary Cross
section, The representation may be extended bt: the adcition of
other primitives,

rocrenentaiTonCUSAI0R AOoerdNIF wiT°88001 ®node of T20R OSE 0 L808
with which a robot might have to deal, Only a small subset of

. the representation has actually been Impiemented In our oroQrams
and experimental! work,

1 - 1 -

serobi UT BRP Tn0Y 1000880 Bando eunanih Bunty) TNT a 200 Tonsas |s shown in Flgupre 2,1, Ths six main perts which make up the
figure (the body, two eds, two arms, and <¢he head) are
reprosented a3 |ines or axes, The stpucture which the axes make SE

up we call the gskaldtap of the obJect, The structure of the
fioure Is apparent from the way these axes are related, Most :
people would have Ilttle difficulty recognizing the figure as
redrésenting a man,

5
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2,2 A HICIAACHITAL VOLUME REPRESENTATION .

}

| nN
i

Figure 2.13

Sg¢lek Fic,,,8 of a Mar
|

i

: The [line redcsesenting tne bady Is drawn broader _ thar the

lines of the other parts, ne denote that |ine as the acloclpalaxls of the flgure, The other axes ,,5lp to the princi aj; axis,
and are represe tad as sulordlpsate axes. A pripcipa axs is not
always definable In an arbitrary object or part, but when it can
be defined, ft serves to provide smphasis to a description.

, ®%e depend op gegmgntation to olvide the picture Ineo oleces
which may be simply represented, [f desired, each part may be
further segmented fnto smaller pleces to show a Oreater degree of
detall, Flgure 2,2 shows “ow We might represent the arr of the
stick figure, The upper arm and the forearm constitute the
crincipal axis of the arm, The |ogs may be similarly segmented

: ard represented,

ihat the |lnes of <+he figure actually raprgsent er6 solid iVelurgs, We reprgsent the volume ty a cross saction function on
the axis, A screwdriver Mey be represented by a simple straight
lire skeleton, with a cross section function such as that

| lncicated In Figure 2,3, A formal description of how volumes ars
@¢terated within our description fojiows in the next Section,

o)

|
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Flgure 2,2 3

¢ Stlck Flgure of an Arm |
ZA {
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Figure 2,3

’ Representation of a gcrewde ver
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2,¢ A HIERARCHICAL VOLUME REPREZENTATION -

Although we rapresent volumes, fcr a structural description
ly is conyenteny to find the center |Ines of elongated warts and
refer to these ingtead of to the mers complicated descristlons of

! the Volumes themselves, These axes may be arbitrary scace curves
'n three dimensions, as dictated Ly the volumes they represent, |

Tre places where axls segmants meet we call ialnss, Joints |apd oagcplbed by the nurber of parts being Joined, ¢he
orientations of the of the se3grents, whlch of the segments
contalns the principal axis of the assemply, and whether the
Joint is fixed or movanls,

h |

vo oi |"32¢ 2uT], °P InP EE coRhon"RTR43 SF rifeifais 180%ns ars |
a blage Jolats) which a ows (2ter2| motionIn one d m?ng ion a ;
RB44c8ndzs0CKt Jelats which 84 104s ares! motion Ian tWyaimenslons, and a patatlng Jaln:, In wnleh rotational motion of
one ca,t wlth regpoect to the o«nhe, |e allowed, The moge_Jene,al
tyre of joint Ig both a bali-andesocket Joint and a otating
Joint,

The data Structure of our representation wil] accquot. for aGenera! type of Joint by sterina the approdriate information
about each rart ccmprising the Jclint, But there are ecactly
three types of joint which recur so frequently that we give them
special names,

The simplest type of joint joins two parts apg=tQe8pd. This
type of Joint is best exemp|l!fied by an elbow, as shown i: Flgurs
2,4, The princiog! axls of the assembly contalns the crincioal
axes cf both parts, ,lthough almost every end-tc=-end Joint sould
be eliminated oy describing the two parts together as a single
Cengra'lzed cvilnaer, the end-to-ond Joints are useful where
there is a discontinuity In cross section, a sharl bend or change
lr cupvature of the axls, cr a movable connaction,

The second common type of joint occurs when jhe end of one: part Joins the middle of another, We call the first part the

crossbar, the second the udrlgnt, and tne connection a T=d3lnt,The thupb of Figure 2,5 Is a 990d eXapp|e, The pripciga, axils of
the agsembly genara|ly follows tha cressbar, Usually the cross ”
section of the upright (oerpenacicular to the plane of the T) wlll
not exceed the zrayss section of the crossbar,

The thlrd type of Joint, which we call a bliyrcatlon, occurs
when one part Mmedss (0p divides into) two gubopdinate parts. A
Go0d example is found Where tha thighs meet the hips, The ~-

3
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4 A HIERARCHICAL VOLUME REPRESENTATION 2,2 |
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{ Flgure 2,4 i
End-to-End Joint

{.

| — \

l | x

| 4

: i

A | Figure 2,5 |
| A T=~Joint and a Multifurcation

)
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z 2 A ATE ASCHICAL VOLUME REPSESEATATION y |

: |
gsborolnate branches are approximately parajiel to each otrsr ond |
te the principal Hranch, A conseryation of cross sectlor holde
a+ a plfurcations the cross sectlonms cf tne subordinate Sranches,

: tcvether, should roughiy cual tne crocs section of the =rlncical ;
bpancn, Sometimes +he orincivnal part will divide Into =~ore than
wt subordinate branches; in thls case we call the Joint a
gultliuccacrion, Figure 2,5 also contains an example of a
rultifurcation,

The description process may De likened to Cytting and .pasting, The Image of ar obt_.ect Is cut into parts Which may be
cescrited as Jeneralized cylinders, Holes, notcres, and
corcavitius ars cut out from ¢hd orimitives, The casting ,
operation wil! put the pieces tocether into a framework which
describes the structure of the ooiact,

Cur representation ls non-uniaguye, jegmentation is.carriedcut or the basls of what results in the simplest description, and
ceoencs on neuristic cholces of simplicity and Jocai models,
Qeltlinmgs which compare descripti.ns of oplects must eherevore
take Into account the various ways which segmentation might be
app | lad, '

Flgure 2.6 shows te aifferent “ays in which a disk may DerePresented, Tnis |jlius¢tratas the mportance of symmetryin
selecting an axis, [f we use elongation as the sole criterion
for ceterm!ning the direction of the skeleton, the representation
on the left of Flgure 2.6 Is obtained, Clearly the
representation on the right Is preferable, since axial] symmetry
ajlows a simpler gescription,

. . ’ 4 ag) 1 f H

15 the naliohelisha0rBOY) 13 Dore gi tkalatntar [RO S89, SLREA
the cross section 1s not a simpje curve, The use of a hollow,
thin-na}loeec cress section, Will provide a simple representation
In this case,

|: Genorallzed cylinders are not capable of representing
§ concisely an arsl+rary degree of deta'i, A hierarchical approach
} caf Improve the |eve| of detall to which objects can be

represented, but beyond a certain ncint the simclicity of the i
rgtnog Is lost, lt would certairly be possible to generato a )

| hyran face with generalized cyllngere, but to doascribe a face to
the Jeve| of datall necessary to distinguish ong face from

| another would exceed the limits of practicality,
: -
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! A W]ERARCH]CAL VOLUME REPRESENTATION 2.2

|
J

|

4

! Flgure 2,%
Two Representations of a Disk v

There are shapds which are not very well represented bY our }
rethods, ObJjects formed from sheet metal are 1 frequently

{. occurping example, For ehis reason we allow other orimft]ves to
be added, the main emphasis of this thesls Is on generalized ]
cylinders, but we may take a I1ttle time to suggest what other
vpimigives might pe helpful,

Thin-walled, hollow cross jectlons will be uge ul Ini describing a number of objects, orinc pally contglnors © varloug
sorts, This Is easly accomplished In our representation, But
ts Include a wider class of thin shapes, we should aliow a NOW
neiml¢lve consisting of flat sheets, A strictly twoedimenslional
representation of sheets wlll not ve usefu| because It cannoe 9
account for bending or warping of the sheets, Flat sheets may be :

| represented In a manner similar to the way we mode| generalized jcylinders, except that the cross sections beoome one~dimensional, )

Negat|ve, or yotragt|ve volumes can Make descriptions much \sirpler r mode! ng hcles and other concavities n obJects, :
truncating planes and surfaces wil! be useful In descr Ibine :

’ hem]spheres and the |ike, These are a special case of a
subtractive volume, wherd only one surface of the truncating :
volume need be descr !bed,

11 :

}
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2,2 A HIERARCHICAL VOLUME REPIEZENTATION Lo

The strength of tnlsg method of representation Iles In |
sgamenrtation which results In simple descriptions of the malor
feetures and proportions of man-made ana natural shapes, and in

: the usefulness of the descriptiors In Inferring shape and
function, The segmentation depends on a class of primitives

which allows a natu.al part-whole decomposition and which
suggests simple approximations,

! 2,3 GENERALIZED TCALSLATIONAL INVARIANCE
AND GENERALIZED CYLINDERS

| To describe the snakellke primitives cf our system, we make
use of the concert of generalized translational invariance, first
formajlzed by T, 0, 8inford [BInford 71), and extended hsre, ;

The model we propose Consists of!

1, A snace curve, called the axis,

2, Planes perpendicular to the axis, and a set of
: axes On the pjans,

3, A varlanje cross section described on these axes,

These primitives we call ggpneralizeg gcylloders,
i

A simple cY|lnder may be gensrated as follows: uopsse there
ls an arbltrary simp ia closed curve lying fe an iroVE0ass o Fane:
as Shown In Flgure 2,7, 1f the plane Is translated In g
alrectlion normal to the plane, the |ocus of the curve traces out
a portion of a surface, The surface so traced is a c¢y|Inder (in

the usual geometric senss of the word), With suitable
terminating surfaces at the ends, this process can generate a
sollo pody enclosed by the gurface,

We can formalize the generation of sinole cylinders as

follows: Let C denote the curve, P the plane in which it
- - -

inttlally Iles, and_p the direction rormal to P, L8t (0,3) De a -
trans{atlon operator which we may apoly to space curves, Such

that T(p,a)«C represents the curve C after 1+ has been translated
- -

a oistance gq In the dlrsction 2, Ths volume T(p,s)eC (Z<sEN),
the locus of the area Inside C as |¢ is translated a distance \ -

12
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| S

Cg Flgure 2,7
A Cylinder

in the direction nosma| to P, Is a cylinder, If D Is some
, J

L dietingulshed polnt on P associated with C (such as the center)

then T(p,s)eD (BSsS\) represents a stralght [ine In space which
we coi] the "axis" of the volume,

We generalize _¢hlg "simple" cylinder In two ways The first
4 is to allow the direction of trang iation to vary, The second Ts

to allow the shane of the cross section to vary,

General|lzed translational] Invap lance as formulated ,by
Binford, general!ses both the translation and the cross section
varlatlon by Including In the operator T a congruence

i transformation on cross sectlons, That Is, ths operator Wii|
transform the trans|ated cross section to force a congruence with
the normal cross section at the translated position, This is
hasically a descriptive technique which will be useful |f we can ;
find an ax!s cholge such that the congruence transformations are
sufficiently simple, It Is this technliaue which we follow In the

’ computer description of primitives set forth In Chapter 5, But
for ¢ higher eve! representation of complex objects we prefer

13
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the generational technlzue which follons, Ae believe that the

sobasacion of the axly and the c.ogg section Jdegc,.lptiong giveg a
rore general and more intultlve representation of shapa,

Aflowlng the direction of <translatlion to vary Will allow us -
to genarate "snakes" of constant cross section, a3 skown in
Figure 2,8, In our computer=implemented repressntation, the axls

Ils repressntac g® a sgauence of pnolnts, But in ganmeral, we wish
te Cescribe the axes 25 continuous space edJdrves, 48 choose

helices to represent space curves of constant curvature, if +he
curvatur? of a curve varies, l¢ may pe anproximated by a sequence
of ssgmente cf the proper curvature,

Y Y
X Y

) X

> X

P; f |

No ¥ Se
D(S)

Clgure 2,8

Gone. alizen Cylinde, with Cong«any C.0gg Secvion

To describe nhejlical axes, it is conveniens te introduce an
yxlllary coordinate system, A, centered on <he distinguished

-

s0lnt, OD, The curvature of the axis will be dsscribed relative .
: to this coordinate system, the directicn of translation Will De

the Z-axis of A, The curve C Illes in the x-~y otanes af A, The 2

orientation of a wlth respect to the rast of the wor!ig wi!l be
some function of arc length, s, along the axis, That 1s, the
oplentations of hg xv, y= and 2z-axes of A are <+he (mutually

“4

by ‘
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LJ - 0 |

opthogonal) vectorevalued functions x(s)., ¥Y(s), and 2(s), Ar Bn
ob

: axils D(s) may be represented as the solution to the difference
LJ ”

equation D = Tes«D , or
i new old

SE Dtg+de) = TtZ(s),ds) ® D(s) (Equation 2.13

in ths |Imlt as ds approaches #, Or equivalentiy,

> -

dD(s)/ds = 2(s), (Equation 2.21 |
{ :

lf we sepresent the curve C paramete ically in the x%=y pjane ofa(although we wl]! not necessarily depend or a parametric
rapresentation) we might ohoose the form Po

-? »

, xef (ty, yf (4%), (U2tst :
: X y max :

: where ¢+ Ils arc Lenoth along fhe cyrve, Then the surface Ci(s,t) |i ray De represented In theree dimens|jons as |

( ob J J .
Cisst) ® D(s) « f (2) x(s) + f (tt) y(s), (OSE),

X 4 max
[Equation 2.33

The "generalized cylinder" |s bounded by the locus of C(s) as s

{ varies from @ ¢o0 ),

Three Independent derivatives are necessary to descrlog themotion of DO and ts coordinate system, ([Coxaster] contains ga
i discussion of the gensration of hellces,) We choose tersion, T

(tau), curvature K (kappa) , and an angle § (tnetm) denotingan
axls of ourvature In the Xey plane, such that the foliewins

: relationships hold:

-» < og . <
dx/ds = =K 2 cos 8 + Ty (Equation 2.4)

i ) dy/ds = «K 2 sin 8 « 1 x (Equation 2,51
Ll -» LJ

dz/dg = K ( x cos 8 + y sin 8 ) (Equation 2,6)
15
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2,3 GENERALIZED TRANSLATIONAL INVARIANCE

Flgure 2,5 shows a helical skeleton and a geometrip |
interpretation of torslon and curvature for the case Where § = 2, Cl
PL.re torsion results In rotation of A about Its Z=gxls, Pure |

| curvature results in rotation of A about the a¥is of curvature,

Coy
Rotation in curvature 2

x . "\_A\ Rotation in :
x-axis points to Torsion

center of curvature NN

Flgure 2.9%
Torslon and Curvature of a Hellx

Only an Initial posiilcn and orientation for the guxi|lary
coordinate system A, plus sur ¢th-ee derivativa parameters, are

| necessary for Equations 2.4 through 2,é to generate scace curves
which are segments of arbitrary hejlces, Jf TU is z8ro, a torus

t oonerated, [f K Is z8r0, the eauatlionrs generate a straightne,

arlabi ® thie : ]

oces Ble YArIABI0,0 13s COPRREa0E.ADr tN HRTT RFS 080701 Raidsystér A such that the center of curvaturs aiways |jes it the xez |
plans, The additional variable allows us to specify the cross

: section shapes mere economically,

. The seodna way we generalize our formal model Is to zilow the |
shapé of the cross section to vary, Let C(s) be a cross sectione

16 ;
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vialueg function of That ls, given soma specific value for s,
the function Cls) wlll tell us how to construct a closed curve |

: (or 8 famlly of none-intersecting closed curves) on the x.y plane |
of Ay In specifying the form of C{s), we have chosen to use a |

( ’ smal! set of regular geometric shapes, wlth variable scalarsarameters to Speclfy size, proportions, or rotation, These |
; paraffeters may be Junctions cf arc length ss along the axls, so |

that we may Qgongrate cones, delilis, or plang legs,

Representation of cross section shaces has not been tha

$ attention it deserves In this research, Describing cross
sections Is a representation orobjem in two dimensions, and many
of the comments ws nave already offered on representation mighe !
oe apr|ied here gs Well, in particular, segmentation Is
Important In dessrlpling comdilcated cross sections, Qur forma) |
trode! !s capbabie of extension by the addition of other means of

 } specifying cross section curves, Polar functions (radius vs,
angle) and other parametric representations of the cross section
outline can provide a very gensra| descriptive power, Fut thess

| ap® not entirely satisfactory since thelr constructs do not

ppovige an intuftive description of chaps, |

A i w h xX f hy radius ome Vad ize as kis RIAN OAR I ARIE ARS AA FRI SI
section, Such a eftuation Is [(liustrated In Figure 2,4p., The
suclace described py the cross section’s outilme Is convojute,

| But the yglums of the golld Ils the locus of the inteplor of ¢he
Cross section. The fact that thls |oCUS CroSSOS tse, f shoud

| i Introduce no difficulty, The surface of the object _in the
vicinity of the bend wlil be those points of the object which are
adJacent to its extsrlor,

High a sufficlentiy general cros section representation:Qeneraiized transiational nvarlance w i genorate ary reajizable
) obJect, in a geivial but uninteresting way, Let the axiz be a

straight ine, and describe the cross sections cut by plands 3
perpendicular to the axla as a functicn of |jength along ft, The .

i description of these cross sections wil| nct, In generg|, be easy
op elegant, The utility of the method of descrlotion wiil Ile in
its glmpllclity and Its usefuinsss In extracting slonitlicant

| , features, The fundamental auestion Is whether we can do thls 8
simply for an !nteresting ciass of objocts, ;

!

*
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Figure 2.10
\ Surface Anomaly
!
i

2.4 COMPARISON WITH SOME OTHER METHODS OF
REPRESENTATION

Many wavs of cepresenting three~dimersional oblests_exigt,: Different reDrasentations make different kinds of Infoemat on
avaliable, and achleve d!fferent degrees of success In presenting

: thls information In a useful manner, 48 sna|} mention some Of
the more slanlticant of thase, and compare them With
rebroezentation by generalized cylinders with rescect to how well
they describe those attributes we cali shape,

i

Among the mogt bas|c methods of representing s ld objectsar¥ the space pap ang lg PEE: Ta, A Space map Is a tRTses

contiguous cells, 41th a coarse ceil size, this mcde| Ts useful .
'n otstacie avoldance, or In ldentification of gutaroas Of
special Interest in a larger scons, A depth map is a woe
dimensional array oontalning the distances from a camera Or
ranging device to the nearest surfaces of an ocject or scens, The |
low-level Input to many programs 1s organized in this fashicn,
(A varlation on tne gepth mar Is the depth grla, descrined in -

| 18
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factler 3,2.) While space m=aps ond dfotn nas ar® cynvegieort
«1¥s ¢f crudniZing |ow=laVel gata, trey have iiztleg apri-.aotlity
To sharp? desCrigtigns

come surface desarifrlop nethons may b8 classifisa wish Zectr
; naps: hep ERaSga0ESTo4RE, substltutls degth Contours gr_amaj¥tice

f nctiens for the ¢ _cedlmenslonal oecth array, Bi ariare spline
| iYttino [Cocns) tilts into this category. Horn created a cecth: contour peprasantatlion from assumptions about iilumination anc

reflectance characeerigtics [Hernl, |

; . iA rommo edpegentatjon ys83,a -f -vgrtax modelober +aCTROBe, £57085" 0%8 51RD 453308, a0REXGZRSR-20 ERR2:52E T°Raxs
use Of prototypes where the relationships of faces to cages anc
vertices Is definga In advance for a fixed number of nrimitives,
Sere mors flexiale mede | s rave been used by other
reseapchepg [Shiral, Raumgartl), This tyre ot mecdel 1s mainly
sultec to opoiyhegra, dut anoroximation of curveo cblects 0Y 2
facated representation has had some success in computer graphics
, This extension of shat Is essentially a ~ethod for plane-

’ ngundad objects Into the dasmaln of curved cbliects canrnct be :
zarlioysly consi jeped a reasongble candlioate for shece
sescription, The nody-facee-edgco-veptox model describes surfaces, )
not Volumes, And tne number cf planes tc te deals witn ~akes the .
~gthog unwlaldy for curved ohects,

Lgglgl axis srgdsforos (Elum, Motg-Smith] bear somesuyperficlal resemblance to representation by ceneralized
cyllirders, We shal] ¢evete a naragraph to explaining how mealal |
axls transforms are derived, then show why they go nct provioe er
ageguate description of shape,

i
i

Ir two dJdimgngigngs the madlal axly trznsforn is roretimes! called a plum sransiord. The wium transform tor a given share is
generated as fo|lowg! associated with avery point in the interioy

| of a (two almangional) shape or outiine, is a mix .mal disc~eighbgornood, Figure 2.11 shows some points 1n the interior of 3a

| rectarcle, ang thelr naximal neighborhoods, Tre m™maxifel~gightcrhood of any eclint is the largest disc which may be ‘
centered on that point and stiii remain within the btoundaries of 3

: the outline, Tha 8lum transform of the ghape consists of the .
~gnters of <he maximal nejohborhoods which are ro: wholly =
centdined im any larger neighborhood, In Figure 2,311 the \
~glghpephood of paint F is wholly Inside that of noine EE, and .
+rat cf peine CC fg whaelly inside <that of seine {, Only ¢he
~elghbcrhooas of points A, 6, and E cannot be wnolly conzained in |
ary lapger maxima] neightorhocd:; arg those points will bo cart Of

| [
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2+9 NTHER METHODS OF REPPESENTATION :

:

Pa NN
P, (2 \

|

Flgure 2,11 |
Maximal Nelgkborhoods

the Blum transform of tha rectangje, The compiate Blum «ransforn
of a rectangle is snown In Flgure 2,12,

When the Bium transform ls axtenged to three ¢lmensions, thetransforms become not Space curves, but cortions ef curved
surfaces In space, The medial axls transform of an eiiipzoid Ie
an ¢|!ipseeshapegd olece of a flat surface, centered in the
3llipsold,

The p Ing ina] oblect]ons to nedlal axis transforms, are thati § segmentat on is apciied; |+ must be done Nn a priSid manner, -
that generation of the transforms requires knowlecsn of the

: compiete object, and that the <ransforms it generates are NON-
intulglve,

led madig! axls trans?orm, pfter
1s ROIMBOERT!S0ATEYeR® 38° !0RanEReSOF Fo RS Tat 3RE $i TAsb0FR
sultable conditions must be @stablished to aifferentiats those
branches of the transform which represent extremities of the
coJect from those which arise from corners, What we roa!ly want
from a representation 1s the ability to segment firs$, and then
describe each nart, and that the segmentation te aopliad so as to
yield the sinplest description of each part, wish medial axis

29
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t OTHER METHODS OF REPRESENTATION 2,4

| |

{

}

|
{

}

1

, Figure 2,12 :
Blum Transform of a Rectangle

afore description wll! crante extra
transforms, Seonentation, .R Aly HHT Cour léls frinches on
the teansform,

: -

o exiopt. of an object.mugt be known in order find
the ILE AIA 1550798 1 This creo udes use of the nethod on

| obJects obtained yen only one view, Two dimensional shapes are
usually viewad In thelr entirety, but [In three dimensions the
entire surface of an otleot Is difficult to obtain,

( .
| | A noneintultive two-dimensional medial axis transform may De
; soon non Fioute'2, 13) the Bium transform of a rectangle wlth 3 :
| notch, A minor variation In the outline produces a major

perturbation In Its transform, In three dimensions the 3ituation ;
ie afalogous, The medial ax!s transform ofa colin Or flat dise i

{ will be a circular portion of a viane with pimel ike 8Xt8nsions at
l¢s ¢lpcumference, £

|
j

:
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Figure 2,13

Blum Transform of a Rectangle with a Notch

22
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3 DEPTH MEASUREMENT ’

the recognition and renresentation of obJects as performed In |
\ ths experimental portion of this research equ] res three. Lo

dimensfona| data on which to operate, The primary requirement is
that the data be reasonably dense and reesonably sonslstent,
while the speclal characteristics of our laser triangulation
system are made use of In many of the technioues to be described,
we DO|leve our methods are genera] enough that other means of cl

, ranglro can be substituted,

3.1 SOME METHODS OF DEPTH MEASUREMENT

renshrobhEYs S0T8R° NIRS LNS0 eat 52 89 Pahoa TYE O0R y OLneBBtD Fo
sultabie of these are discussed below, a

. ¢ - - 3
IILTR OR LIE HERE ET TPA FHT I i
ft, All| of these davices ars variations on the basic method of 4
time=of-f|ight measurement of Iight, Far the distances In which ’

; we ars [nterested, this usually takes ha form of a |[aser beam y
roculated by 1a sinysoldel signal, and a detector and ohase .
measuring clreulg which determirsz the phase shift of the :
reflected [loht “lth respect to the emitted (ight, A" example of
such an Instrument Is the Geodolite, ranufactured by Soectra- !
Physics, Mountain vylew, California, Its dspth resojution of i }

’ mi|limeter Is probably adeauate for our purposes, Direct ranging
devices require a twoeaxls daflection system (usually a paler of /
rotating mirrors) in order to scan a scene, The resoonse time of
the Snectra-Physics Geodollts is one mlilisecond, With a
ppopeply designed mirror scanning system, It would require only
98 seconds to scan an entlre scene with a raster resolution

’ Comparable to our telavision cameras, At present, its cost Is _

spohlbltive, comogred with other methods avall|atls, As i
techniques In this area Improve, direct ranging may become Fo
compoO¢litive with gthey ranging metnods, ;

3

Tho-qamers stereo ls attractlve mainly feom the R9|nt.cf view Jthat ¢ imitates uman stereo depth percention, W @ résearch 3
using tweegamera stereo may shed |lght on human decth cecont on 5
(ory, more likely, stimulate further research In this area) we ‘
feo] two-camera stereo |s haraly the best Way to measure depth by
coMputer when «gg are [nterested In sceed, efficiency, or .

accuracy, Triangulation by [assr (see the next Section) recuires
ond Ty camera, 1f other characteristics of an object, such as .

23 k
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3.1 SOE METHORS CF DEPTH “EZASUREMENT |

|

od

Color or texture: ape required, a separate TV image of ¢he geene "may be obtained with Ile¢sle aadliglional cost, In genesal, Iz is |
: daslrabli®e tc nave alternate modes of rerdeption for varying
: tasks,

To meagure dagth ty stsraopsis It Is first necessarytolost! fy Do nts I each Ijage whlch Corr®sognd to the $8m® no'nt
on the actual object, Elther some ore|lminary recognition must
be performed on the scene, or correjation must pe performed On
the fine texture of the scena, Tc use a higher level analysis
(sich as a sort of Jjowejsvel recognition) to contrc! ¢he :

acaulsition or processiny of lowelevel incut Is attractive as s
Soa! for future research; but to this date such techniques have
not been demonstrated, Correlation of texture elther restricts !
Us to coarse textured oObJects or requires a much higher spatial
resolution than |s currently avaliable In imaging devices,

R, Ky Nevatia has used motion stereo With texture correlation |
+0 Moa. .9% deD¢h ay gelected doingg on the gy. face of _ockg., Hig
methods vield a depth accuracy similar to that of cur laser

trlanguliatlion system, bute the average processing time ne
estimates to be about 13 s3conds per poling,

Trlangulaticn using a beam or plane of Ifunt ana an imaging
device, as outilned In <¢he following Section, appears to be the
best practical means of ¢three-dimensionai scene acaulsi¢ion
available at present,

J.2 TRIANGULATION BY LASER

| Trlangulation by |aser; (for the case whare the laser bean is
rot oalvergdd,) is gaomatrically similar ¢t0 stereo, (Consider

| redlecing one stereo camera bY a defjectable laser paam., the
horlZontal and vertical deflection angles of the heam correspond
to the raster cocrdinates In the canera, The croolem of
laentificatlon of a singj|e point In the two "views" is
practically eliminated, since In the remaining TV Image the
dplght iaser spot Ig eas!|y detected, |

Data pate for tglangulation by an undlver ied beam Aould De -rather lov, since "for each oolrt measired the laser must de
cefjocted, the TV camera must be read, and the bright sa0¢

lgent{fied, The max!mum data rate using an undiverged peam would
\ te 32 {0 67 data points per second, dased on the time raculired to

redd one TV Image,

24
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J TRIANGULATION RY LASER 3,2

|

A slaniflicant improvement In data rate Is obtained oy
| ofve,g!ny ¢he lage.’q poOnCi| beam Ingo a plane of |ighg, ag, fo;
; Irsténce, dy passing the beam through a cylindelcal lens Such a

) lens will magnify or spread the beam in one dimens{on only,
transforming the circular laser beam [nto an elongated elllpss,
cr plane of 1lght, The angle of divergence of the plane of |ight
wll| be equal to the diameter of ihe undivepged beam, divided bv
the focal length of the Jens, An additional advantage of
diverging the beam [es that snly one rotating mirror will be

) necessary to enable the heam to cover avery part of a scens,

To see how Qepth may be magsuped with a olane of |ight, |} |
TaV be Instruct] ve to th Ink of the olane as being composed of
many Individual rays of |ight enanating from a 2oint, As long as

the rays do not cross or coincide In the camera‘’s Image, each ay Lo) ls identifiable, This restriction Is equivalent to the gondit on
that the plana of !Jght (and [ts infinite extension) not Include
the focal point of the camera,

The only vislplie lljymination on the scene Is In the plane of )
lfesht} hence at|P Yum Re ted points are on theo plane There SE

] exists a uniaue col|lneation (ona=to~one correscondence) between ; |
pcints on ¢the pjane and points In the TV Image, Once the
cellfneation |s kaown, the three dimensional coordinates of any
{illuminated point may be determined from its |ocation in the TV
image,

The deoth acc of telangulation system depgnds on the
y ~esofutlon 5 the Raging device and on the angie of S3carnsfon

between the two polnts of view, (Refer to Flgure 3,1.) The
Irherent pesojutton of an Imaging device gives rise to a cone of
uncertainty for any glven point In an Image, The width of the
cone at the object belng viewed we cai! OD, The uncertainty In

} lateral position because of the resolution of the imag | ng device
is D7 2, If the angle of separation between the camera and the

0 / 2

laser Is OQ, then the maximum uncertainty in position Is oetan
The root-mear=sguare uncertalnty wljl be 2,737 times this, or

| <RMS range error> = 2,353 D cot 0, (Equation 3.1] :

1f the width of the laser ARR {s Tore khan one raster unlt, vthen the uncertainty0 should also Include the uncertainty in i
lccating the centerline of the plane, For a typloal

, ccnfliguration of our ranging systsm, the contribution to D dus. te 2
the resojution of ¢the TV camera Is about 0,05 Inches, :

) o
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3.2 TRIANGULATISN BY LASER :
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TRIANGULATION RY LASER 3,2

Urcertalnty In  1oecating the laser centerline nay add an

acddi¢lonal ze,0 ,0o 2,35 Incneg 40 ghlg flgyee, © ig ygually
about 390 degrees, c¢clvinz a | 1aTting rangs accuracy of 2.335 to

j 2,27 Inches, calibration errors will add further Inaceuracy, bue |
these wl|l not chance relative accuracy, Calibration and
callbratlion errcrs are discussed in goctlon 3,4 and in Appendix
A,

A system simljar to the above was Independently designad.by :
Shirai and Suwa at tc |lectrotechnica| Laboratory, Tokye CShirall,
Conventional ootlices vere used In a slit projector to orolect a

plane of |lght, :

T Vv

RTH EE FHI HEH HER TAR BH
Is that a plang of light from a laser Is uniformiy thin -
throughout =- hence the death of fleic of <he source Is |ass
l{rited, (There still remalns the procliem 5¢ depth of fleld of
the camera's optics,) In addition, placing & narrow bardepass
optical fllter In the camera optics blocks most amblent [[ght, :
with the flliter in place, our system wl|| operate in a sunlit ;
reom wlth no noticeable dearadation in performance, :

+

ronotRTomaE121 cf 52090588 eR cd00% Re lPa0tnabRoVAES, THOT!43
sitner white or a color With a red component, ObJects of ather |
coiors reflect jlttie or no laser |lgnt, Tunable lasersor 1
rultlewavelengih |asers may eliminate thls problem in the futurs,
byt such lasers are now rather expensive, and would require :

| cetectlion of the peam without a fllter,
i

| kL
F

ce porrenaicniar tt ine ds tine eat ned bi Ins 40° 20a ra) 95,3 T0YLY
| deflection assemdo|y, and the center of the scene belng scanned,

Fcr Dest coverage of the scone, the axls of motion of the olane |
| of {lgnt, when !t |s scanned across the scens, should also be
, cerpéndlcular to the same plano,

| in order to Obtaln nore complete and isotropi¢ data, scanning A
! takes place with ¢wo alfferoant orientations of the ojane of 3
: I1ght, The plane of light In the second orlentatlion is at rloht i

an0les to the plane In the fl,st orientation, and both are at 45 Ki
cedrees With respect tc the ontimum plane for oest depth 2
accuracy, Aithsugh the orlentat|sn degrades depth accuracy for b
each scan, the fact that we have two Independent measurements !
Increases the gccuracys and the flnal accuracy is Iideatlicel to :

that computed In fouetion 3,1, or #,35F J cot 0, |
A
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z,2 TRIANGULATION BY LASER .

In scanning a scene, the TV camera Is read, the plane of

'19ny Ig movea by meang of a _9:a¢ins ml,  o., ¢he TV aad again,
; and the cycle receats until] the entire scene has been covered,
i The cylindrical lens |s then rotated 22 degrees, anc the entire ]
‘ scene scanned 1a ¢his orientation, A laser scan refers to one

image from tne Ty camera, or the data derived from ong image,
Wren the data Is converted to three=3d|menslioral coordinates, the
resuit ls a depth grld, The dlstance between successive |aser

; sCdns lg wldep ¢na, the pRso utign of the TV raster, Far €aCH |laser scan ,@ hy,8 2 cepth orof le along a line, The depth
proflles form a sort of derth mao, If we imagine viewlng the
scene from the point of view of «he laser deflection aopsratus,

}

, Ar Interesting possitiilty for high speec scanning of a sceny .
is suggested by +he work of ll] and penringzon (wWill3, thelr
asproach vo ranging Is ¢0o rroj3ct a unifeem coded grid onto a
scene from a slide prelector, This ls equivalent to reading many

| laser scans in a single frams from <+he Tv canera, Wlil and
Pernlrgton made ng attemot to measure Jeoth directly, wnlch would

| Nave ragulrec identifying each Ile In the Ima3a, They sere able
to extract the normal directions to plane facets |liuminated in

| thls ranner, but serformed no racotniticn or determination of the
bouncarlies of the facetz, However, if one were to Use a coded

srld in which the code carries ooslitional laformation, the time
| to scan a scens would be only tns time jt takes to read one Ty
| irags, Some tynes of coded grids they su33est are a shifg

register derlvec code plate, or the grid known In optics _as a
| {rear zone plate, Additional processing would pe necessary to

lgent!fy gach ling In the image, The technlauas to extract the
| coalng Will be exgensive, but for scme applications, a tradeoff

of data acaulsition tims for computation time may be desirable,

i 3.3 HARDWARE

Tha paslic components of tne laser ranging hardware are!

| The laser,

Pepiscope and auxl|lary Nnlrror{(s) to bring the beam to .tha HiH tH assembly, :

| Th deflection ssemb | consistin of a herjca
| focuseTro Tens tatty 1 1R3RTRAYa1 8r3I RS T8ns0 anc® 20000 LTA
| Tie ror.

| 28
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HARD AA 3,3

The Interterance filter, SE

? A ¢eleviglon camera capable of belng read by tha

camputer, : |

| Ihe hardware [s located on the Hand-Eye table at tke_Stanford :trtiflelal Intellijence Laboratory, An overall view of %ha 38tup |

ls shown In Flgyre 3.2. : |

' The {aser Is a Soectra-Physies He-Ne f{aser, model 125,
eritting red | {aR at 2 wavelengtn of 6328 anastroms, Rated ;
cedar of {nie model is S52 ml{[iwatts, but measurements indicate CO
an actual power output of about 35 mi||iwatts, Calculations SE
ba3dd on naximum gonsitiviey of the vidicon tube and ¢he sptlical oo

" barafeters of the system Indicate an output of 12 mii|Twatts to Po
be the minimum for <¢this application, Our 35 aill!iwatts apoears J
To D8 ageqguate, rrovided J

(1) control is maintained of ¢he focussing of the yaam, and Lo
(2) an Interference fliter of sufficient quality !s uswd, co

3

’ For optimal scanning of a scene, the ange at which the laser ;beam Impinges upon the deflection assembly is Impur-sant, the i
beam should be perpendicular to the axils of potatios of the t

mirror, and as shown In the previous Section (Section 3,2), the ;
axls of the mlrror snould be perpendicular to the olane :
determined oy the camera lens center, the centar 0? tha rotating ;
mirror, and the center of the scene to be scanned, The SeriscoDe

’ ard ayx!ilary mirror are for brinaing <¢he beam from the laser,
(located under the table), to the deflection assembly, in the
proper orientation, The periscope consists of two telescoping

stool tubes, with a front-surface mirror Glued Into sacn end at
an angle of dF degrees to the axls, The telescope arrangement
allows adjustment of the height of the beam above the :apls and

’ of the azimuth of the bean, The auxi|lary mirror Is mounted on a
call-end=svcket clamp which allows an arbitrary orientation of .
the beam,

Fiaye Now h €se a fea: r

| defection aisend ons The FSe3ening! lens “is® nocessioy natalie
: ' ogcause of the poor zoliimatisn of thes beam, At the |assr, the ;

Seam is a uniforn soot about 3 mi|]|imetars wide, This diverges i :
to a complex pattern of =pots znd rings about 5 millimeters wide i
at the deflection agsambly, The focussing Jens has a focal :
length of S@C mi{[jimeters, and orings the beam to a spot about 2 3

Tiiilreters across at the center of the scenes, when the 2
, cylinc¢rical lens js absent, 3

i
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: 3,3 KARDWARE :

: Auxiliary Mirror b
| Object Being Scanned |

| SN piBar of Light
=

— | { _o—Ray
9 from\ Laser ;

— Deflection ]

MN Assembly
(7) TV Camera/with

\ // Interference
Filter :

A Periscope
Laser ys

(under table) ] P
Fl gure 3 0 2

Laser Ranging Apparatus
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: a J
| HARDWARE 3,3
|

I

!

{ Lens’ Stepper Motor Rotating Mirror :

| |
} Cylindrical

Small Gear Lens Plane of Light 3 |

(J ,

= 2 _ =u
t. J A :oA |

\ ]

QA Large Gear :
 } Laser Beam Ay

, Focussing Lens ON :
Gear Reduction Head i

(part of Mirror's Stepper Motor) 3

!

4

Flgure 3,3 i
Laser Deflection Assemb|y )

i
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3,9 HARDWARE ~ |

The cylindrical lens Is a short plece of Oyrex glass rod, i
: its focal |engen ig approximately & m j|imeters, The cylinmapical

lens c¢lverges the beam only In the glrection peroendlcular to the
axls of ths lens, and changes the circular cress section of the -
laser beam into ar elongated ellipse, A stepper motor may rotate
the lens to change the dlirecticn of elongation,

| A frony=surface mirror is mounted on the shaft of a gearrecuction head attached to a stepper motcr, THhls arrangement is
caPatle of scanning the beam or Slane of [ight across the scene,

| The resolution of the motor-ciUs-gear-recduction Is 1728 steps per
revolution at the output shaft, |

. |

The entire deflection assembly is mounted on a ball=ands
| socket clamp to alow allgnment With the Incoming beam and proper :
| orlentation of the ou<put lllumination,

Tne function of the Interference filter Is to sgreen Out
arblent |l1ght, ang let only reflected laser |ight reach the
vigicon tube, Its use Is necessary only when working In a
carkered room is yngeslirable, de have experimented with two

: different filters, both manufactured ty Octi¢s Technology, Inc,
The flrst has a bandpass of &,5 andstroms, and a transmission of

i about 55 percent at 6328 angstroms, With this fifiter we have had
| no glfficulity obtaining 700d TV Images In daylight, However the

2,37 Inch thickness of this fliter made it unsuitable for
Incorporation Into the color wnes| of a new television camera
dresent|y being instrumented, A thinner flltes purchased for the
color wheel proved unsatisfactory, Its bandpass |s about 29
angstroms, but other calibration data are |acklng, _ Lowe,
transrisslon at 6328 angstroms and nigher transmission at other
wavelengths leave too |ittle contrast for daylight oteration,

The prasent configuration Is trjcky and time-consuming to set :Ug. Usually about one hour Is required to sét up and calibrate
the equipment, A more permanent setup, opernaps with the
deflection assemo|y mounted on op of the periscope, is peing
Contérpiated,

Figure 3,4 is the television image of a Barble dol! in plsce i
‘ or. the tatle, ready for scanning, Tne table has been covered

with a dark cloth, to suppress the background of the plcture (the
tabletop), The laser plane cf |ight may pe seen illuminating the
subject, starting at the right shoulder of the doll, going across
the right breast and the stomach, to cross the left leg near the
Knee,

32
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! Figure 3,4
i TV Image of a Rarbie Dol!
i
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3.4 CALIBRATION

Calibration is tha process whereby we measure emparanotect E cider to 44 abje fa reconstruct the" 4334
dirensional coordinates of peints In a scene,

 §

Callbpation, 3 Stanford, has come to mean the determinationof exact parametric modals for cameras and arms (manipulators),
| so that ail coordinates may be measured relative to a fixed 3
; coordinate system, The ability to refer to and ¢o access \

absolute coordinates makes cemmunication between parts of a large ~

’ syster simpler, But for a general curpose Intelligent machine,
ahsolyute locations will not be as usafu| as relative ones, There

33
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5,9 TALIRRATION :

fg little evidence to indicate that human perception makes use of
an absolute frame of raferencs, Rather, © are ayare of the

| locations of objects relative to 2acnh other, and of our Own
( position relative to our surroundings, Anaron GlI1 (5il11] has ;

shown how Visual servoing of a comouter=contro|led manipsujator
; can achieve alignment of parts, with referenco to absolute

| positions only for initia. onsitioning and searching,
: For recognition of o0Onjects, tre important cues come.from

relative Informa<ion, Sizes and distances On an object are
Invariant with rotation ang *ransj|ation, Ncrmal directions to

| surfaces are comguted locally, The Jlrections we compute are, :
| for convenience, rejatlve to some glodal coordinate system, but
| what matters Is the relative orlentations of different surfaces, :

In jonsigerat n of <thls_ philosophy, the gmolasis of thecalibration oft the Yasar rang!ng system is on relative azcuracy
cf perception,

Catibpation takes placn In two phas2s, camera calibration and
laser calibration,

Camera calioration irvolves eszablishing 2a correspondence
between zoints on the ¢ab:c¢op and oolnts In the TV Image, The
plane of |Ight is projected cn the tabls top, and six laser scans

are read by the camera, in the pagtern shown in Flgure 1,5, The
nine Intersections of the laser {ines are measured on ¢the table

top, relative to a jocal coordinate system (usually wlth Its
centé; near the center of the calibration pattern, Stralght
lines are fit ¢o each laser scan in the Tv image and the nine

Intersections of ¢he straight |lnes are caiculated, The PRAXIS
miriTrizatlon program cgevaloped by Richard Brent and Jrwin Sobel
deter~Ines the values of the camera parameters which glve the
best correspondence detwWsen the nine measured Intersection points
anc the nine Intersections of the laser scans Ian TY coordinates, -

| Five camera parameters are determineg by the caiibration
program: the camepa’s Orientation with respect to our |ocal

coordinate system (pan, «ilt and swing angles), and the
hcrlZontal and vertical scaie factcrs of ¢1e camera, Three
agditlional parameters, denoting <he position of the camera lens
center, are measured approximately (to the nearest inch), and are
held fixed during the minimization crccess, From <hgse eigne

parureters, It is possible to cetermine a matrix, CAMTRANS,
relating points In the scene to tneir coordinates as opserved =
the Ty Imag-=, The pelation ls: .
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of Laser Co

Fi gure J, 5

f, Calibration Pattern

: U X ; .
V = [CAMTRANS) & Y (Equation 3.2) ‘

{ : ER
where XX, Y and are the coord|{nates of the object point, and |
the Image roint ciorilnates are aves by U/H and V/H, :

i cure | measgyrement f he camera's

. pos E108 1th! ests ot! TROSHT Toca] coordlhete system tay Aroducs |absolute errors In Jocation of points locatard far from _the centep : |
’ of the scene, but the relative errors will be |Imited to a s|ight |

warping or scaling of the scens. | |
| ] based n Inimizgtion of rtonlin :

errof83® undrd "EAS OTase? traces, ar Tsing Prod twe TF 1Enene :rotations of the cylindrical jens, cross In a scene, different : {
determinations of depth may be obtained for the polnt _wherse they ;b cross, We call this difference the matching error, Laser ; |
calibration adjusts the parameters of the laser deflection system
to minimize the sum of the sauares of the matching errdra oOVer ga

; scend, i

1
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3,4 CALISRATIO! N

lf the position of the |aser d2flection assembly ls known, |
: the remainder of the laser deflection parameters may be_computed

from the calibration pattern and known physical pa-ameters, as we
chall show below, Tr.us, the only parameters which must Ce :
agJusted hy ihe minimiZer ars tre position of tae laser

! ceflection assemdbiy with ressect to our local coordinate system,
A rough Initial meazuremert provides a startling point for the

| minirizer,

The "posltion cf the laser oceflection assembly” (ors for
br2vity, the "lasge centé.") we take £0 Mgan sone colne nn the
surfaseg of the rotating milrrop, Tne laser ight actually
eranates from ag vircual oolnt pening the DirrOr, Rut there | a |
small area on the surface of the -irror through which all planes
of (lght pess, For the curposss of calicration, we agsume the

. light to emanate from the center of <+ns area, (ie discuss the .
valigjty of +his assumption in Arnendix AL)

*

: coef? [07ancSE02 1nB0% THRs F8FOITIRY 12 (RUAD824 120° ohOFefEne0us
be determined from point 3 and coalmt H in Flgure 3,5 and the
laser center, The plane In the horizontal position ls gatermined :
from points DO ana F and the laser center, Polnts A and | and tna
laser genter determine g plare whigh Wa assume to De
perpendicular to ths ax!s of ro<ation of the rotating mirror,

N (The validity of so assuming we 1iscuss in aAppendlx Ay)

To obtain the coefficients of tne plane of light wnep the
mirrcer is at somg position other than Zero rotation reouires a
series of transfcrmaticne, These are a translatlon, 7, to
transform the laser center to the origin of coordinates, a

: rotation R to align the mirror axis cf rotation wlth the
: Verticals ga rotation M shout the Vertical axis correspenging to

thlce the anile of rotation of the mirror, followed by rotation
by R Inverse and a translation by T inverse to restore the
original orlentation of te axis and position of ¢he laser ]
center, when the clang of light is excressed in homogeneous

; cCoopC-nates, the transforrations may he reprosonted by matrix
rultiplications, (See [Roverts 63) for an exposition of
Norogeneous coor ,;inates and trarcformations,) To obtain the
coefficlents of tse plane of 1igrt at a mirror rotation of ® use

| the following matrix equacion:

]
PLANE(B) = PLANE(D) # SHIFT « ROTATE(®) & SHIFT

ttquation 3,31
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CALIBRATION 34

where SHIFT Is the product of ths transjation T and the rotation
R, ahd ROTATE(B) is a rotation about the vertical axlg,

. { i.
it : Given the hofogeneous representation for the laser plane In go |

specific orfentation, a system of equations may be golved teyleid gq ¢oilineayion COLL such thag ¢he hyglcal Co0,dlnagsg Of |. any point on the image of the scan |ine Ig alven by

( X U .
Y = COLL ee Vv [Equation 3.43
2 i

“here U and V are the raster coord nates of the point, and X/H, |. Y/H, and 2/H are its physical! coord nates, |- Ye i
The complete calibration data for a scenes contains the !

CAMTRANS matrix, the eight camera parameters {ihe location of the |lens center, the pan, tilt, and swing angles, and the horlzontal
and vertical scala of the camera), PLANE(D) (in homogensous ro

| coordinates) for both horlzonta| and vert!cal orientat]ons, the
¢ ratrix SHIFT and its inverse, the |jocatfon of the laser center,

| and the orientation of the m'rror rotation axis, Po
Appendix A shows that errors In the ca|fbratlon rincicaliythose due to non=perpend fculac] ty of the axl of rotation of the i

mirror to the plano determined as mentioned above, contribute at :
c least as much to the uncertainty of range determination as the

| resolution of the camera, The average ahsojute error In range, :
due to 411 known sources: Is ghout 0.05 Ingh,

After minimization, the atching errors typically sun about :2,81 Inch, alniz the resolution of the TV camera and the mAs:
§ of tne laser lines I.ad us to expect an absolute error |n the

neighborhood of 2,63% <0 0,078 inch,

: {
: :

g

:
i

: |
§
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4 PRELIMINARY PROCESSING AND CURVE FITTING

- This chapter describes the low=|eye| processing necessary to SR

: A convert the Tv images obtained wlth laser IT 1unTRattan; touseable denth information for the description routines,

¢

g The unprocessed data exists as Images on the vidleon. of the: Tv camera, the output 2¢ the preliminary processing routines
will be a set of curves, which may ove combined with the laser

L calibration data, to reconstruct ¢the original scens in three |dirsngions, |

4,1 LINE EXTRACTION |
!

The TV camera ls read by a standard roytine from the Stanford |Hand=-g ye Library (Pingiel, Output from this program 8 an arrly
| of four blt brightness samples, packed nine to a 36 bit PDP~1i0

word, oo

| : We joan this array fos ngn=zerg brightness bytes, and frore ; |b the brightness and coordinates of the nonzero samples In an ’
array, One sample octupies one word of ocate, Although the I

| storage requirements are higher for sach samoie, becauss most of i
| the picture Is dark, thers Is « net enducticn In storage required :

of about 2@ to one as @ result of e¢his operation, Detection i
typically requires about 5,9 microseconds par Word which contains :

| t al! 2ero samples, and abut 271 mier9sdqinds per nonzero Word, :
| For a typleca! pleture of 2302 words, ¢uils processing requires
| about 48 mll}lseconds, This averages 40 29 micrcseconds per word :

cr 2.2 migroseconds per point, :

: Figure 4,1 dispjays the nonZero samples gotooted In ons frame :L of television Input for the Barble doll of Figure 3,4, (The piune
of |lght for this image passes from the io¥t shoulder, gcruss the

| left breast and the stomach, and along the right thigh,) The line
| appears wider across the body than along the jeg, This is ;

principally because the bedy of the dofl faces the |[aser t
| deflection assembly; light from the deflection assembly strikes :
} : the sypface perpendicularly, The leg Is obllaue to the laser i
] itlumination, and the total illumination per unlit surface area of

the leg is smaller, i
Co. H

| The !lnes thus detected are usualy several raster units i
bpoad, The breadth obtained |s prlnclpelly due fe a low !| » brightness threshold made necessary oy Intensity varliztions along |
the lime, The line ls generally brighter near Its middis than at i

|
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4.1 LINE EXTRACTION z
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Figure 4,1

None=Zero Brightness Samples From Cne Laser Scan .

either end, and hue and Intensity on the object being scanned
account for a great deal of variation, In order to detect the
dirmest line In the scene a low clipping |avel or theashold Is
imposed om the hardware, This results In saturation in ths

orlghter areas of tho lina, Althcugh the eddes of the [ine are \
oir with respect to the centerp, the 8d0es are detected where the
line Is bright, Refocussing of elther the |aser beam or the |
camera have not been found to have a significant effect on the |

| wioth of the line, |
The | ine 13 shinned by locating {ts centerilne, Horlzontai |and vertical "slices" are made through the picture, For GvVOrPYy |

horiZontally opr vertically cecnt!lquous set of points, the
coordinates of the center of that ser are placed in the array for

| the thinned [ine, The center Is computed by welghtlng the
position of each sample by Its brightness, and taking theirs (average, Figure 4,2 shows tne [ine nf Figure 4,1 after thinning,

In this flgure we see several points that are not near thecenterline of the trace, principaliy where the grace is vertical,
These points arise from vertical sections cassing along the edge
nf the unthinned trace, The operation which (inks the points
will elimirate these spurious points,

39
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LINE EXTRACTiON 4,1
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{ Flgure 4,2 ;
Laser Trane After Thinning {

1

A better thimning oograt lon sould take center|Ines only :oerpendicular to the approximate direction of the |ine, However, }
{ no 3lngle direction of search can apoly to an entire |aser scan; :

eve, If the rie. tation of the laser plane Is known |1p8s may :
lle at any orientation, The only way to epply this would be to ;
first apply a loca] analysis to the [Ine at several olaces to

: deterrine the direction cf the iine,

-t A single program controls the rotating mlcror and televisioncarora, and performs | ine detection and thinning, The usual mode
: of operation Is to use this program to manually adjust the camera 3

oaraTeters for optimum contrast, then to specify to the orogram :
the 'nitial beam position, step increment, and number of steps to !
scan 4 scene, The program wWl|l automatically step the mirror, i

| read the TV camera, detect the nonzero brightness samples, and 3
store thelr coordinates on the disk, A second pass of the same 3
program reads the data stored on the disk for the thinning |
oper8tion, 5

Cr. a dlgk file are stored, for each aser scan, the anguiac 3’ cositions of the mipror and the cylindrical lens, the npumber of :
0o'nts detected !n the Image, the coordinates of each point, and 3
It thinning has not yet been done, the brightness of each oolnt, 3

40
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( LINt EXTRACTION 4,1 |

Figure 4,3 lg a composite of all the laser traces of the
a,ble doll, af¢e> ¢hinning, Noa, the lowe, ,lghg corner we gee i.

! several traces where the black cloth on the tabletop has failed ol
| ( te corpletely subpress the background of the flgurs, The short: . sc $ y

horlzonta| Ilne In the lower right corner Is due to errors in the
{ Tv fngut hardware, To

J

The Image of Flgure 4,3 contains 123 laser fraces, 9777 nONe oozgro brightness asp ies “ere detected, and holt remained afte; :
: , thinning, The prodram required 8 minutes of elapsed time to scan

’ the scene, and 1 minute, 18 seconds of CPU time, The 8 minutes
includes some timg for user Interaction with the program,4 ONe=
second settling time is Imposed, after each step of the rotating .
mirror, for persistence on the vidlicon to die, but this Is partly |
overlapped with processing tima, The balance of the time not P|
accounted for by computation, waiting, or Interaction |s due to i

) tire sharing on the computer, The thinning operation reaulred 39 |
secongs of CPU time additional, The program Which accomplishes 3
trls runs In 27K of cor® on the PDP=1@ computer, }

. 4,2 LINKING THE POINTS '
The center||ne pojnts resulting from the |ine thioning| operation RHI 2°43 are stored In the data structure in

raster order, that }s, they are sorted by thelr coordinates, In

| order to separate |ine segments, perform curve flitting, eliminatespurlous points, and provide a more useable structure to the
data, contlguous seguences of points must be identified as |Ines,
and the points sorted In order along these |ines,

The points are |inked by a "max|mal minimum distance” method.Th!s Is akin to finding a minimal spanning tree [inking
: , cont!guous or nearly contiguous points, and finding the |ongest

: path In <¢his tree, Because of the 1lnear nature of our data
polnts, we may take some heuristic short cuts,

To do thls we flest shall define =a minimum distance"between two polnts in a contiguous set corresponding to the
shortest path through the sat which ink the two polnts, The

L "end points" of a contiguous set are the pair of points which
| have the greatest minimum clstance between them, The linking :

routine orders the points of the set according to the shortest ;

| path betwean the end points, and de|etes those points of the set - &which do not lle on this path, ;

: :

42 3
| 3| i
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4,2 LINKING TRE POINTS i |

We define a minimum distance function as follows: Setween Co
ary wo nelghbo ing so0lnts, the "polnt=to=point dlgeance” ig a

i cefined In Table 4,1 {740 polnts are neighbors If and only If
there |s an entry :n tha <table corresponding to thelr relative -

‘ location,) For any %tWo opofnts, not necessarily nejlghbors, a
"path distance” may be found ty summing the polnteto-point

: distances over some nelghbor=to-nelgnrbyr path connecting the two

| nolnts, In Flgoure 4.4, A, 8, and C arc paths connecting points oand gq, corresponding to path distances of 7, 6, and 7, The
velnlmum dlstancen between two polnts Is the 1inimum, over all ‘
paths, of tne path distance between them, In Figure 4,4 the
minimum distance between D gd a Is &, corresponding to oath 8B,

!

5 5 4 5 6
5 3 2 3 5
4 2 « 2 4 - ¢

5 3 2 3 5 ,

6 5 4 5S 6
Table 4,1

Polnt=toePolint Distance (From Center Point)
i

F 2

po!

2 -

p

Q

: Flgure 4,4
Some Path Distances

To fing the end points we take the first point on the list as -
a starting point, and compute the minimum distance to every Other

43
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LINKING THF POINTS 4,2

i point to which a path exists, (BY jonsidering the nearest points : |firsts) the ¢'me to compute these dlgeancey Is D0,000,¢lional only
{ to the number of polnts,) Assuming there are no long clrcular

baths, (and the nature of our data orecludes this,) the polnt
: with ths greatest minimum distance from the starting point must

be one of the end points, (See Flgure 4,5,) Taking this end
| point as a new s:arting polnt, we again compute the minimum :

distarce to every other point, to ldentlfy the other end point,

Initial Point ——& O Lo

3 eo 3

d Point

End Poin A - 9 i

Lines are minimum paths.

13% 11 9 g
Numbers indicate cumulative

minimum distance from the :
initial point. :

L 14

Flours 4,5
Locating One End Point

¢ After one alr of end points has been found, the, nolnts op ;
: the minimum path are copied Into a separate array In thelr Order ;

ajong the path, Al| points to which a path exists but which do
| not |ie on the minimum oath are to be considered as noise, and

the entire contiguous set of data points Is deleted from the :
ist, The process is repeated to find other |Ine segments until :

A no points remaln unaccounted for, Segments containing fewer than :
five points are discarded as spurious, The [inksd points In each 3
{ne segment are then passed on to the segmentation anc curve ;
fittire routines, ‘

3

he point inking routine found two ling segments In the data {
’ of Floors 4,2, Thege two |ines are shown Tn Figure 4,7, A gan :

!

44 :
|
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| 4 2 LINKING THE POINTS
[]

N
[] . ¢

i 2 |

16

: End Point

1

: 3 1 f
; :

Initial 8 10 18 20 55 i
Point |

Lines are minimum paths.
p)

i A Numbers indicate cumulative

y minimum distance from the .
initial point

0 2
H

. Flgure 4,6 )

Locating the Other End Point
|

Figure 4,7 .
Two Lings round by the Linking Algorithm

45 :
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) LINKING THE FOINTS 4,2 : |

tn the points along the thign of the do|| preventedlaengifleapion of she race as a single |ine, Figyre 4,8 shows ;
( the traces of Figure 4,3 after the [Inking coeration,
hy!

|

’ : |
|

:

’ SI

3

) ;
:

’ :

’

i
?

\

!

3
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Multiple Lager Traces of a Rarnis Dol| After Linking
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: 4,3 RECURSIVE SEGMENTATION

The next sted in the description of objects is curve fitting
¢t the las®r data, For each Ilne segment found by the sorting ~

| ¢cceratlon (Section 4,2) a curve or set of curves Is found which
nay represent or arproxinate the points along the line segment, ’

| civioing the segment {nto subseyments, as necessary, to obtain an
ggequate aoproximation,

f

. coviolaregare, several advantagesto cyrve fittlag thedata,0e
vhich must be handled, a comprassion usually of about 4 to 1,
Curve fltting smooths the cata and rejects spurious points, The
tegmantation ne~essary for curve fitting ls useful in
sedmdreation of ghbjects, And the more richly structured data )
tase of curves fac!|ltates further oprocessing, However It is i

') tire consuming, and 1t Introduces a certain amount of systematic i
¢teror,

Segmantaticn, ap the present status of our exper mentalresearch, |s used orimarlily to assure a good flit to the data o

the fitted curve ssgments, He have found that the msthods we use i
) §r8 accurate in |ocatliny cornars In |ines, or other abrupt :

changes In characteristics (see Figure 7,1), Corner data are ;
rot Dresent|y used by Quer Drograms, but wll] be useful] when this 4

research Ils carrled further, 4

Curve flitting and segmentation Is done In IV: raster :) cgordirates, bsfore any use |s made of the calibration -
information to obtain depth, Whether this takes place before or

: after conversion to three dimensions Is only a minog
: consideration, The transformed data are planar for each laser

scans and flttlng could also take place in a coordinate system
ajligned on the plare 3? light which llluninates the scene, The

\ orlncipal reasons ws have chosen to segment and flit in two
direnglions are that the data structure is simpler In two -
¢irensions, and that transformation of the oarameters of the k
curves to three dimensions reaulres less processing than
troanaform]lng the peints they approximate, |

5

: The next Section (Section 4,4) and Appendix B desce ge hoy a 3given |Ine segment may be represented by elther a straight |ine i
Op bY a general second order curve, The curve fitting routines ih
find a curve Which hegt flts the |ine segment, In a |east squares J
sensé, \

!

48 3

4
3
EF,

3
2

3



— LL . TTT. — Bh ARS atana a as caer AaesmnENE tata,

a, RECURSIvE SEGMENTATION =

The recursive sggment8r Starts with a line segment found by :
the sorting routine (Section 4,2), This line segment |s passed

| tc the curve fltcer for fitting by a straight | Ine or seconde i,
| cro. curve, If the flt Is acieprabie (see Section 4,4 for
8 criteria of acceptabliisy), then the routine exits, If not, then . |
‘ the cuypve must De hroken Rio two cleces, and each subsagment ) |

passed to the resursive segmenter for fitting ang, if necessary, |

further segmentation, After the two gubsegments have heen fit,lf elther of the subseunents reatired further segmentation, than
ar, attempt !s mage to merge the two sub-subsegments gn elther
sige of the original breax, Flgure 4,5 lllustrates this, If
verging falls or ls unnecessary, 1% Is determinad whetzgr a shift
ir elthar alrection cf the poirt of segmsntation will result In a :

setter overall flt, as snown In Figure 4,12 |
|
i

|

Segmentation made

at level 22
he b

— Segmentation made |

| / at level 1
| 4

Routines will attempt-=
to merge these two
segments

EE
Segmentation made at level 2 .

Flgure 4,7 -
HMarging of Curve Sogments

|

Two tests determing the polnt at which a }jine gegment is
broken: Inflectionand maximum excursion, A "basaline” is drawn
cetweer the end points of the [line segment, [ff the segment is Se oi

l sragad, (l,e,, contains an inflection point or change In sign of
curveture,) then the sagment Is broken at the point where it

crosses the bass'ing, Otherwise it is broken at the polnt where
lt attains Its maximum excursion from the Daseline, Figure 4,11
849 Filgure 4,12 lllustrate these +40 meitndds of ssgmentation,

3

49
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‘ RICURSIVE SELMENTATION 4.3

;

{
!

i. |
{

: Routines will shift point of .

segmentation in order to
improve overall fit

{ JN p ;
Pp SOC |

Vd Pt ~ ~~ ~
7 ” ~N \ ;

7 re ™~ ONO
/ _ ~ Ny NN CY

f - ~ NVey AV ~

A Original Point of Ny
/ A Segmentation NY” . 1

Flgure 4,10 .

shift of segmentation Point :

;

, :

i

’ Segment here
I ;

+

}

;

Baseline 3
i

i

segmentation at Inflection Point 4F
1
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4,3 RECURSIVE SEGMENTATION i

; — Segment here |

| \ a ¥gy
~ |

— !
~ i

| Ne Baseline

Flgure 4,12 :
Segrmgntation at a Maximum Excursion

/

4,4 CURVE FITTING SUBROUTINES

In every case, an attempt ls made to fit each |ine sggment by
a strafght Iiine pefore trying any higher-order curves, A
straight {ine ts penresented bY the eguation

Ax +By«+« Cs 3, (Equation 4,13

| Fer a glven {ins segment, the constants A, By and C are
deterrined by the method of Section 3,3 of Aopendix B, The datastructUre for , straight Ilne contains the vgolugs of thy
conhstgnts A, B, and C, and the coordinates of the two end points
cf the !ine segment,

he flt of a stralght ine Is acceotable If the RMS error ofthe ine |& below: : cortaln thrashed, v4 the Tne aT dul] error
(A X «+ BY « C) for each point i= below another threshold, and if
there existe no systematic deviation from |finearlity of the
points, A systematic deviation from linearity is detected
whenever five consecutive nolnts fle on the same side of the -
"hegt fl ine, (ln the case whare the number of points in a

51
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CLRVE FITTING SUBROUTINES 4,4

i{ine segment, Ns; 1s less than ten; the number of consecutive :
‘ polnts necessary is N/2.)

8

: } A general sscond ordar curve ray b2 represented either in the )orm

2 2 \

AX + Bxy+ Cy +Dx+Ey+F=298 J
4 (Equation 4,21 :

cr in the form

2 2
ad y! Co

. ermve b wecaw = § Ctquation 4.3] i
i M m

{

where x! = (x = X ) cos 8 + (y = Y,’ sin 8c

y'! 3 (y = Y ) cos 8 = (x =X) sin ®
1

¢ c c |

Equation 4,2 |s useful for determining the goodness of flit of the
curve to 2 data HH! or the get of date Doints. Eouation 18 |
contains useful! geometric Information about the curve, If m is |
positive, Equation 4,3 represents an ellipse, Then M and m are |

L the squares of the major and minor axis jengths, respectively, X
c

: snd Y represent the coordinates of the center of the alilpse,
c

and ® _e,.040Ntg ¢he .o¢aglon of ¢he majo, axlg clockwige fom
the horlzonta!, It m Is negative, Equation 4.3 repregants a

: . hyperboia, and 4, m, X » Y , and @ are Interpreted simliarly,
: c c }
i

The method of Section B,1 finds five different curves in the |
form of Equation 4,2 which may or may not adequately represent| the sg¢ of data points, Those five curves are ranked in order of {

: goodnegs of overa|l RMS flit, and considered one at_s gime. |3 Curves are rejectedcs unacceptable If the overall error _of the $
fit ls ¢oo [marge of if any individual data point lies too far F
f-nm ¢ha curve, In addition, checks are performed to prevent &
si ch prisflty &s thoge shown In Flgure 4,13, 3

h!

The data structure for a general second order curve contains 7,’ the six constants cf Equation 4,2, the five constants of Eauation 2
%

52 J:
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4.4 CURVE FITTING SUBROUTINES .

Flgure 4,13 )
gOme Examples of (jnacceptable Curve Fits

53
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) CURVE FITTING Syms CUTINES 4,4

4,3, the ccordinages of the end polnts of the cubgegnent, ang <he :
polar cooroinates, relative to the principal axes, of the €nc

: points, 11 clockwise order, ]1 jh:3
Genera! seconC order Curves have Dpoven da not entirely

satisfactory recresentaslion for curved lines, They ars clumsy to
ranipylate, anc the least solares srocedure for evaluating their

: caraTeters tergs to Jive solutions which exhibit the srong: curvature, The curvature problem is discussed in cetail inv sectlon H,S of Appendix BR, Sone alternatives to general seccnd
orcer curves for representing curved lines are presentéd in

| Section B,6 in Arpeprdix I,
H

Ir the case cf the Iwo sggments snown in Figura 4,7, the
i fcllowing steps Were necessary 10 fit them!
:

1, The sgament on the left ~as fitted with a hygerbola.

24,,Thy curve on the right cculd not ne fitted with a| stpaldht line or a SecONC=crder curve, and was segmerted near |
y the middle of the vertical portion, |

3, These two subsegments were fitted with, a straight |
\ lime and a hyperbola witheut further segmentation, Figure

4,14 shows the state of affalrs at this point.
i

| ) 4, The point of division teiween the two subsegmenty, was«sh ]ftec, to obtaln a better fit, Flgure 4,15 shows the inal
fie,

Figure 4,16 is a conposite cf all the laser trages of theSarble Doll, after segmentetlon and curve fitting, A few of the
shorter | Ine segments, notably around tha welists and ankles, have

’ been lost, because the point sorting routine did not find enough
ecrtiguous polnts to concider significanl, At present, at least
five contlauous points ere necessary for a line segnent tO De
retalnea, Many of the shorter | {ne segments are represented as
stralght lines, At least six points are necessary for nontrivial

: splutions to the eigenvaluz equations to eXist, Some of the
 ) traces of the tabletop remain in the loder right corner,

|

) i

54
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‘a CURVE FITTING SUSR2UYINES

|
¥

ya |
Flgure 4,14

Curve Fitting Without Optimization of Division Point

|

i |

Bp}

Flgure 4,15 -
Filnal Flt of a Laser Trace
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5 FITTING OF FRIMITIVES

{ Ar gssentlal crerequisite of the description of objects Is
the apl|lity to racecnlize and trace out the primitives cf which
the descrintlions are copceeo, The logentification of tha ends of
the orimitives, the nlaces whe-s gross changes in cross section
Jccur, alds In gegmgnting complex oplects Into thelr parts, This
chanter describes our mezhods for identifylng and tracing

| q Generallzad cylingers,

loeal ly, these poutines would be used by a higher |evel
ODrogram Which makes rypotheses about the structure of ar object,
ar3 calls the cylirder tracer to verify these assumptinnsg, The |
Structure and operaticn of such a hichepr level proQram is

; suSg%stec In Chap+ar 6, [In rractice, an iritia] segmentation is
| carrled out for ths entlre object, anu the user of +he cregranm |

ray spaclfy which pieces will La traced, .

The baslc roce of operation of the cylinder tracer. Is to
accabt an Initial estimate as +0 the lccation and orientation of

: iC the axis of a searent, and to elther improve or the estimate, Or b
reject the estimate as not leading to a plausitle generalized
cylinder, Tnas Initial guess may come from 3 two-dimensional

! an2|¥sls of the laser scans, as described in Section 5,3, or may
oe supplied by a higher level hypoihasis aereratlon orogram for
verification,

( 1

SIRESA SE AE TTI AR EH I ER HHL
belenging to part of an easily described cylinder, the routine
trles to axtend tha cylinder In both alrections, The extension |
ls terminated where a aross change of cross section dlameter |

( occurs, suggesting the existence of a Joint between seaments, |

presently tae routine assume al| encra lized cylinders mayDe &apnroximated with clrcaiar Gross sections, thie IS a {
[imitation In tne Implementation, but not in the aeneral method, |

| It should be passinle tn characterize segments of objects using
. the circular assumption, and later to perform a more specifie

cross section getermination, Alternatively, the routines which 1
fit circles auring the cylinder tracing could pe modified and 4

: extanded to account fcr other cross sectlons, Sectiom 6,2 ;
0Oiscussys methods for and pronlems in desgrintion of arbitrary
Cr0ss sections, 7

The mathod is an [terative one, Starting with soma estimate
of the axis of 3 sajment, cross sectlons are detarmined )
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% FITTING OF PRIMITIVES

perperdicular to thls axls, The centers of the cross sections
will (hopefully) represent an Improvement on the irjtial axig :

i assumption, The method Is usually convergent, but if Sivergent
behaVior Is detected, steps may sometimes be taken to correct the

( divergence,

5,1 CYLINDER TRACING

Tho method we, use,f {nd racing requi n. initia

/ aciiMmate 3F"2Re axis of he &¥neral]zéh Ev1Ynba? 9% §04aTns EnirProveg axis estimate by fitting circles In cross secticn planes
perpendicular to the inltlal axis, and using the centers of the

circles to define a new axls, |

A generalized cylinder Is redresented in the Progra as asgauerce of points in three dimensions, denoting the axis of the -
cylingep, and a lingar radius function of the form, !

RA21US(n) = RADIUS(2) + M # n, (Equation 5.1)

where n corresponds to the orqer of polats on the axlsg,

To illustrate thls Section and the next, we make use of the
laser Image of a core, Figure §,1 Is a cnmpoeite of the curve
fittec line seaments obtalned from the laser traces, Calibration

ata Is used to ccnvert 6acn |ine sesment Into a space curve in
three dimensions, we may compute how these seqments Will a%pear
It viewed from some pDolnt In space other than the TV lens center,
obtalning the sige view of the cone shown In Figure 5,2, The
remalrager of the figures of the cone, in this Section an” the
next, are also side vieas,

Figure 5,3 shows an Initial estimate of the axils of ¢he core,
suepllied by the cgrellminary seomenter (Section 5,1), The
ecCrOximate outiine of the cone !s sketched on the flgure for
crarley,

. [] .

To improve on the initia] estimate, the following steps are
ex8Cyeec:

1, For each paint on the axis, a cross section plano is [

deternlined normal t6 the axils direction, as exnlainres below, )
2, For each plane, points on the surface of the object |

in the vielnley of tre plane are found, Section 5,4
descr lhes hoW ¢hage points are found, ] ’
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Eq CYLINDET TRACING
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Fijyure 5,3
/ Initlal Axis Estimate

|

3a From the points found in step 2, a arelininary )
estimate of +ne radius and center of the (circular) cross |section are obtained, as descriped in Section 5,5, Figure

5,4 shows the circles obralned, snown In perspective on their |respective planes,

| 4, The radius funcslion, Zauation 5,1, is neternminea from |a least squargs fit on tha radll founa Irn step 3,

5 Using the results of steo 4, circles of oprocer radi|
are fltted to the points found in step 2, A steapast descent
ajforlthm, ay3Ime~teaq ny :9Wton’s method, finds the center
coordinatas wnfch Minimize tne mean square distance of the
surfacy pointe from tne clrcla. Figure 5,5 shows ¢ha3 new
circles flit, .

A, Flxups are made, If necessz2ry.

The centers .of re ¢lrclas titted to the surface.should
rebresant an ircrovagd estimate of tha axis of the “engralized
cy linger, -
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5,1 CYLINTE® TRACING :

A quadratic smoctning function is used tno estimate the

tangent to he axig, fo, o0,i2nting the c,o0sg s6ction olane of
| step 1, Five cecuentlal points aro transformed into a two

direrslonal coordinate syszen for least scuares fitting OV a \
parabola, Tha tangent %to0 the papabola, at the point theCugh
which we Wish tne crosc section nlane <0 pass, is transformed
03S Into three gimensions, The cross section nlana is taken
norma| to the <angent direction,

. . . .

arsencsof? “Slh.00ninen 9908520207 gxlingderbo 5Ea5T1,2 00nl0 ERS :
radidly, 32Zut «hen an error is mad2 in ?1tting One cross section,
the erpdr must be detected and corrected, or sdJbseguent

| acpllcations of the curve tracer t2 378 aXis Psti~ate Will
civerge to an incgrrect or meaningless answer, Several! types of
Arrors are checkey, and copprectoa whsr possible,

| The 8nds of ¢cylindars are rhecked first, The ends are }
susceptinle to errors when axtgnsion of a cylinder has been

i terniratec Decause of Gross cross section channes, 4 new axls
astimate at the ang may cause part of the cross sectio~ at the

enc *e Include the wrona el!enen:t, [f the diameter of the end
cross section does not acrae (Within ag certain |imit) «ith that
predicted ty ¢the radius furctlon Equation 5,1, or i? the axlg :
rakes a sharp ber a¢ =he end, the end coint of the axis ie

! celeted from the cylirser,
|
i

| For each inte-ior point on the axls, the dlareisr of the \: cr0sS sectlon is checked gazlinst tngt predicted bY the radius
function, The a!gle made by that point and Its two adjacent
pcints Is alse crecxad; an error exists if <¢tnls angle Is [ess
tnan 92 de2ress, 1f an error Is detected, a new Cross section
rlane Ils specifies midway between the two adjacent ax!s points,
Tre caraneter GAP, which centrcls the cross section determination
(cee Sectlon 5,4), is either Increased or decreased, depending On
whether the diameter estimated cy Section 5,5 is s=aller Of
larger than tha orenicted diameter, The new cross section |
reciaces the 2id, and tne raltius functior is recomputed,

5.2 EXTENDING THE CYLINDER

Ysual Jy an init]je] axls ast.mate iacludas only a shortsection of a lonjer DieCs that May bs described as a ganera.lZed

cylinger, Extending the axis estimate finds the |o5n23st possible
cy!inger that may be conveniently described, and alds In |
segmentation of complex oblects by locatimrg 3Jross changes In *
cr0sS soctlon diamegesr Of an objecs,
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t EXTENDING THC cyLiNgER 5,2

Extension tg from ona and at a time, Fenom One end, <+ha axis

ls extended a fixed glistance (determined by tne average spacing
tetween planes in tha original axls estimate), and a .mgle new

| ( circle added to the cvlinder dascription, following steps 1
through 3 of Section 5,4, A clecle of radius determined by
Equation 5,1 Is fitted to the cress section points, as In stop 5,
As long as the extensicn Is compatible with the ras: of the
ganerg|!zed cylindee, addleional extensions ar® made,

: Incompatibliityof an extension ~ith the rest of tne cylinder
ray be signalled aithgr by a sharp Dend in the axis as a resuit
of the ex<ensior, cr hy disajreement batween the circle radius
egtimgted by the =ethod of Section 5.5 and the radius fungtian
cguatlion S.X. (For our nUrpcses, the radil agree If their ratio

! ls begween 8,66 ang 1,5,) -
Po

{ Eo PE

: when a disagreement or anomaly is cetected, new constants are i: cetermined for the radius function of Equation 5,5, by rereatinna i
: steps 4 and 5 of Section 5,1, ana the extension attempted again, i

1f the disagreement persists, the entire axis estimate obtained po
ug tit! now Is reprocessed by the cylinder tracer, and the ‘cL
axtarzlon attempted once agaln, (Tne finding of cross section a.

: polnts Is time consuming, This Is way a fixup ¢0 the radius
function [s ¢rlad nefore the antire axis is reprocessed,) If the |
attempt to extend the cylinder agatln falls, then extension is

| abandoned, and extension ls started from the other end, |
tio h v ion Wal( t1rsth®e890808309:38,20 TYR 153 Nef30, 004° [gus.Rectinn ass

aralysls of the cone after extension from both ends,

{

|

:
{ :
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5,2 EXTENDING THE CYLINDER -
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Floure 5,6
Compleaie Cone Analy,ig

5.3 PRELIMINARY GROUPING

An Initial grou ing ang segmentation Is carried out. on anirage to Identify candidates for representation bv generalized
cyllingers, and to supply ar initial estimate to the cvl'nder

; tr&C8r and extender,

| This inltia] grouping Is carried out in TV raster
ccordinates, before conversion of the fitted curves to three
direnglons, Sedments of Jaser traces which are adlacent ang
paraljel are |Inxed together to form "groucs”, The migpoints of
the segments making uP a group will de the preliminary axis
estirges supollied to the cy!inder tracer,

Figure 5,7 shows the argues extracted from the I~age OfFisure 4,16, 92rly the depth discontinuities detected oY tne
tcint |Iaking routine (Section 4,2) are considered to segment
later traces; the segmentation performed for curve fitting
(section 4,3) is disregardes, For the purposes of preliminary
Groun!ng, each gsagment Of a laser scan fs representad as a
stralght line Joining the enc polnts of the segment,
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$ PRELIMINARY GROUPING 5,3

Figura 5,8 clogs the nidpoints of the segments shown in| Figure 5,7, which ni te treansform2d Into three dingnsicns ang
used as npreliminary estimates for the cylinder tracer and

: extender,

The basic method of oraliminary grouping is to ink toggther |line secments frem consecutive laser scans on the basis of |

whether or not they are pouschiy parallel {in their TV images, |
Seamerts from consecutive laser scans are linked together by the

{ following test, <The end points of each segment are Joined bY a
straight line, 1f the perpendicular bisector of the first |ine i
intersects the second |line betwaer its end points, and the
perpendicular bisector of the second similarly intersects the |

first, tnen the |ines are “approximately parallel”, and are :
irked together, If any |lne segment can be linked to ejther of

{ twee secments In any one las2r scar, then no linkages are made,
Ficure 5,9 shows some exampies, Lines 1, 3, and 5 wil] be | inked oo
teCethepr, as will (ines 2, 4, and 6, and lines 7 and 8, No
li"kage nay be made Yetween [ines S and 7, because the
rerperaicular bisgstor Of iine 7 does not intersect line 5, ;

(. Lk zat of segmgrts linked together Is a "group", A check is
r8d98 for 9rgss chep0es Ip the lepetn of segpents pakina up the
croup, If such a change Is cetecied, the 9poup is divided at the
ciscertsinuicy,

At] grourings are extracted simultaneously in a single pass
{ threcugh the data structure,

A rough estimate of the radlus of each cress section isrequired for the cross section point finder (Section 6,4), This
initial estimate 1s computed from the |ength of each iine
sgomert, and the anale the seonent makes with the ine linking

: the ridpolints,

3

' i
2,

,

b |
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Flgure 5,9 )
Some Scan Segments and thei; Peppendicular Blsectors :
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: =.4 LOCATING CROSS SICTION POINTS
| ;
j

I} 14 + ¢

J NTR LLRTAS FH FE SEW ALIN FHI SF IAA SLL §PIA
dlane may cut a corplex obJect at several places, it iy necessary
to separate the points corresponding to the generalized cylinder |
being considered, from those that may be{cng to arother nart of |
the object,

The crogs segtlion finder resyires the coordinates of. a olane(in three dimensions) and an estimate of the center and radius of
the circular cross section it is to find,

~~ Twe auxiliary planes are Introduced, parallel ¢to and onaithepr sige of the cross section ciane, The distance between the {
( cross section plane and each auxiliary plane is controlled by the i

distarce between consecutive points on the axls being Lo
investigated, Yow every curve segment obtained from <¢he ranges
cata is examined to see if soma portion of {tt lies between the oo
twO0 auxiliary planes, (Examining the coordinates of the end }

,eines of each cegmeny eliminates mogy of the gemmenyg wlth:{ little computation,) If some partion of a curve segment |ieos Io
betwean the two auxiliary rlanes, the intersections of the |

| setment With tng auxiliary plane are entered into a list of cross
| section points, in a two dimensional coordinate system on the

cross section plane, If the angle at which the curve segment
| intersects the auxiliary planes is smail, intermediate points are i

( also entered, 3

Figure 5,12 plots the cross section points found In a cross: cectlon across the bocy of the doll snown in Flgure 5,25, (The
points are viewed as if we were looking at the cross section
pjane from near the feet of the doll,) Note the group of points

{ te the left of the main 3Jroup nf points, These correspondto the
richt arm of the doll, (Te reason for the rather wide :

scattering of these o0!nts is discussad In Section 5,6,) The 4
cross section finder mUst now separate these two groups of
pcints, baesd on the suoplied estimate of the radius and center
of the circular cross section,

: :
T S i { ace |jinke ethe v !

Coqula oCEO%E So0Eion, 2gnts, are inked (1Re0ther Late irene
A threshold, G&P, determines the maximum distance between pointe .
to ink them into the same gpoup, The default value for GAP is y
deterrined by the nean distarce between consecutive laser “races,
but ray be modifiea by the cylinder tracer (Section 5,1) to pi
Corr8ct errors, ;

§
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5,4 LOCATING CROSS SECTICH POINTS -

|

| |

oo ,e . 2 Pd ce’ t PaRC
oe ‘eg, J ‘%, i

R. |

Flgure 5,132

Cross Section Points

The estimated center of the cross section is trsrsformed onto
the two dimension, | coordinate system on (hg CrG3Ss secticn piane,The mean distance of sich group from the estimated center is
cofputed, Then all groups having a mean distance greatar thanthe estimated radius are rejected,

Ir the polats of Figure 5,12, two Jroups we if: re | fied,The group corresponding +e the d0ll’s arm was rejected oy the
distance criterion, leaving the points shown in Figure 5.13,
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LCCATING GROSS SECTIAN ONINTS 5.4 ,
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: Figure 5,11 :

| Cross Section Points Retained ;
;
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5,5 RAJIJS AND CENTER ESTIMATION Cl
3

This Section describes how the known placement of the lager 4: and TV camera may be used to estimate the radius and center oF a
cartlicular cross section,

Glven a circular cylinder with a straight axis, approx inate lyhalf of Its surface Will be visible when viewsd in ordinary
{jlurination by a television camera, 4hen the same cylinder is
fltuminated by a point source of [ight located at <¢he laser
center, approximately half eof the surface will be illuminated,
The radius and center ostimation {is based on the amount of

overlap between the illuminated area and the visible area,

The estimatior is based oan the following assumptions!

1, That the surface we are axanining may be anproxinated
by a circular cylinder,

2+, That the cross section olane whose radius wa are
estimating is normal to that cylinder,

71

[4

}

b
» ’



5.4 RADIUS AND CENTER ESTIMATION y

3. That the distance of 09t" the laser and the vy camera :
to the gu.face Ig Jreat conpa,ed to the radius we a,e to slobtain, and

4a, That laser scans are detected In the entire area |¢ which Is toth ijlymina+ed and Visible,
We shall examing ¢hgse assumotlons later,

| “8 shall proceed by ASSUNing we have g cyilndsr whose radiusi is Kncwn (lex us call it R), and calculate the degree of overlap, .
Figure 5,12 chows a normal cross section of the cylinder, [In the :
ficure, wa plo¢ tha ProdJactiens of the linas 2? sight trom hoth |tne camgpa anu «hg laser, The area from 4 counterclockwlss to
is illuminated by the laser, and the area from 3 counterciockwiss |: tc DU is visible from tne TV camera, The area from B to is the |overlap, Let the znaie “etwean the projections of the laser and ITv lines of sight be called J. Than the length of the |lns 3C is: given byt

BC = 2 R cos Q/2 (Equation 5,2)

furthermore, the length of the (ina 04 (the normal distance from .; the center 0 to the Iine BC) |g

{ -| OH = R sin J/2 [Equation 5,3)
;

; te Practice; ga collection of cross section points Isstoplied, on a given cross sectlon plane, To estimate the radius )of the cross section, the extreme points of the collection areigentified as the end pecints, The laser and TV |lIne of sight
brejections on the cross section plane are calculated, and theanfle between the=, Fquation 5." Is solved to give the radius of
the cross section, and gquation 5,3 Ig Used to estimate the
distance of the center bahincd ¢he Ine 3C + -

The assumotion that the surfacs may be ao0roxImateg oY acircular cylinder introduces some smal| error when the surface IgCohiCal, Fquations 5,2 and 5,3 assume the camera and laser to be
In the plare of tne cross section, [Ia the cylindrical case, the: area of ths vigibje surface Ig unaffected by Novina the camera or
laser In a direction cerpénalcuiar to the the Cross section

| elane, In the conical case this |s not nacessariiy so, For most"ropmaltv viewing anales, the error introduced Ils smal, but itshould be borne in mind that in certain views the estimate willbe off by a significant amount,
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1 2p51US AND CENTER ESTI#ATION 5,5 Pi
; : y |
|

. R Lines of Sight to
TV Camera ¢

©

{ play eo3
A | ¢

B y j |
. Pog

N= ‘Lines of Sight{ to Laser £

i
§

Kr Figure 5,12 i
| tadius and Canter Estimation i

The Iterative nature of the cylinder finding coeration
cuarantees that if c¢viindar finding converges, then the cross

{ sactlon planes wil! approach %eing normal to thes axes of
ey lingsrs,

Tre cistance from the laser to tne object bagin scanned istycically about Jf Inches, Cross sections of cylinders seldom ‘
exceec 1 lnsh in raglus, The srror introduced by assumption J is ‘

{ nct mcee than C8

sin (1 inch 7 32 inches) ;

; or about three percent, i
4

5 The eprcr intrqduced hy assumption 4, that laser lines are )
cetected In «ne en<jre ar®a which Is visible and illuminated, Is :
tne most difficyie to astimate, Wnen a laser trace i]||uninates a y
cylinder, the and of the lasAr *race becomes dimmer anc si~m€r as
it approaches tre jimit of iljumlnation, There must always eXist :
scree area oi +he cylinder In which laser traces may fall, bus

’ will ne below tha parigh«ness threshold cf detection, “he width :
of this uncetectakhle nrea will depand, among other things, on the ’
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5 5 R&215U3 ANP CELTER ESTIMATION -

cpightness of <wp 1aec8p bean, ¢n2 color of the obliect, tne
c6Nglyiviegy of ne camara, ana he oriensagicn of he cylinde,

i with pagpect tc tmz lacer, lr one %es%t, a dex8cted laser trace
“39 twelve percent shorter tran i4 snould have dean If the entire .
trace were uniformly briaht, 714% nacause of the varjabie nature

{ of this error, it renains <ne largest sinslas contributor te
uncertainty of radius astimatien, |

, ¢

| \
5.6 SMC RESULTS

vy routings tena +0 00 well on objects descritairla ae a
single generz!lizeq cylinder, and cn pertions of complay oblecte
wnigh possess GCansgideradle elontation, They give =marainal

results In the nejshborhotc of T-ioints, ard where nearby Darts ;
ccnfuge tna crags cgrtion finder, . ;

The rasults Zicturea !n tnis Section «epe obtained «.th some
dedrea of mnmanuzt Airegection cf the 2r03ran‘’s exagutlon, ]* was
nez28s3ryY for tne cpaerator t2 specify wnigh areas of tne sicture
te 3ralyz2e, and tc interpret the -esults as to $.4CCOSS Or
fallupe, .

This procedure gould D9 carries out complésely un<dger prcgram
centrel, 1iven a poutine to detect overlap nf Dnropase®d axis
S5eamenis Alth nrevigusly lgantified cylinders, and 2 routine ta
cgtermine success cr failure of ar analysis, Jetecting overlap
requires only a twdedinenslioral ep of the {ma3ja, An Tngorrece
aralysls 13 Injlgcateec Dy circle diameters rary times larger Of
sraller than thosg initially predicted, and axis points which do
rot Occur alon? any wellegefined curve,

Ir order to Dpesent an unbiased picture of tne capanliities
arc limitations of our =cra3ra=, the resuits presented here Were
all obtalnsg with the sare version of the analvsis proaram, SOme

: irorovement In <ng resulirs nlj3ht He exoected Ly adjusting
cCaraTeters to give the nest results for each onarticular picture,

| Fer 8ach Image «e have analyzer, we nave at least once obtained a
better analysis, @dut the results shown herg «ara optainagd 'n the

: same evening, with no zdjustrerts retdeen one pictura and the
2kB 3 A

Figure 5,13 is the oprocessad image of a snake made ofroce!| ng clay, groT an Initial axis estimate comprisinn cerhaps
the middle thleg of the figure, ne comnlere analysis of Figure
5.14 was obtalnec by extension of +h2 ands,
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Torus

A torus (actually, a tatheub tay) is depicted in Figure 5,15,
The lritial axiz segnens “hich Was ass'ine? the nianast value was
ir. the lower part cf tne flgure, Extension was necessary from
ore end only, resiiting in the resresentation shown in Figure

: 5.10, The pro2rax cetocted thet a closed curve nad been traced,
ard .Nat extensor from the Otner ANC was "0t ngcessary,

When tne analysis ~ac +«elea on tne toy hammar of Fjsuce 4the rosy! Was Thy des-rinsion 3h04n $n fisure 5.1%, Fidure 2:12
shows the sane descricticn fron a cliffzrent vieding anule, vhree

( axis sagmgnts were necessary tn complese the gescrictian, one for
tre hangle, ang one on each end of +ne head cf the hammer, The

sescriction of ¢he 5nttorm part cf tne head (as viewed in Figure
2,19) leaves mych to be desiprd, Toe initial axis estirmz2¢e for

thay part of tne image follower for the NGSt Dart the flat end of
the hgad, Anotner sass »>f the cylinder tracer «ould =0st likely
i-prove the descrivtion, If a Tejoing ware detecced 11 the

figure, and the hancle Jeleted frcn the data structur® as
suggestsa in Section £,1, an acezuate Adascrintion wWoulg almost

cgrt2iniy result,
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Fpequently nearby oarts of a complex object causa the | ;
: aralysis of an axis segmant to 9° 2wey, Figure 5,20 is the image -
! of a glove stuffed wli™ tissue naper, and Fljure 5,2¢ is the

3 nescrintion cbtained for the glove, In the analysis of the fourth
fingep, places of the third flnger wera Included in the gross |
sections found, <The glituation we sem hare is Jue to too small an s
Iiritlal value for the threshold GaP for the cress section finder,

! when <¢he fourth finger was anajyzed, The small value for GAP
allowad the axis of the finger to be extended into the calm of
the dlove, because cross sections across the palm were broken
Into small segmagngs, As «he analysls proceeded, the cylinoer’s . :
radius function gradually became rather conical, When the cone
vecaTe wlae enough to Include the base of the thled finger,
segments from that part were included in the cross sections, |

{ The palm of ¢he hand Is not well represerted bY a clreular .cross section, In addition, the brightness of the laser was no?
ac.lusted properly, so that sone of the laser Scans near <he Arist so

ers not bridht anouah to be Jetected, Nonetheless, the analysis )
coes glve a description of the palm which Is surprisingly good ! !
unter the circumstances, : :

{1 ! .

A toy horse js deplcred In Flgure 5,22, Unfortunately, when 1
thre laser was bela set up to scan this particular object, it was :
rot noticed until too late that the head of the horse was outside
the bright portion cf the |asar |ine, Consequently part of the
ne2ad 1s missing in the imace, Figure 5,23 shows the cylinder

{ : analyYsls vas able to Identify saven generalized cylinders,
ccTprising the hpdy, the neck, the tail, and ¢the four l0Gs, .
Ficure 5,24 Is a dglfferent view of tne same analysis whlch shows

| the neck, body, ana tall to better advantage, noth left [leds of
the horse are partially eccluded oy the shadows of <¢he right
le@s, For reasons that are bpreseént|y unclear, the analysis of
the body falled to step at the rear [e8s, but continues to the
tall, (ln terms of a higher |eve] representation, the extension
cf the body Is desirable; but the cv¥iinder extender |s supposed :

te stop whare a gross change in cross scction takes place, and
let a nlaher leyal routine deglige if {it wants the cylinder ;
extendged,) {

. :

In thls ans ysis of the horse, both right legs were :lcentified satigfacto,fily, Put tnis Is one of the bette; 3 4
analyses of this image; usually only scme smal! length of the :
leGs is Identified pefore the cylinder extender exits with a ;
rismatch, Our sroaram is poor at finding thin ¢ylinders, Soms

" irdication of thig may of seen {nn the bend In the axis of the
rignt forelec, Thate are sevaral reasons for this deficiency,
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| Tre {ine |inking rcutine (Section 4,2) rejects shset line
segmerts, The curve fitter cannor fit curved lines to segments
of fewer than six points, The short lines tend to be ralatively
roisier, and tend to be fit badly hy the curve fitter, Examining

g (4 the leas of Figures 5,22, there is much less regularity of the
“f curve segments than in the broader areas such as the bedy or the

reck, And whan the cylinder tracer searches for small cross

! sections, there Is jess margin for error in guesses of the |
centers of cross sections, The result of these factors |s that |
tre cylinaer finder usually falls t0 4race the complete legs of |

- ¢ the barse,

Ar example of the nolginess of fitted Iine segments ta thin |seadments may be 5881 n Figure 5,10, whare the points
: representing the arm of the doll are much moro widely scattered

. tran ¢hose of the body,

, To fix this sort of errop, it will be necessary 1 fix theooint [inking routine to accent shorter iine segments (and to put
Up wlth more noise in tre rest of the ima%e), perhaps to modify
the curve fitter, and $c allow for greater errors in the cross

| ‘ section finger when the cross sectlons being sought are small,
\ . .

the deseiTolidn “5% rI507e 04 287°" ne ToltPHE® FaTTeq"38 E0Re R
segmentation between the right |eg 2f the doll, and lts body.

This is the same sort of arror as that which caused the btody of
| the herse tO extend toward the pear, The cylinder extender

8 manaded to gontinue the analysis of the right ieg +0 Include the
foot, Separation batwean the rlaht arm and +he body is good,
Tre head Is not wel| dascribed,

Figura 4.1€ is reproduced as Figure 5,27, The results of the
analysis of this picture are shown In Figure 5.28, - The

L description of the body Is roor, because of Its non=gcylindrical
shape and because the presence of the left arm nearby confused

| the cross section finder, There is little separacgion vetween the
legs, but the program found both knees, where the separation la
greatest, In analyzing tne rlght calf, separation between the
leds was small engugh to cause the cylinder finder to regard both

{ leas together as a single cylinder, This cylinder was extended 3
upwarg toward the bgdy, overlarpling the previous analyses of the ]
knees, The short cylinder representing the left arm !'s evidence

of difficulty with <hin cylinders first mentioned in connection
with the horse, <

3

85

8

| |



| SS Te ST

eT eT Tee. Me.
EAR oy

5,6

1

(olaNV Kad — y
:

Xa \b
LC RCNA Yet

: ae = =SEE
AX TX

LIS So 0

i Twa 130‘ Liv ” Ath -: hy XX EETLE TFET -2 eet ort A. a EEEFHL,ETE] Yt rere. ZEEE CHSF HY J re See a RI AR nesanitie=iadec Ziad IQ toguil ae tL HEFe RRRbeoia? bmn sre +] .Sssmemnnats a: -= Zag rH Es eS Ea POSER SS ErENANRIASSCT ten iisimgisnidi atin nsSTEret] ams SUIT An weir Beeat seman f= tnmt iansaninl ne ~ LY”EE TO 'mETERS WCEEETpe Rig 2 v pa A PAA AT TOY AMP op a Wp ,a A yt AL) 3 a™ $e” Fe - A AAA arte) NS - (AEN TR 2 ee LL EANRAN ro 2 Zz ; iZR ai NIT RRR Toy Ar | LEEAC SAAR Yglesias822 arate, ra— Ar ty \ igiA F720T— Alesse= Com \ AAWY Lassie Wu IAN |ANNESSER RRRWaaet 1a jan Sat! of ° 2 A \ AZn} wiped v CN :NSa

i

Fig; =
S Y r e - 9 2 5
Jo! |

TTY Ii! i)x RS| CAALES A.2SZ
|

Figure £,25
Nalysls gf 201

36

’

>

.

A J a : '



SCME RESULTS 2.6

5%: ,
XK
NE
NSS
SRR

| RES
BR
CANN
RN

K GILA 3
KX WERE

NY L |
| SC NIST 5

ES aS
5 TESS 3%
55 ISS KK |2% CCS oo*%e SX

SSE KX
% i*%CX SE C/

| SS SS o
XXXSe
0%
oe

Flgure 5,27
Rarbie Doll RE

87 |

|

|

| |



y - yeCN

2,5 Srv TESULTS 1

=,

NN ~~ : |
NN =

WW a
\\ =

| \ Yo

Satis
So
Q
A



a. -w Ie.ae, EL2h.ot oo he. a.
* |

)

| SAME RESULTS 5,6
4

Tha program which performs the orajininary analysis and the
c.lindger traclng and »oxtending requires bet een 42 and 56 K of |
core cn the PDP=-40C computer, This Includes from 3 to 17 K of
data arravs, 11 K of display buffers, and 7 K for an Interactive

' cebuoging package, SAID, (See [Petlt¢) for a description cf RAID.)
Strole figures suck as the pling cp tne torus may be Drccassed In
ahedt ona mingte of computer time, The hammer required two
~inJtee to proccass, while the horse, the giove, and both dolls
eacn required betwaen five and seven minutes,
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A DESCRIPTION OF OBJECTS |
The state of the experimental cortlon of our research may De

( seen from the examples in the preceding chapter, A great dea! of
Work remains before Wwe may proceed from Jaser data from an

i arditrary real opJect, to a ful! descriotion In terms of ous
p redDrcsentation, Tne material {rr tnis chaoter contains some| su2gestions as to how this might be accompilshed !n the near

: future, and some of the problems whieh wll] prodably be
2ncounrtered,

The princigal mode of operation of a description crogran
shoulg be to build a bynothesis on *he availaoie data, test the
nyootnesls, and ys2 tne results of the test tc build a petter
dyootnasls, Ths hypothesis generated wlll depand on the data,
Special purpose routines may exanine the data to generate
speclfic types of hvootheses, For example, a routine =ight
ocstuliate the existence of "missino" jolnts on an obJect based on
Structural relationships and on 2roximity, verification of
Dyootheslis may bg a simole "ap = no go" test, such as surface :
continuity in the present example, or mighe yield additional ‘
data, such as the exigteace of previousiy unnoticed detajis, The ]
results of the tegt, {in elther case, should be placed |n the data
Structure to enatlas petter hvpcethesis generation In succesding
iterations,

6.1 LINKING SESMENTS TOGETHER INTO A SKELETON

constifct TSR or 18978200, DA Sn O2ReNTIT" nfs 086 oFSERECD,  iRgkDe
| finding routines <0 gersrate complete descriptions of complexobJects, As a first cass, some Joints beatwesn segments may be

discovereg Immediately, but nigher~|eval considerations
corcérning tha structure and connectivity of skele+<ons wli|

| sventualiy have to be consigered,
|

| heer “38fyl routine ia thls and later chases vill be one to
| check surface continuity between <wo or more segments, The :i aralysls routine should select peinte on the surface of each

segment, and <¢he continuity routine shouid search in a narrow .
\ band tagween the Dpolntg fo, the exlgtence and gpacing of lage: 3

traces, If a continuods path on the surface ls not found, the p
cofrtirulty routine should te abla to ~ake small daviations from p
thre inftlal path, If continuity Is not Indicated for this
nartlcular pair of opolnts, the analysis routine shoyld De
oréparad to sUggest other rolint sales, Heurlstic conei<darations
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will dictate tne numher nf oolnt 2airs to he analyzed cofcre :
cortlrulty is relectea, :

1 TRE + -tne ‘ne

canglhg oasjest A0iNES tC freak, alll ge, ine the Saacn2, 981048, -
their princiral axes located close +5 one anoitner, and |inked Dy ’
surface continuigy, Hore than 4Wo axls sedrRnts wictw gqgurface

contlirulty to tne foint candidate wlll Indicats that the Joint is |
not Of the e8na-:oe-enyd cvne,

|

Sifurcations ang rul*ifurcatlons wil] provaniy also Je easy ¢
to recognize, Tne conditions for a bifurcation to exist are ”
sirilap to those for an ende=to=-and Joint, ana ent of one
skeleton segmant wil] rave surfare co tinulty to eac~ of two

cther sggmants, tre active" snd of the princloal sesmen« lyina
between the n"activer andy of +the subdrdingte segments, The
syoorcdlinate branches shoulg nave ¢ross sections of camparable |
size, > i

' i

T-Joints will gresent 2 more difficult case, The initialDass of the cylinder finder will not usually trace the nrincipal
se3dmeért (the "cecsspar") throush <he area of the joint, hegcause
of the aorupt change In apparent cross section where the }
suborglinate s23mers (tye "uprlishen) geias 1g, Sometimes the -
2rellirinary grouping analysis wll] miss one or both balves of the
drincipal seynment on either side of the Joint Wwe wish ta find,
The apalysis of the hawmer, Figure 5,19 Drovivtes a good example
of whgt ~laht pe expected, Casas ~nere the crossbar has been

analyzed as a single continucus cylinder Will h8 easy tc desect,
But candidates for TeJoints will also come from cases where at -
least two skelaton segmeris are Iin<ed by surface continuity to
ar area that ls not part of any known skele*on segment, “hat
will probably he nagessary is to temporarily delete frem the data
structure any skeleton seamens which is suspacted of ceing the
"Larlgnt® of a vejoint, and reaqu2st ancther analysis of the
suspfcted "crossbar" from the cvlingar fincer, <

Perhaps thase s<taps will orovig2 all the |inks necessary to
cescrine the complete s<eleten of an object, ‘ore |ike|y, there
will be areas of tne plcture whricn have no corresponding skeleton
segments, segments With suostantial areas of overlap,
cisconnectad fragaents of skeletons, and jolrgs with ambhjquous -
Iirtergretations,

Of the results oresented in the pravious chapter, tha snake
ano tha tnpus wi'!l "ead no further identification, Tre hammer
art the ¢love nigne be =zuccessfully linked Intec coyects by the

91

|

.

| {

: Yr Ya ’ .



we FT - nr IR

} ul

4

) .

} LINKING SEGMENTS TAGETHSS INTO A SKELETON E44

oirple methods we nave oprorosed, The horse and the «wo dolls
will read further analysis, In the case of the baby doll, we
right expect the ore!l=lnary iinking to correctly identify an

" end-to-end Joint ceiwsen the head and the tody, and a T-Joint ’between the laf¢ arm and tha shoulder, Recause of the failure of {
saamentation between the doll’s rich: leg an Its body, the left
lec would pe incorrectly Joinad to the body/rlght Jeg in &a T=
Jeint, The rlcht apm would no* be |inked to any other part,

? The next |ikaly step wifl oe to call intu play a routine tocuagest plausible |nteroretations for the data, Many of these
suigestions will oa sublect to verification by the cyilinder : |
finder and the surface continuity routine, This routine might ,
<LGgest a T-Joint between the dofl’s right arm and the hip, and
rejoct that on the |ack of surface continuity, It might suggest .

} a bifurcation with the rloght arn, head, and body, but reject that ;nyoothesls because of the disparity between cress section sizes, |
{+ should alsc sulgest, and settle for, a T-jolnt between the vo
rioht apm and the shoulder,

1f at the end of this analysls we have more than one possible
} aralysis of the object, anciher routine should rank crder thechoices on the basis of simplicity and agreement with tha data,

aro ejther chcose the best description, or submit to the next
higher Javel of control 4hm crdered list,

i £,2 CEALING WITH NOM-CIRCULAR CROSS SECTIGNS
] 3 *

The present seeintion program assumes all cross sections; |t
; encounters are REHEAT LAHEY the frogdram myst *S5al withmore general cross sections If 1: Is to deal #ith a wider class

of objects, :

h * . [] ’ |
Many of the cross sections we will Ge geal ing Wish will be ;spd! with regpect + the roesalution o oUr data, Shage :recoanrltlion ma, be oerformed on large cross sections one at =a :

tire, But to pronerly Identify or classify the smaller Cross
sections It will ne necessary to Consider several neighboring

. planes simultaneously, 3
The cyllinge, fitting routines already Implemented cake many 5cross section ojanes Into account Oy fitting each orofile ES

irdiviqually, then smoothing the radius functlon of exls length ]
by a |inear least sguaree fit, When dealing Aith arbitrary Cross 7

\ sections shapes, it may still be possible in some cases to fit “ieach rcroflle individually, and te merge or check the results 4

1

NYUa x ) / |



EE# MAS2. ee |

6,2 JEALT 5 WITH 2NeCIRCUL4R CRISS §T0TIONS -.

against nelghteoring cross sections, 3ut to nandle cross section
determination correctiysr !n ceneral It will D8 necessary to merJe
the raw oroflle gzva nefore rorformning fitting or recognition,
Tris wll] nesassitate finvirg a <transzformation or set Of :
transformations ¢c 5piny the data fron glfferant cross section
lanes into cgrrescendence, This is djrecs application of
ceneralized transjational irvariance +o find the primleives i+
Generates!

Two basic cross.sectiogn snapes Wilj account for mess of the .
coTmon objects a recoegrition systen mnijJhe nave to deal with, :
Eflipses alome «ii! proba®ly nedel quite sugsessfully most

arimate objects, a~d witn the addition of rect21gles, ~ill handle |! a large number af =manutactursd objects, Both ellipses and
‘ ractanales may te characterized by thelr major ang mimo:

gimeNsions, and «hele angular orientations with resoect to the oo
| skeleton, The anjular orlanzation may be specified by the |
i trleritatlion of tna auxiliary coordinate svgtenm mentioney in |: ‘ectlor 2,3, (This Ig “na firet tims we have needed to use this |tuxillary ccorginate svssen, Circles are indiffergant +2 tha oo

er3ular orientatior of the axes on wnich tray are drawn,) \i d
, Differentiatine betwoen ¢lllpses and rectanales will not de ooYiffleult, for each rectansular cross section, g9lther one face

dr io faces of the nroflle will pe viginje sinultaneousiy to tne
laser and th2 Tv camera, The discriminating routine will attemot |
ic flit one or twc stralant |lnss to the Polnts of the cross
lection, If this fails, the ross section will be designated an )
ellipse, This «ype of glffergntliztion is error prone in
lrgividual cases, cut comparlson wlth she analyses of neighboring
Cross esactlions shzu)d cancel most errcrs,

Tre dimensions of rectangles, wnere wo faces ape visible,
TavV Ce obtained directly from the gross section orofije, Where
or.ly one face is visitla, hizner leve] conrsideraglions will have
te egtimats the migsing Jimanslion, For ellipses, a metnod

: SiTilar tO that used for astimating the ragll of clreular cross
secticns (Section 5,5), nased on the known positions of the laser
ard Tv camera, Wil] give the principal dimensions, (Comnarison
“ith raijghboring cross sections will reduce the errors involved, .

Whera yet more genaral eross sections must pe recognized,
trere ape two sossivie alrecilons for the analysis to proceed,
Either tha cross section anal¥sis must chogpse among some finite
Set of possible shapes, or assuTdtions must be wade regarding the
reSularity of shapes involved, The former case is a classical ‘
Cattern racounieion reenlen, The 03st apCroach to this type of ”
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CEALING WITH NOGVoCIRCULAS CRISS SECTIONS &,2

dra2|ysis “ould he $0 Write speCjajepurpo<e routines to isolate
feagyeg of (hs CLpvegs On which 2cogniglon 1ey be based, In
the later case, som2 possiple regularity nssuuptions are Nefold

) rotational symmetry, and oljateral symmetry about some
predeternined axis, 1f more than one regularlty assumation may
hold, the oprogram must choose which one to apply, based on
reasUpable features of the shape of the profile, |

Recognition of cross section snapes need not Ue done in a
) cinNgle Pag A o elimina y analyglg coyld Beggume Ci.cyla, C,0sq

sections fo fing the skelason of an object. figher Ove!
consligerations based o0n aralysis of tne skeleton would then

influence a subsequent detailed cross section examination, . i
|

Co
) 6,3 SEPARATION OF NRJECTS IN A SCENE :

i

Ahare there are nyltiple obJects in a scene, the otjecss must : |
0g Separated one fpom ancther, so they may be dealt with :

sedarately, Our gxisting implementation makes no attemnt to do : ,
thls, and will deal only with single objects, wlth the bac«gsround A

) (the tabletop) suppressed,
|

If the scene to be analyzed ls on a tabletops calibration :
inforration will gtva the homolengous coordinates of the plane of
the table, The line s9gments corresponding to the tabletop are
those that Ile in or near thls oianre, and may be removed from the !

) scene with no difficulty, |

Body separation ray ve done utli!sing depth Information, We
shall use the hypothetical scene of Figure 6,1 to 1l]lustrate, An |

ede drawing Is mad of the scene, as viewed from the Ty camera, |The edge drawing will include only tne depth discentinuities and |
| : cohcave edges in the scene, A depth discontinuity exists at each |

of the end points of the [Ine segments lsolated oy the soins

linklrg algorithm (Saction 4,2), A concave edge point axlists at |those points where recursive segnentation (Section 4,3) divided a
laser ¢race, ang the tangents of the ends of the segments farm a {
Concave corner (as seen from the TV camera), (1% may also be 3

necessary to consider all second order curves which Ar® concave 1from the TV camera, ano denote a concave edge point at the point 3
of highest curvature,) Flgure 6,2 shows the depth discontinuities 3
ard concave 2daes to bd? found In Flaure 6,1, 3

BR
Bt

The areas {ingide eciosed curves nay be isolated as bodies, HS
Figure 6,2 contains tnred closed cupves which isolate thre 0l|- R

lock, the cylinder, and the cone, 5
9
© E
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6,3 SEPARATION OF OBJECTS IN 2 SCENE ~

Fpaquently thls method wl|! segmant a scene Into discrete
bodies that are part of the same ooJject, The hammer of Flours :
5,17 would be segmented into two parts by this methoc, The
sgomeptation will pe useful In Jjoentifying primitives, but the -
hlghapr |eval subroutines should have tha ootlon of recombining

; parts, This wili ce possiole onjy when the program has some
3 a prior] knowledge about the context of the scene,

6,4 OCCLUSION -

Jdecjuslon in a scene =may arlse in ¢wo ways, The _more g
*amillap case Is where One ocject hides a portion of gancther, as !
son from tne point of view nf the camera, The other case is
where the shadow of cne object falls on another obJect, These |
*wn0 Cases ars manifestations of the same phenomenon! when the |
scane ls viewad from the point of view of the laser deflection
assembly, tna two cases roverse, y

The depth olscontinuity edges drawn for body sgparation
(section 6,3) may be used to lcoentlfy edpges that arise from :
occlusion from the camera, Ropeating the procedure, where the i
Ta? takes the laser point of view, wWi|l identify the jaser’s
occlusion edges, Flaurs 6,3 shows a narrow cone in front of a
snek®e| lke objact, In front of a wide cone, Flgure 6,4 shows the
sae 3cene, viewdac from the laser, The duality between ¢typss of
occlUslon edJes should pe arparent from these two Views, Where
two contiguous areas (in either view) ape separated Sy a depth
oiscortinulty edge, <+hat edge Is {abelied an occlusion edges on
the object farther from the point of view,

Ahera occlusion eoJdes are perpendicular to the axle of an| cpJect, as where the tip of the cone nides a portion of <he snake
‘tn Flgure 6,3, the pieces may bes Joined by looking fap the
continuation of an axils «ogment on the other side of the nldling

| oplegce, A more difficult case vo cover (s where the occluding
egve |g darallel tc the axls of tha s20ody we are examining, Such
Is the case where the snake hides part of tne wide cone in
Figures 6,3 and 8,4, In a contexg of clecujar cross sections, ne
Tight estimate tne radi! of curvature of the visible oporsions of
the wilds cone, and unita the two portions on that basls, In a

: sufflciontiy |Iimlecad concexs, other forms of surface fitting may
nO PK,

In general, dealing with occlusion is extremely difficult.
3ut the use of ¢three=dimensiona|l Information gives us some )
agditiona| toois for deallng with the proolem,
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6,5 RECOGNITION OF ORJUECTS

A test of tne gftactivenass of our desgription program Willbe tO put the descriptions to use in recogrlitlion, This 19va| ves( comparing our generated doscriotions against stored descriptions
of the obJects among which se are to choose for identification,

The noneunlgugness of our representation, as ws!| as errOrs |to be expected fA the desorption, make Tt as veil, tnat the |
gererated descripotion of any obJact wlll oxactly match Its |

{ corresponding sta-ed deseriptlion, This means it wlll be |
necessary to devejop measures of similarity between descreiations, ;

|

|! the numper of possible identifications Je smalj, |similarity might pe mgasured bY special-purpose subroutinas, The i
recognition phase of our opregram would then involve calling the
subroutine corresponding to each possible respcnse, and resorting
whlch subroutine gave <¢he hast degree of match. Rut as the
nurper of possible oblects Increases, thls becones inefficient,

Classificatiop of skeletons based on thelr <¢ovologizal and
feometric sroperties will do much to reduce the search space, We

: 'ust not place tog much re|lance on the classification of Joints
tade by the descrintlon program, The same articulated Joling, in

(i1fferent attitudes, might look [ike a T=Joint one time, a
t1furcation another, and an unclassified Jeint Joining three
ike [ston segments a third time, The topological classification
Tust gepend only on the number Of segments at each Joint, and NOt
any designation of hierarchical orvanization or oDrincioa! axes

for any part, While this classification will not always alive the :
correct ANSWer the first time, searching under sinijar |

| classifications for matches should fina the rlcnt matenh for a .
given descriotlion, ,

| :

( Anqther techalgus for racogn|tion ls a degislon tree,tpeclfic properties of a description are tested for, and ¢he

results determine further testing until a terming! node is
reached, Proper design of the tree can result in gfficient
*estlrc, Rut congtructlon of the tree Is tedious, especlally for :
t |arge ciass of objects, Where parts of the cenerated :

» tescrintion aps |japle to de Incorrect opr even migsing, muitinie ’
taths must jead tc the same termina| node, i

i

i

:
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7 CONCLUSIONS

‘

rosel®0AY0 3080600, 118588052 E10" SY RADSraLLEeRonoY] Inhre ney
; { cescrintion program can Isolate the parts of objects and dessribe

them in taems of generallzed cylinders, We have also seen somg

exambjes not we|| handled by our representation, and some |
examplas where our description program breaks down, |

Regardless of fts shortcomings, we.fee! that <he performancewe have demonstrated proves the feasibillty of the mechag, With
IrprOovements along the | ines of the suggestions in Chapter 4, It
has the potential as the nucleus of a powerful Vision system,

| i
| ;

7.1 ADVANTAGES CF ACTIVE RANGING
i

| The presence. and availablity of depth information +0 a :cescrintion program Increases ts cacabiilty immensely, Our
excarimenta| Work on description of curved objects would nat bs
possible without depth Information from which to farm models,

! Shirai and Suwa [Shiral) report they are able to deszribDe the
: class of right prisms using a ranging system essentially similar

to ours, and some rather simple dDiane-recognizing routines,

; Incorporation of depth Information Into the Stunford Hang=Eve
| syster coujo speed low=|evel processing and provide agditionalIirforratlion for higher level! routines, Werk Is presently under
| way to provide a one~point-at-a~time ranging capability, using

elther the leser ¢trlangulation system or Stereo corrslation, to
disambiguate between alternative representations at <+ha highest
level, Flgure 7,1 shows what might be accomplished if denth
information were used at a jowepr [eve], TO generate this ‘iaur:z,

: the second-order curve fitting was disabled in the curve fizcur,
| ( ero only straight |'nes were fit, The recursive segmenter

locates the corneps of <he objects very well, Fiqure =~,% plots
only the end points of each stralght |ine segmarnt, This ca~mnuare:

: rather favorably with output fro~ conventicnzl two={gine~siona’
egoe followers,

C A drawback to tne present system of ranging is the long tira :
lt takos to scen 3 scene, For each jaser scan the TV camera =US- { §

ce régad and the | {ne detected, and It may take anywhere fron 22 |
to several hundred scans to cover an entire scene, gut nop
sothlsslcated hardware can reduce the data acquisition ='r6é dv i
ore or two Orders of magnitude, A coded arid of +-8 gt--

( ~entlioned In the Jast caragraph of Section 3,2 wou!d ragui-e 0.
]
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ACVANTAGLS OF 3CTIVE RANSING 7.1

ore exgosyre of the TV camera to viea 2a sc?2ne, dut would require
sore fairly sophigticatdd orecessing to decode the grid,

in the future, dlrect ranging scnenes such as time=-af flignt
rgaslrement may provide a full depth grid In as [lttle tine as it
takes to read the TY camera, These would also ellminate tne
drawback of the precent matnod, that planes and surfaces visiodle
te the camera bug occludaa from the laser cannot De getested,
another posslole technlaue might be stereo television 4ith
hardware correlation of Images,

H

Wwe 32 not Derocose tna Immediate application of any aresyntlyavalliabie ranaing davices to replace ex sting t40~dimensiona
*echnicues, But we predict that active ranging ~#lll be utilized
Tore and more In vision research in the near future, Active
rangiro will speeg the day when visual capabilities are feasiole |
Im practical robcts, The additlonal capabilities orovided by
agnth Information make thease predictions viptual certainties, Co

7,2 WHERE DJ WE GQ FROM HERE?

We are at the verge of a new epoch In the sciance of comouter
vision, The recert Interest Irn curved objects is only a part of
tnis new era, There are Many clans for research and davelooment
of practical rcbots for industrial and axtratsrrestrial
1pollzations, and vision Ils sure to pe a major cantriouter to the
ngw technelosy,

To expiolt the full capabliities of vision in 3aneral-guroose
intelligent machines, much research must DO done in thea ar3as of
irage acaulisition, obJest description, and represantation tneory,

The advantages of active ranging have been discussed in tne
orevious Section, as well as some rossible candidates for fast |

| and accurate threg-dimensional Image acquisition, |

Methogs of Gesgripglon fror actual data of orinj;ives andsrJecte can benagfit from fnnovation, AX@s are frequently
sy9gested by the direction of minimum curvature of visible |
surfaces, but sensitivity of this method to noise in tne data
rust te consltdareg, Outlines of obJects may be construsced from
tne depth discontinuities In a scene (see Sectlon 6,3), We have

made no attenpt to utillze tnese outlines in dotacting cviinders, |
axcedt In «he prejiminary axis determination, Those outlines are ;
of obvious value ir guiding 2 orimigive detector nr hignasr=-leval

ohJecet recognizer, And vary |lttie work has Jet haan done in |
104
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( 7,2 WHERE NO WF GO F720! HERE?

detalled strategies for a hypothesiseverify npnaradigm, or for
r8c0%nl¢lion,

] The representation we propose and use throughout this
research hss been selected and developed with the Idea of general
utllity In mind, The representation we he|ieve to be useful! in
recoSnizing and dealing wigh everyday obJects, But our ideas of

utility are basad mainly on mental exercises, ue asked, "If we
were to Write ga orogra™ to recognize hand tools, what kinds of

{ information would be useful?" The final test of our effcrts will
"e the appllicaticn of our representation and methods In eg
practical robot, We have formed a hypothesls about how to deal
wlth the visua| problems to be encountered by robots

verification of this hypothesis is yet to be performed, When the |
loop Is closed, a ~ruly practical system of representaticr and ’

( description can eyo|ve, :
The flest practical robots wl] deal with a Iimited universe,

The rsoresentations they use wi|| probably modal adequately the Co
ohlects with which <hey ars to deal, but not have wice I
appilcabl|1ty outside <¢helr |Imlted areas, Noneths|ess, they

( will orovide vajugble experlencs, A General representation
theory iiust deal with all the obJects handied by theses sceclal Lo
Purpose systems, ‘

{

There !s a need, to0, to understand the requirements of a |
representation {n the related arasas of graphics and man-rachine ;

( commuricatlons, progress has been made independent|y ir these
areas, but as the capabilities of Intelligent machines improve,
there wii! be a need t0 unify the representations they use,
Exoerience, again, fs the key,

: he next decade wil| see great strides In the uti]izagion of

0 intel] gens machines, We are proud to have been a Dart 2F' Fels
develonment,

‘ |
i:|
gt
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APPENDIX A: ERROR ANALYSIS OF RANGING SYSTEH

Two assumptions were mace In Section 3,4 whicn wil! affecstre accuracy of ra~gling, These were:

1, That the area on the surface cf the rotating mirro:
theouin whigh ajl laser planes pass may be anproxima¢tad OY a
ncint, and

( pA That the undlyerged jaser beam Is reflected .feon therotating mirror at rlght angles to the axls of rozatisn of

the nlerror, |
The validlsy of thesa assumptions wll ogpentd en ¢hg ivttiajalignrent of the |aser daf|ectlon assembly with the laser 28am,

{ |

Fos convenlence in exposition, lat us denote t"o FELT rav Cowhich passes through the cylindrical lens ina straiaht 17ne tha
"crinclpal ray" of the [aser plane, The principal rayv ‘0)lowe
tre same path the laser 00am would follow If the cviindelicel lone
were rot present, b

(

Lf fhe principal ray siplkes the rotating mirror as its |
center of rctaticn, then all planes of light must Pass *hroughthe point where It strikes, If the orincical ray micses the |
center of rotation, then the siZe of the area through whiz» all

planes of |Ight must pass |s dependent on how clese te the
( Tirrop’s axis the pplncipal ray strikes, on the angle the mirror

Takes with the bgam, and on the angie through which ¢re mirror |
will rotate, Figure 4,1 1{llustrates ths 3Jeometry ef the

situst¢ion,
3

| Call the distance from <he principal ray to the center of the
( mireOr A, and the angle made by the principal ray and the mirror i

! (in its "cenrtereg" position) 8, Suppose? the «wirrse rc-=ai'.
rotates over an angje of J, and let us compute the apsarert siz
of of tha area in question, the distance Hh measured =~ara!'e! ts

the refiectec perinciole ray In the "centered" position, |
The misalignment A ie certainly nct more fhan #,2 Inches: le¢ |ts call lt 2,2, and ses how much error |< ntroduces, Tycicai

values for 8 and 9 ap® 60 delrees arc S dedroes, respectively,
Sitple trigoncmesry taking Into account that the angie 2?
reflection of the principal ray Is equal t3 the angle c*¢
incidence) gives a value of *, 215 Inch for the distance 5, 5

1
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APPENDIX a3 ERROR ANALYSIS OF RANGING SYSTEM j
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APPENDIX A: ERROR ANALYSIS OF RANGING SYSTEM
\

Tne plane of |ight passes through a point wnich may be as far
a, 8/2, eo, 02,0275 inche, away f.om whee (he calib.agion
inforration thinkg jt Is, Flgure A,2 shoWs hOWw to calcuiate the

( rangd arror from this uncertalnty, X marks a point on the |aser
plane whose depth Ig known from the callbration pattern, We Wish
to know the depth of soma cther point in the scene iocated a

i distance D away from X, The distance from the |aser center to

the point X 1s tyclcally acout 24 inches, The scenes we scan are
Usval|y not more than 6 Inches deep, so the distance J is not

{ more than three inches, Solution of similar triangles gives a
cistance of C,f01 Inch for the error, C, Ia the positior of the

clane, This must pe divided by ¢the tangent of the <7 degree |
angle bpetween the principal ray and the |Ine to the camera, |
civirg an srror of about 2,222 Inches, |

{ Tha e ! h ) ¢ : |serponalon’ ar bSRURS RY i rt iaorPEhncaqal ray not beng ITI
larger, With the magnitude of the angles involved, the i
predorinant effect of non-perpendlicularity wil! be a deviation :
frem seralohtness of the locus of the princical ray across the
table as tha mleror rotates, The initial alignment procedure

( ouarantees that the laser beam wll| be within @,3 dearees of

being serpendicular to the mirror surface, (The cylindrical lens ;
aro focussing lens are removed, then the mirror Is rotated and $
the deflection assembly positioned so that the bean ‘is reflected i
tack Into the |(ager,) The mounting of the mirror to ¢he motor 3 '
shaft |s to wusya| mechanical telscances, and should not be ; |

( oplented at an angle of more than 0,5 degrees to its axils, We
sha|! assume an angular deviation of one Jegres,

' {
!

The princlpaj ray will sweep out a cone in space as the
mireOr rotates, this cons «ili Intersect the tabletop in a : |

! hyperbola, as shown In Flgure A,3, Over a baseline of 12 Inches,
the Ceviation from linearity w!|| pe 3,026 inches, Since the
laser planes are oriontec at * 45 degrees to the baseline, the
error In thelr position Wwi|l ne @,707 times the deviation from
linearity, or 2,019 Inches, This we divide by the tangent of the
angle between the laser ray and the [ine to the camera, to obtain
ar error In depth of 2,237 inches,

N There are some other  Kaown sQurces of arror _. In the. calibration, Errcrs in measuring the Intersections of tha laser
scant on the table top in the calibration pattern are gbout 2,02¢ :
Inohe This, too, must be divided by the tangent of tha angle
cetween thes laser and the :zamera, to yleld a depth error of 2,010 5
ineh, other errors In the camera calibration are rrobaply less 4

L than one raster unit, and may be Included in the 2,235 to 3.279 p
108

|

ny I



oJ

{

APPENDIX A: ERROR ANALYSIS OF RANGING SYSTEM
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( APPENDIX 43 CRROR ANALYSIS OF RANGING SYSTEM

Locus of principal ray if reflected

3 \ perpendicular to axis of rotation
ns |

OWT inch 101 inch
|

[~— 12 inches —
Locus of principal ray

(Vertical scale exaggerated.) 1
col

( Flgure 4,3 |
Lrror Jue to Non=Perpendicularity of Laser Ray

inch figure given in Section 3,2 as the error due to resolution
in the TV camera,

{ Each of the errors mentioned hare are maximum ercors, Adding |
them together gives a total maximum absolute error in range of
¢,%94 to 2,129 inch, or about a t nth of an inch, But to obtain
the average expected error of any depth m@asurement, the
Individual errors myst be divided by the square root of two, and
they must be added In root-sum-square fashicn, By this

, reckoning, the average abscjute range error Is 3,245 inch to
3,956 Inch, or abous+ 1/27 Inch,

;

i

|
L

1

110 1

]
|

A

7

Lr



LEE RE... 4 wv EAACY ad

{

(

APPENDIX B: CURVE FITTING

We pepresent two dimensional curves Dy eauatic’s of <hre form
|

J kK
Slx,y) = 2 ¢C X y = 7. (Equaesizn 3.1:

J kjk

Curve flepins ig =he process of determining a set of valuas fo-the coefficients © which minimize the mean sguar€e error,
JK

2 .
E = SS (gtx , y 2) / No [Equaricn 3.2:

! | i

( :

over some set of cata points (x , ¥y J)» 1 £ i € N, under sertai-
| i |

constepalints,

That constraints are required should be obvious frem <ne forr
ct the funstion (x,y), If each of ¢the C ‘ss are Zero, S(X,y)

1J

will be avery,nere identically zero, and the minimum £ Lill De
ais0o 28r0,

The constraint: we have chosen to use is the *"averagda
cradlent® constraint describad In Section 8,1, One of the
erincipal advantages of this method is tnat the result of the
minimization process is Indecandent of the coordinate system, a
resule which We shall show In Section B.4, Woe know of no other

constraint or set of constraints on the coefficients which
cossesg this property,

A problem with our method of curve flitting is a tendency to
produce cupves which "eur! In" at the ends, An analysis cf ths
ehenoranon Is contained in gaction B,S,

B,1 FITTING OF GENERAL SECOND-ORDER CURVES\ ¢

A jJenaral second-ord3r curve (Ss representec by the eauation :
2 p. :

GixsY) = A x + 8 xy + Cy + J x+Ly+F = J : |
$ (tquatiz~ =.,.3:

[i

j
111 2 |
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BH, 1 FITTING OF GENERAL SECOND-ORDER CURVES pH

The sofutions to thls equation for fixed coefflolents +» through F Co

ars the conic sections, Finding the "best fit" of thls sguation

to a set of data poines (x v. Is equivalent to minimizing the
2

6pror measure £ = 3 G(x ,y ) over the coefficients A, p, C» 0D,
I > :

E, and fF, |
i
I

The error measure £ may be concisely represented Tn matrix : |

redresentaticn, Define ¢tne vectors V and X as

X x A . |
X y B (Equation 8,4] |

X ® YY and - v = C } and
x D (Equation B,5]
y £
1 F

Then

: T T
G(x,y) 2 y X =X V (Equation B.63

2 T T - ..
6G = V XX VV (Equation 8,7)

2 T T T T
: E=36 =8%8v Xx vasVv 3TA(XX)V Equation 8,81

Y ..
| EsV PV (Equation 8,9]

,

where P = X ¥ {is a matrix of sums of powers of x and vy,
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FITTING OF GENERAL SErL0OYNDORDER CURVES B,4 |
The coefficients whieh specify the "pest flit" are contained

T [ ]
in the vector V which ninimjzes V PV, Clearly a cong¢raint ls

| needeg, For if Vv Is the zero vector then G(x,y) will be

everywhere l!centically zero,

| Before choosing a constraint, let us ask what it is we really |
| wisn ¢o0 minimize, Certainly there are constraints which will |
| { yield a low value of the srror measure, which we could not accent |
i T

’ intultlvely as a good fit, The Intuitive Judgment of Soodness of |
fit depends on tha distance of the data points from tre |ine a

L( which approximates then, This suggests we search for 2

constraint which wlll cause the error function G(x,y) to be L|

proportional to the distance from the point (x ,y ) to the line i
| b

{ a.
o(X,y)s0, |

: i

: To a first approximation, the distance from the point to the

¢ line tg the value of G(x,y) divided by the gradient of G, VG, in :
| the nelghborhood of the point, Ideally, we should wish to |

2 )

. rinirize 3 CC G / 196) ) « However we can approximate this by |
constraining the average or root-mean-square gradient of G to be |

2 ]

unlty over the set of data polnts, and minimizing 3 G under that

s consteaing, |

113 |
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3.1 FITTING OF GENERAL SECOMND.ORDER CURVES 3

The magnitude of the gradient of G, VG, Is the sauare root of Co

T 2 T 2 SE
(Vv X ) «(Vv X ) , where 3 |

X y .

2X g !
y X [Equation E.12) :

X = 0 and X 3 ay and

x 1 y 0 (Equation B,11) 1
J i
] 5] ood

are the derivatives of X with respect to X and Yy, respectively, : |
. !

Then 3:

(V6) = (V X ) + (Vv X) ss Vy (X X +X X)yy Ct
x Y XxX X y vy

[Equation B,12) |

2 T T T T
e(96) sv 3 (X X +X X)Vs=sV QV,

X Xx y vy

[Equation 8,13)

T T .
where 0 8 (X X « X X ) Is gnother matriX of sums gnd powers of

X Xx y J

| x and y, Reaulring the root-mean-square gradient of G to be

: unlty Is esgqulivalert to requiring that V GQ V ® N, whepe N is the

nymbe, of datz points,

T -
We wish to minimiZe the matrix produgt V P V, under the

constraint that nl QV 3a N, It Is well! known from LaGrange

114
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FITTING OF GENERAL SECONN=ORDER CURVES B.q

rulelplles thesry [Courant] that the constrained miri=ur is 8

i solution to tne generallzed ajgenvajue equation | |
| PV =ANQGYV (Equation 8,147

¢

for some value of X,
|

Cg The solution of this saquation Is descrloed In Section B.2,
Fach of the tive elgenvectors found are normalized <¢0 make

T |
Vv QV = N, The mean square arror of sach solution is equal to

¢ Its corresponding eigenvalue, since |

° Tov EE bo6 Vv P oo
3 = prpnprgay XX = wceoosacen = PN (Equation 2.151) 4 \
N N N {

{} 4

B,2 SOLUTION OF THE GENERALIZED :
EIGENVALUE EQUATION

( | | |

To implement the method of Acpendi Xx 8,1 rO3UITOS solution of

the Qeneraized ejgenvajue esaquation :
PVseEXQV, (Equation 8.163

(

: HoweVep, the mateix 3 IS singular and the mateix P ls nearly
i

| singujar: the closer the data points are ¢¢ lying on 2 conie

section curve, the closer P ls to belng singular, We are }
\

indebted ¢o Mr. Richard Underwood tor supplying the following

numerical method for solving the souation,

¢ 3
115 3
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8,2 EIGENVALUE EQUATION

The jast row and the last column of the matrix Q are Zero,

The ma¢plx Q may be represented by ¢he partitioned matrix |
[]

} »

Q | ©

0 = . (Equation B,17)
! soavevsadboap

2 [| 8

- J

We may usually eXpegct the flve=by~five matpix OQ to be positive |

definite, A Chojegky decomposition will factor Q Into a |ower !
{

diagonal matrix L, and lts transpose, L , so shat

|
* | oT |

T L | © L | 2
Q = LL = | |

Sonveooeddawm, Sousa ndpoae

4) | @ ¢ | oO |
(Equation B,181] |

\

1f we jet C reprogent the augpented matelx |

-
, N L | 2

L = | ’ Equation B,19]
, veoeoveoeboeeoe

! @ | 1

|

then we have the result

ep eT ro |e
L QL 3 ’ (Equation B,283

woegdevoeopboow

4) | ©
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EJCENVALUE EQUATION 8,2

-=T

where |] denotes the fijveebyefive unit matrix, (Ths notation L

/ «=
sgnotecs the transpose of L ) o

The oprlginal generallzed elgenvalue equation, <tauatlion B,16,
bo

Tay be transformed Into
i

_ed _eT _-1 _=1 _=T _=3
| L PL L V = L QL L AV,
| (Eouatlion 3,21)
| (
| Lpolying tne substitution

! ‘eg eT cr | u
Cc = L PL = | (Equation 2.22)

i weoeamsneeodbeoe

| : To |J | « -. .
| \

and letting Y be the partitioned cojumn vector

- 1 z
{ Y = L Vy = e== [Equation 2.23)

J |
) |

viel|ds the representation

(. c’ | J 2 1 a 2

JEN ‘ |
ceooavadba®g - oe FEET XE TRY YPSy - ew

T | |
U | « W y) | @ W

[Equatior 2,24)

( |
This ray be factored into ths two ei3envalue eguations |

C’ 2 + VW = \NZ [Equatlon £,25)

ama
{
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8,2 EIGENVALUE S2UATION ¢

v 2 + aR = 8 , CEaugtion 3.261]

Solution of Equation B,26 yiglds e
T

A = = (V 2) / «a (Equation 2,27]

which when substituted Inte Equation B,25 glves the form j
r ’

(C’ = VV /7a)Y2Z2 = NZ , CEquatlon 7,28)

Equation B,28 may be so|vad by usual eigenvalues methods, such 9 |
i

as the Q=R algorithm [lsaacson), The five original eigenvectors

of Equation 3,16 may be recovered by applying Eauation 8,27 and

Equation B,23, |

2,3 FITTING OF STRAIGHT LINES
|

Time fligting of straight |inas follows the same procedure as

the fleeting of curved | Ines, Section B.1, |

A stralght |ine Is representad by the equation

Gix,yY) = A x + 3 yy « C = 0, (Equation “,29)

vefining

A X (Equatias~ ~,323
V = B and X = y ana (

C 1 [Equation 7,512

cives

T T

. Glx,y) = Vv X = XxX V (Equation 7,321

118
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FITTING OF STRAIGHT LINES B, 2
{

2 T T T T T

SG = Sv XX V = ¥V EAXX)V = V Pv,
(Equation 2,33)

{ where

2

3 xy 3x
T 2

P = 3 XX = 3xy 3y ey CEquption £.34] |

3x 2Y N

| 2 2
The gradient of G, VG, is tne square root of , + 3 for al]

x and y, Thus

2 T i 2 0 T

(VG) s Vv 2 1 9 Vv s Vv QV
3 0 9

[Equation R,35]

2 ‘
The constrained minimum EG subject to the constraint V6 = ¢

. }

Is a solution to the generalized eigenvalue equation ]
1

| PVa=XQV [Equation 3.367

Co fcr some values of X\, Using the method of Section 23,2, this }

equation may be solved symbolically with the following results, |
I

|C !

|
!

. - od
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8,3 FITTING OF STRAIGHT LINES -

2

2 (ex)
Let PF 2 3X « cecee (Equation 8,37) :

MN

ex Jy
S§ = 2XY eo @weces (Equation 8,38)

N

2

2 (2X)

and t = 3Y > oeces, (Equation B, 39)
N

Then the elgenvaiyes become

74 2 1/2
A 2 (p+ tt 2[ (rt) + 4s 3 ) / 2,

(Equation 8,42)

And the elgenvectors are glven by

~3

V = P= A (Equation 8,41)
Ss 3¥ = (p = )\) Sy

B,4 ROTATIONAL, TRANSLATIONAL, AND
SCALING INVARIANCE OF EIGENVECTOR SOLUTION

rn this Section we hall show that the results _of curve

: fregtho by the neghoc of Sectlcn Bs1 are Independent of tnecoordinate system [in which fitting takes piace, provided the
coordinate system is an orthogana| one,

To show why thls property ls desirable et us consider arather obvious YxiheSe of curve teeing under . Eonstraing ther
than the average gpudient, A representation of general second
order curves commgoniy ussd in curve fitting Is

? 2
G({xsy¥) = A x *Bxy+Cy + Dx+Ey+1c=ogp,

(Equation 8,42)

{

Thi | equivalent to Esuztion of Section B, with thecoefficlent F saute, unity, The into) zad8ct of ints fuses fon |
(
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{ INVARIANCE OF EIGIZNVECTOR SOLUTION 8,4

bo
ls freaquent!y treated In college calculus courses, and involves | |
solution of a get of flve gimultaneocus |lnea, equations, We -
observe thet G(D,2) !s identically 1; hence the curve ca~not pass

! through the origin of coordinates! If some of the datz poirts :
"abper to Ile neap the origin, the resulting curve will pe
grossly different from what might be expected otherwise,

(. Usina the notation of Section R,1, suppos® that for 2a set of

cata polnts there exists a vector V and a scalar A sucn that !

T T T '

SX X V = NT UX X +X XV, |
(; X Xx Y Y

(Equation 3,43) a.
i

Let there be some u=-v coordinate system related to the x-y :

coordinate system by +he transformation [h], such that ;
( ‘

U X ab ¢ X
v = [hh] y = def y CEquation 3,44)
pl i a 21 i

We may deprive fpom the above that
{

Uu u aa 2ab bb 24¢C 2b¢ cc X X
: uv ad ae+bd be afecd bfece cf X Yy

U = v Vv = dd 2de T 24d? 2ef f¢ * y ¥
: u 4) 7] i a b ¢ X

v | 0 a d e f y

( 1 2 Y 0 7 2 1 1 .
CEauatlon 8,45] i

'

Us HX (Equation 2,461] |
where H Is an expanded transformation matrix rejating U and X, 4

| p

Let U , and U be the derivatives of U with pespect to u and v, {4u v :

oo

respectively, If we can show that there eX|sts a vector Vv’ and a 1,
C scalar \' such that for all x and y, Ee

121 3)
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d,4 INVARIANCE OF EIGENVECTOR SOLUTION -

T T

V X = V/ U, [Eauatlon 8,47)

ant sych that -

T T T

SUyU Vr = NS UU +U UV,
Uu u Vv Vv

[Equation 9.48)

then {nvarlanca with coordinate system w!|| have been proven,

The derivatives of U with respect to x and y are evaluated as
|

Toljows,
|

2aax + 2aby + 2ac |
| dadx + (ae+bd)y + af + cd

U = 2ddx + 2dey + 2df
X a

d

; @

2a (ax+by+c) 2au
| R (dx+ey+f) + 4d (ax+by+e) avy + du

3 2d (dx+eye+f) 8 2dv
a a

d d

4) ”

= a v, + d v, [Equation B,49]
Strllarly,

eabx + 2bby + 2be

(ae+pd)x + 2bey + Df + ge
u = 2dex + 200y + 2ef 2 bU +e | ,
Y b U Vv :

CEauatlon 8,58)

0 {

i

|
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INVARJANCE OF EIGENVECTOR SOLUTION B,4

In addition, we sha|| need <¢he result that for Lh) to be an

orthogonal transformation requires that

2 pd 2 2
a +b = d +o [Equation B,51) |

and ad + be = 0, (Equation R,52)

{

We are now prepared to prove the main result by deriving |

Equations 3 and 4, The anly V’ whieh will satisfy Equation B.47

( ls
«7 _

Vv: = H V (Equation 3,531

T |
or V & H Vv? CEquetion 3,54) ;

Substituting the above In Equation B,43 gives :

T 7 TOT TT
SX X HF yr + ANS (X X H V/ +X X 4 V)==,

XX y ¥ |
( (Equation 2,551

we premultiply by H to get |

! T T T 7 T 71

p KH XX H Vie NI (HX X H Vi +HX X H VY = 2,
{ xX X Y y '

: (Equation 2,56)

Ditfeprentliating Equation B,46 vith pespect to xX, Or ¥ yisids

U = H ¥X and J 2 H X

i X X y y (

(Equations B,57 and 3,58) y
which we use to wpite

|

|

5
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3,4 INVARIAMCE OF EIGENVECTOR SOLUTION 3
;

T T T 1
SUU Vy, +#XxS(UU VvV/+¢Uu yy V') =D

X X y y

(Equation 8.59) 2.

T T T
or S UU V/+NS(UU *+U U)V =D,

X X y Vv

(Equation 8,60] R |

Now: by Equations B,49, B.50, 8.51, and B,52, we may Write |

T T 2 1 T r
Uu U + VU s a UYU U «addy UU +ady VU
X X y ¥ gy U u v Vv U -

2 To 2 T T i
+4 UU +45 U U +pel U

v Vv u u gy ov

T 2 T

+ wel U +0 U UV
Y u Vo

2 2 T 2 2 T

= (gq *bH)U U + (d+) VU U
vu ou Vv Vv

T T

+ (ad+*be)(UU U +«U UU)
u v Vv u

2 2 T T

= (gq +p) (VU U +U VU), CEquation 8.613
u u Vv Vv

Substituting the above Into Equation B,60 glves

T 2 2 T T
Ss UU vt + x (a + bb) ICY yu «UU UV =D,

u u Vv Vv

(Equation B.,62)

2 2 |
whioh Is Equation 8,48, with A = X (a + bb), .
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6,5 THE CURVATURE PROBLEM

There 1s a tendency for our curve fitter to fit to the data
curves which are very much more flattened than we would [ike to
see, Flgure 4,13 shows some examples of this type of "error",
esteclally the upper rlght, middle |eft, and lower l16ft curves in
the |lllustration, The curve fittind subroutines check for this
kind of error, ani reject curves where the elongation is
opVious|y too great, But the tendency to fit flattened ellipses
affects all curves, and introduces an undesirable amcunt of
systerat!ic error into the fitted data,

The probiem lg ageontugted by the fact that we are eal ingwith only portions of seliloses (or hyperbolas), With 2a given

short arc, a large number of curves may be construed to tit,
when geallng with complete eilipses, the principal dimensions of
the curves necessary ¢0 fit them are Immediately apparent, and
only minor varlations In the fit could be ecnsidered reasonable,

we shal] show tha his tendency arise om the ct. that :all other things the tng teadal the effor $3 sheer fect; ih of
points about a curve depends Inversely on the magnitude of the
second derivative of the error function, That is, a curve whose

( oradlent varies rapidly tends to "fl¢™ better, In the [east
scUares sense, than one with a constant gradient,

The problem fs not Iimited to flying with the averagegradient econstraing, Lyle Smith Smith] noted the same
phenorenon, fltting curves with the constant term, F, of Ecuation

; 8,3 constrained to unity, he bejleve, but have been unable to
opove, that no |inear or quadratic constraint on the coefficients
of Eauatlion B,3 can e|imninate the problem,

An tllustration wil] make clear the dependence of the average. error measure on the derivative of the (magnitude of the)

oradlent, Suppose that In the xey plane thare exist n points
| uniformly distributed near the Y-axis between the Iimjizs x = -1
| apd x = 1, as shown in Flgure &,1, A one-dimensional error

function

>

L F(x) = o, Xx +B X + C Equation 3.63)
“ives the error Of each point, The average errOpr measure 4 v|

n 2 ;6G =23 (F(x )) /n (Equation 2,64) |
A | 1
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8,5 THE CURVATURE PROBLEM

y

Points uniformly
distributed

between x = ~1

X

i Flgure 8.1
A Distribution of Points in the x=y Plans

fs to be minimized over the distridution of points, NO may
epprox imate the error measure F by an integral:

| 2 2
=" tax +8 x + (C) dx, CEauatlon B,65)

: «]

| The average gradient constraint raaulres that

: i dF ps
2. ! ( owo= ) dx = 4 [Equation B.66]

: 2 -] ox

Or

1 2 l l
1762 4 x +B) dx =8/3a° +28° = 2,
-3

[Equation 2,67)

he meter A n ® greeter. th he square root of

3/4RCoDALamekes A Tust not,Fa.o0et tat EP ap The savers root |
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! THE CURVATURE FROALEM Fe

Tha sacond derivative of F(x), (which in the ¢wo dimensional
case ,ould be the deriyatiye of the magnitude of the gradient of
FY» Is prooortional to A, For illustrative opurposes, we may

f choose arbltrary values for A, subject to the [(Imitatizn akove,
solve for BB In Equation HK,&7, then find the value for C which

minimizes the eprer measure G,

, |
Figure g.2 olots F(X) and F(x) against x for three sifferent

values of ,, (This plot would require three dimensions in the
two Oimenslional case,) The Integrais of the shaded armas unde,

2 -
the curves for F(x) are G, the arror measure, The miniru~ error
occurs when A is equal to the square root of 3/4,

Elongated elljrses, and hyoerbojas whose asymptotes cross at |
RarrOw angles, are characterized by a high derivative cf the

raonlituge of the gradient of thalr defining function, The curve
fitter chooses these flattenad curves over the mora tnsultive
curves we would prefer, {

i

A possible solution to the problem invoives a weighted jeast |
squares approach and an iterative method, Lyle Smith used a
TethOog In which, after Solving the least squares sauation to fing
en ellipse, he would weight each point by the curvature of the
ellipse near that coint, After several iterations, the method
converged to the intuitive solution, But our attempts to apoly
this method to our average gradient solution failed, It was
difflcult to distinguish among the five eigenvectors to determine

; which one to use In determining the weights, Perhaps a smaller
weighting, so that the solutions varied slowly with each

' iteration, mignt have given acceptable resujts, but this was not
{ trled, )

|
{

?
- 1
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¢ |
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3,5 THE. CURVATURE ®ROBLEM 3
1

F(x)
Fo (x)

A=0

F(x) = x x

G = 0.333

F(x) 3, | |

A = {3/4 a
F(x) = V3/(x"+x-1/30) x a
G = 0.158 3 |

f

A =V3/2 ,
| F(x) =V3/2(x"-1/2) y

G = 0.087 N

| =

¢

{

Figure B,2 |
Error Measure With Different Curvatures Imposed

(
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: B,6 ALTERNATIVES TO GENERAL SECOND-ORDER CURVES

Curve fictling > aeneéra| second-order curves leaves much to! te desired, Solution of the feast squares ecuations requires
ruch computation, Choosing among the three sojutions returned is
tricky, A practical solution to the endecuriing problam ™mas noe
been found, The parameters of the c'uprve are not aasy to

\ ranipulate, We glscuss In ¢thlis Section some riternatives to

Qep8eral s@ConO~grde, Cupves which minimize some or al] of +hege
( ceoblerns,

We are committed tO general second or oer curves nsjnly forhistorlca| reasons, The curve fitting routines were originally
| weltten for an attemot to detect cylinders, cones, and spheres in

conventional TY images Drocessed by an edge finder, much in the
) sae way cubes are detected |(n the present Stanford Hand=Eye

systér (Feldman), In such an application, It was important thas
| e(lirses bes represented simply, In the present acolication,
| description of threg-dimensional curved oblects, what we resulre

ralnly Is an efficient smoothin3 operation, and a representation

: cababje of carrying curvature information, But at this opciat in
_—t tire, the paraneters and data structures of goneral second order
| curves are so filenly embedded In our programs that It woulo take |Several weeks to convert to another renresentation,
[

Nevertheless, we suggest some ajternatlives,

The easiest ¢vpe of function to compute would be adratic{ Qu r

oolynomiaje, For® each segment, we draw a pass! Ine between the
endpoints, and rotate the segment 30 that the transformed

| baseline is the x.axls of the new coordinate system, This method
wolU{d tend to lsojate seaments of uniform curvature, Jecause a

seOment may have uniform curvature when viewed perpendicularly in
: Jespace, but not anpear uniform when viswad In perspactive from
: the Tv camera, it would be advisable when using this method to
; transform the points to three dimensions before curve f{¢ting,

The data structure for quadratic polynomials would. nead tocontain orly the coordinates of the two end points, and thes threes
: 2 :

( coefficients A, B, and C of the function y = A x +B x + C, |
since the coordinates of the eng points uniquely determine the [
rotation of tne points, thera would be no need to separately

include 1¢,

C A version of the curve fitting program using suadratic
solynomials has been implemented, and seems ¢0 give sSomgwhat MOrs |

{
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3,6 ALTERUATIVES :

consistent results than fitting by general seconu=-opcer curves,
; FiSure B,3 ghowg the to,us as It wag wigh quadratic polynamlals,

Cofpare tnis wlieh Figure 5,15, Fitting Is ir TY raster
coordinates In +his version, Some further improvement ™mighe
possltly be expeceed were conversion to three aimansions +0 take .
place before curve flitting,

ic spl ery nue ik ti (al
with aR Rag 130eanTS ASoutat ony hnaike nauadratic polynenials,
functions representing each segment must coincide,

A spline |g a Function defined on an interval qgivided uo ntoa tinite number of subintervals, fthe end points and the points
wneére two subintervals join are called nodes, For an neth nrder
spling, the func<ion on each suointerval Is an neth order
polynomial, Usually the function Is constrained to be
continuous, and contlndJous In Its nei derivatives, at {ts nodes, -
but other constraints are sometimes applied, The so]|ine
functions which we suycgest are second-order, and continuous in
Zero-th derivativa (the function itse!f must be continuous.)

lf we draw a basel|lne petween the end points of the ine ang
rotate the curve so that the transformed baseline is the xeaXis :
of the new coordinate system, we may fit the line with such =

i sciineg, For a given placement of the nodes, the functlon F (Xx)
i min

2

which minimizes the mean square error B(FExy=x may be foynd as

the <cojutlon to a (2n+1)th order system of |inear eguations,
where n Is the number of subintervals,

Instead of recyrsive segmentation, we need a procedure to |systératically introduce nodes until an acceptable fit s
: obtained, Introducing new nodes at ths points where the

bointwise error Is greatest, and perturbing the nodes to Imorove
the overall fit, in a manner similar to the method of [Decor and

: Rice [Deboor), may glve good results, but many details remain to |
be worked out, Some care must be taken not to let nodes |is too
Close together, to prevent obtaining functions which sscijlate

: wildly, Some means of distinguishing between stsalght |inee and

curves should be looked Into, since straight Iines may nct De yfitteg separately from quadratlics,

i

{
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