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A contour image representation is stated and an algorithm for converting a set of
digital television images into this representation is explained. The algorithm consists of
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INTROBUC TICN.

The .cronyin CRE stands both for "Contour, Region, Edge”. CRE is a solution to
the probdem of tinding contuur edges in a set of television pictures and of linking
corresponding edei« from one picture to the next. The process is automatic and is
intended to run without humen ntervention. Furthermore, the process is bottom up;
there are no significant inputs other than tae given television images. The output of CRE
is a 2D cantour map data structure which is suitable input to a 3D geometric modeling
Prog: ar.

The overall design soal for CRE was to build a region-edge finding program that
could be applied to a sequence of television pictures and that would outpu! 2 sequence
of line drawings without having to know anything about the contert of the imezes.
Furthermore it was desired that the line drawings be structured. The six design choices
that determmed the character of CRE sre:

1. Duraby vision 1ather than model driven vision.
2. Ml irnage analysis ratier thin singlz itnage analysis.
. Tolal imase structure imposed on ooz finding; rather
than <eparate edge finder und ima e analyzer.
. rutoratic rather than intaractive.
. Fixed imeage window size rather than variable window size.
. Macline lunguage rather then higher leve! language.

W

o0l >

The cesinn clhoices are ordered from the more strategic to the more tactical; the
firet threo chcices being ressarch strategies, the latter three choices being programming
tactics,  Adorting these design choices lecsi Lo image contouring and contour map
structurcs Smilar to that of Krakauer[3] and Zuhn{4]).

The firal desizn choice does not refer to the issue of how model dependent a
finished cencial vision vystem will be (it will be quite model dependent), but rather to
th~ isste of how cne shouid begin building such a system. | believe that the best
storting pants are at the two upparent extremes of nearly total knowledge of a
particular visual world or nearly total ignorance. The first extreme involves synthesis
(by computer sraphics) of a predicted 2D image, followed by comparing the predicted and
a perceived  aage for dlight differences which are expected but not yet measured. The
et ond extioie involves analysing pereeived images into structures which can be readily
conpared for near equality and measured for slight differences; followed by the
conctinction of a 8D geometric wmod! of the perceived world. The poirt is that in both
cacen iini s are compo cd, ang in both cascs the 3D model initially (or finally) contains

specific numatical datn on the geometiy and physics of the particular world being looked
at.

T T pe—
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INTI2ODUC i s
The ccond design choice, ot multi inage anaylsis rather than single image analysis,
provices o vaws for solvng for camera positions and feature depihs. The ghird design
cheico <ob o - tor rather avoids) the problera of intearating an edge finder’s ‘results into
an inage. Ly using o very simple edge finder, and by accepting ali the edggs found, the
irnage otroetire o never dost. Tiws design postpones the problem ofg interpreting
photora~tive «izes as physical edges. )
d

The fourth choice is a (nsclution to write an image processor that does not
regunes cperator assistance or Haramater tuning. The fifth choice of the 216 by 288
freed window size 1o o oin that proved surprizingly expedient, it is explained later. A
variable window vertion of CRE at halves, thira. and other simple fractions of its present
window e will be made ot some future dale.

The final desi;n choize of using maching luncuaze was for the sake of implementing
node link duta structures that are processed 100 faster than LEAP, 10 times faster than
corapilo d ISP and that requine significantly ez memory than similar structures in either
LISP or LEAP. Furthermore machine code asscrnibles and loads faster than higher level
fanjuasen: ona machine code can be extencively ii<ed and altered without recompiling.

it 15 my impression that CRE does not raice any new scientific problems; nor does
it have wny really new colutions to the ald problems; rather CRE is another competent
video region cdgo finding pragram with its own set of tricks. However, it is further my
nplession thet the particular tnicks for sroothing, nesting and comparing polygons in CRE
are oricingl as progrararmg technrgues.

The mtended use of CRE is illusirated by the sequences of turn table pictures on
parcs boand 3. The figures on page 5 illuslrate the quality of contoured images over a
rance of wubject inatter. Finally the application of CRE to typography is iliustrated

belovs:
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Me tvo encric data structures of CRL are arrays and nodes; there are five kinds
ot array: and cight kinds of neder. The node structures to be discussed are
ol nted as o ceven word fived wzed blocks in @ fashion usual to graphics and
stntbattors nomtroauction to this techrology can be found in Knuth [4]. The language of
iraleracntation is PDP- 10 mackinge code via Lhe FAIL sssembler.

DATA L TRUCTURL: BASICS.

thee onele nodal strociure in CRE reprosents a sequaence in time of video intensity
canlaur m Sush eontear meps wre hive topozraphical «tevation contour maps, in that
no two conteur line. shoutd wver crows and in that ell the contour hinzs should close.
Cone e nity, the fuops of contours enclose regions; and these regions overlap in a
neslod {aaien forrang o tree like data structure.

An e yenerdd examples of contoured imazes on page 5 illustrate, a notion that is
cropbeiicsdly vot in CRE, s that of a schematic line drawing.  Although the CRE output car
be viewci oo a collection of lines on a display screen, people expecting a line drawing
retchlion ot the given televisien pictur will be disappointed. A CRE picture is a simple
trancformotion of the photoreliy, jecmelry and topology of the original video image;
whetcas the typicdl line drowing from a human illustrator is a representation of the
acone without photometric information. On the other hand, the work of an artist such as
Peter tAas: or a paint-by-the-nurabers grid does resemble CRE output. This is not an
idle comaidence but rather a consequence of whether or not the artist is trying to
represent phatometric data by quantuia lines.

The s planation of CRY nade strictines will be presented in three parts: first, the
aeovcral vl of nedss will bee briefly excdained; cecond, the sub structures such as rings,
tress . cnd b vall be descnbed; and third, the node formats and their contents will be
cptatne o aeac il Follevsinz that vall be on oxpicnction of the five arrays in CRE. The
recdor is 2arned that this whole cub wection (on data structure) is an elaborate shaggy
dov ctory of naming naines and defining things; all the action is to be found in the
followirs o weclion (on the aigorithm).
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DATA STRUCTURE: KINGL UF NODES,

The e cight incds of CRE nodes: Vector, Arc, Polygon, Shape, image, Level, Film
and tipty:

I At the top of the structure 1 the film node, the film node is unique snd serves
as o GOLIST from which all other nodes may be reached. The film node embodies the
idca uf a piece of cellidoid fitm or & lengih of magnetic video tape. A film is a sequence
of nnages taren by the sarme camera of the same scene with only a small amount of
action between images.

2. Anirnage node represents the fariliar two dimersional Idea of a photograph or
an ail painting er to be cxact a digital video image of 216 rows by 288 columns of
nurabcrs 1 nging froim O for dark to 83 for bright. The imace is formed by a thin lens and
s projected on a tlat image plane. The ea of an image is so common that it is easy to
ovailook the wonder of sun licht scaltering oft of surfaces, refracting thru a lens, and
forimmy a comples pattiorn caled a teal image.

S, Delew the image node are the intensity contour levels. A contour level is a
biny e v that resuts from thresheldng a gray scaled image. So an image is
compesed of fevels and, in turs, a level s composed of polygons.

4. A Polygen node reprcsents the ides of a contour loop which always closes
upon ilucif und woce not cross itself or .ny other conmtour. Contour loops are
approzimated by a ring of vectors; ience, the term “polygon”. The contour polygons
alway- have ot least three sides and are sirply connected.

5. Shape nodes contain data about one or two polygons. The data in 3 shape
node is nol a pesitive representation of the aotion of shape, but is rather the
parainctor. of alignmient that must be normalized out before shapes can be compared.

(. Veetor nedes contuin the lecus of an image vertex; however since vectors
aivay bolong to a polygon and wways have two neighbors; their counterclockwise

et oo considercd to determine their vector direction.

7. e nodes dre vectors that are made Dy the polygon smoothing routine; one arc
typically reploce several vectors, When both ares and vectors arc being discussed;
vectors are stnctty horizontal and vertical, whereas arcs rnay point in any direction.

o Lrapdy nedes are an arlifaet of the fixed rode cize dynamic storage allocation
racchaninm onodin CRE. Erdities are made by tacing empty nodes from an AVAIL list anc
entilics are Lilled by returming tieir node to the AVAIL list; there is no garbage collector,
but there is g space cormpactor.
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OATA STRUCTURE: LINK ANC DA TUM NAMES.

Nod-« contain wither inuiernical data cr Pointers to other nodes; such node pointers
are octual tchine wddr essos and are colled hoks The positions within a node where a
link v ctard e o d oand are reserved for particular uses. In the table below the J 4

ik nane s and 13 detuen naiies are intreduced.  The link names will always appear
CO]')!: alteed

I LN NAMES:

CW  clochwise

CCW  counter clockwise

DATE parent of nod> 1p a tree atructure,

CUN  descendot of g nods down g liee structure.
LN Greek for inmiae, polvsan wathin

EX0O Greek for outside, “utroundiing polyson,

Ll siternate.

PGUN positive polyzon

NTIME negative in real tine, into the past.

PTIME positive in real time, into (he future.

13 DATUM NAMES:
Cociean datums.

type type of node hits.
reluc reliocaticn o1 node bits.

Fixed pont daturms.

row row of inmage locir.,

col coluran of e locu

ontret contrast of an ol o victor and arc.
nent nuiaber count, v aricus uses.

Fle ting point datinns.

sdepth 2 depth from « uncra lens center.
perm length of norimt

at g area in piel umt

Ve moment of inertia abeot X axis.,

ryy moment of inziliy abeut Y axis.

mnzz moment of inertia abont Z axis.

pXxy product of inertia with respect

to the X and Y axes.




DATA Siidu TURE: THe RINGS, TRELS, LISTS AND ARRAYS.

CRE imputs on imnine into an array called TVBUF; it makes the node structures,
sotne of which are temporary, and it autputs o final version of the structure representing
a Bl ot e The temporary structures are reievant to understanding the process;
buat only the tinal <tructure is relevant to using CRE output. In suramary, the important
stuctures ore:

FOUR RINGS
1. Imaze rng of the film
2. Level ring of v image.
3. Polyoen ring of 4 icevel

4. Vector ring of a polygon.

Tl TRELS.

1. The tree of rings
2. The trce of nested polygons.
TW 1ISTS.

}. Titne bne liste

2. The cmpbty noda list

TEMPORAKY STRUCTURES
. Arc nings of polysons
2. Fusion shape rings of levels,

FIVE ARRAYE
[, TYBUF - 216 roves, 285 celumns of 6 bil bytes,
2. PAL - 216 10w, 285 coluens of 1 bit bytes.
3. VEEG - 216 rows, 239 colusmns of 1 bit bytes.
4 HSEG - 217 rowws, 285 calwnng of 1 ikt bytes:
G, SKY = 218 rows, 2BY caheacs of (@ bit oyles.

Ther oo diln nede The film T conpecod of ¢ ring of images. Each image is
com d ool o orag of dowelg Toeh lavel s compoesed of & rifg- of pelygoms.  Each
poly Lo L catapoaed of a ring of wactors. 2 ring structures are implemented with the
forr dmke naia o DAL SON, CW ond CCW. The tings are headless only in the sense that
b the clore s of aorna are brothers; a pointer to the head of a ring is stored in the
DA bnk ot uzh element The DAD cof the film node is NIL; and NIL is an 18-bil zero.
Ther final “ 0 of all vector nedes is also NiL. The DAD and SON lirks form a tree of
rings.

=
(N




DATA STRUCTURE: THE RINGS, TRELS, LISTS AND ARRAYS.

Becides the tree of rings, there is the tree of nested polygons. The nested
polygon tree is impleinented with the four links named ENDO, EXO, NGON and PGON. The
EXO of a polygon points at its surrounding polygon. The ENDO of a polygon points at one
of the poly;ons that may be enclaved within the given polygon; and the NGON and PGON
links form . ring of polygons that have the same EXO polygon.

The time line liste run thru arc and polygon nodes. In the simple case, the time
line: linke of a polyzon point to a corresponcing polygon in the image previous (NTIME) or
subieqguent (PTIME) of the current poly,on, the correspondence being that the time
polycon s cxactly the same intensity at nearly the same location, orientation, and size as
the Liven polygon In the case of polygon fusion, the time line link of a polygon points to
a time poly,on of which the given polygon becomes a part. In the case of polygon
fiscion, the time line link of a polygon poinl= to only one the pieces into which the given
polycon splits,

The time line links of an arc vector joint to a corresponding arc vector in the
image previous or subsequent of the current wrc vector. The polygons of arc vectors
mated in time are themselves mated in time; because after polygon time line links have
been made, one polygon is temporarily transl.uted, rotated and dilated so as to have the
sarne laming inertia tensor as its mate; that is the locus of the arc vectors of one polygon
arc temporarily altered, then the corresponding arc vectors are found and their time line
linkazes are made.

The empty node list is maintained in the CCW link positions; the last empty node
contains a zero link. Al nodes are explicitly made from and killed to the empty node list
by the subroutines MKNODE and KLNODE.

The arc ring of a polygon is just like a vector ring except that the pointer to it is
ctorcd in the ALT link of the polygon, while the polygon has both a ring of vectors and a
ring of arcs.

The fusion shape 1ing of a intensity level runs thru the CW and CCW links of
shape nodes and 1s peinted at by the ALT link of the level. Fusion shape nodes are the
shupes gencrated to represent pairs of polygons unmated in time.




DATA STRUCTURE: TYPE BITS.

) Each node has a word reserved for a boolean vector of 36 values, or bits. The ‘4
first eighteen bits are called the type bits and are individually named as follows:
LS e
for 0O WILGHIT westward vector,
veetors 1 SOUEIT soutmward vector.
4 only 2 EASEIT eastward vector.
= NORBIT northward vector.
4 MFUSE NTIME polygon fusion.
5 NFICS NTIME pelygan fission.
? for 6 MNEXCT NTIME polygon exact match.
polycon:
ohly 7 PFUSE PTIME polycon fusion.
& PFISS PTIME polygon fission.
9 PEXCT PTIME polygon exact match.
4 10 HOLBIT Hole polygon bit.
modify 11 ARCBIT Arc vector bit.
12 SBIT Shape node bit.
I8 VBIT Vertex node bit.
" 14 PBIT Polygon node bit,
Y kind
& LEBIT Level nede bit.
16 eI Image node bit.
¥ FBIT Fiira nade bit.
*
The firet four bits WESBIT, SOUBIT, EASDIT and NORBIT apply only to vectors and
incdicate the warection of the vector. The next six bits NFUSE, NFISS, NEXCT, PFUSE,
. RIS, PEXCT are set by the polygon compare routine to indicate the kind of time mating
" fournd, whore Noand P omean negative time or postive time linkage; fusion means that the
given polyon and another polygon fuse to form the time polygon, two into one; fission
rnears the given polygon oplits, one into two; and exact means that the given polygon
matchs one for one with its time polygon
? The next two bits HOLBIT and ARCUIT indicate, distinguished polygons and vectors
respectively. Only one of the last six bits: SBIT, VBIT, PBIT, LBIT, IBIT and FBIT may be
on in a node. These bits indicate the node’s type.
t

Ny




DATA STRUCTURE: RELOCATION BITS.

: ) The next eighteen bits are called the reloc bits and indicate whether or not a link
is stored in a particular position of the node. The relocation bits are used to compact
the CRE noede space for output.

l

E 3
[ 19
't ? 20

21
22
23

24
25
26

27
r 28
29

30
31
" 32

33
34

35

unused
CAR(WQORDO)
CDR{WQRDO)

unused
CAR(WORDI)
CDR(WOQORD!)

unused
CAR(WOQRD3)
CDR{WOQRD3)

unused
CAR(WORDA4)
CDR(WORDS)

unused
CAR(W(ORDH)
CDRIWORD5)

unused
CAR(WORD®)
CDR(WQORDG6)

The CAR of a word is the left half. The CDR of a word is the right half. In the
node diagrams the relocation of cach word is indicated directly to its right as 0, 1, 2 or 3
meaning no relocation, left only, right only, and relocate both halves, respectively.
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1. VECTOR & 2. ARC NODE FORMAT.

T | iy ok

i vector ring g
el DAlT AN

1 po lugon arc ¢ vector g
=S R IR Y i e

a2 83
|-;l e fOIr m——— = L — urwan
anpe, 0o ( acae, 89 0

T =" iy ) s s nend

4 | lengih ()

| ==h

ot il

3 a2denth | @
IR e I I

= NTINE timelline RIS 8

The format of vectors and arcs is identical. Inside CRE the term "vector" has the
connotation of being strictly a horizontal or vertical generated by the contouring step;
whereas an arc is a vector gencrated by the smoothing step. Vectors contain the
fundarnental geometric daturn of an image locus. The image locus is stored in the
halfword datums named row and col, which contain the row and column of a point in units
1/64 of a pixel. (A "pixel” is a "picture element"”). Vectors and arcs also contain the
photometric datum of edge contrast.

Vectors always belong to a polygon node, a pointer to the polygon of each vector
is stored in the link named DAD; as members of a polygon the vectors form a loop which
is always connected so that each vertex has a neighboring vertex in the clockwise and in
the counter clockwise directions about the polygon's perimeter; these perimeter pointers
arc stored in the link positions named CW and CCW. Vectors never Cross, arcs cross on
occassions but can be fixed.

The nent datum of arcs and vectors contains their length. The time line links,
NTIME and PTIME, may point to a corresponding arc or vector in the image previous or
subsequent to the current image. (The zdepth datum contains a positive number
inaicating distance from the camera’s image plane; the zdepth computation is not properly
implernented as of May 1973).

Vet




3. POLYGON NODE FORMAT.

T e i g 1 CCH

N poltugon 1 ing 3
word Tal SO

| level lst vector 3
word || tupe A BT,

4 10 88 S288
word | ERUTT EX0

2 lst poluaen within [polygon surround me| 3
T T ALT > nent

4 chape {or lst arcl number of sides 2
aord NGON FGUN

- nest bro polugon nest sias polygon 3
Weld f -

G NTINME time tine PTINE 3

I g

Every polygon belongs to a level pointed at by the DAD link; the ring of polygons
of a level i formed in the CW and CCW links; the son of 3 polygon is its first vector (or
arc after the polygon has been smoothed) and that first vector has the upper left most
locus of any vector of the polygon.

The ENDQO, EXO, NGON, PGON are used to form the nested polygon tree. Every
polygon has non-NIL NGON and PGON links; the trivial case being that the polygon points
at itself twice. Every polygon except one, the outer border polygon, has a non-NIL EXO
link. Every polygon that surrounds one or more other polygons has a non-NIL ENDO link.

The ALT link position of a polygon temporarily points to the first arc of a polygon
during smocthing when a polygon has both veclors and arcs. The final contents of the
ALT link 15 a pointer to the shape node of the palygon. The ncnt datum indicates the
nutmber ot «ides of the polygon.

The time line of polygons runs thru the NTIME and PTIME links which point either
to a nearly exact match of a polygon; or to a fusion polygon of a two for one match; or
to one of the two fission parts of a one for two match; (to find the other fission part, the
time links of the vectors must be scanned).

=14 =




4. SHAPE NODE FORMAT.

T I e A . GEH X

g | fucion shape ring 3

|

worgl | L TN S area

1 )
nord | tupe “reloc

2 CP 0028
e i N col

QLey. 00 (1pee. 84 )

or d T E _ MZZ2

4 |product of inertia Z-axi o moment @
aor o TNCON T, T e

< fus.on polygon main polygon 3
1t I = wa—mx.v._ e .-_ ——?lrllu

i %-axis moment | Y-axis moment )

.

The shape node contains the data necessary for normalizing two nolygons so that
only their hapes remain. In particular, the row and col of a shape node is the center of
rmass of thie polygom; area is the area; perra is the length of perimeter; and mxx, myy,
mzz, pxy 15 the polyzons inertia tensor (from which the principle angle of orientation can
be computed). When given two shapes, the centers of mass may be aligned; the
principle angles may be align; and the areas (or perimeter) of the two may be normalized.

There are two kinds of shapes: polygon shapes and fusion shapes. Polygon shapes
correspond to a single polygon pointed at by the PGON tink. The CW, CCW and NGON
linke of a polygon shape ure NIL. Fusion shapes are temporary nodes belongirg to a
level as a ring thru CW and CCW. Fusion shapes correspond to the summation of two
unmated polygons which are pointed to by the NGON and PGON links. The expressions
relating to the inertia tensor and to fusion summation are given in the section on polygon
compai ing.

The datums named perm, arca, pxy, mxx, myy, mzz contain the left half of a
PDP-10 floating nurber. (Technical note: halt of a floating number has 9 bits of
procsion and should be expanded to full word by using the (mirabile dictu ) HLLE
instruction in order to avoid an illegal floating zero caused by truncating numbers tike
-1022.0; in CRE, only the product of inertia will ever be negative).

28 -
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5. LEVEL NODE FORMAT.

[ 4 nord SRS b | CCW
§) level ring 3
T A 7 | 1 B |
I image lst polygon 3
nor d | type reloc
_ 33 0268
4 gL |
v ol
e i) LN 8
word | BET ncnt
“ {1t fusiecn cshape) |threchold cut level| 2
noed 3 g
r 5 se- . e
v d i
& --- --- e
f Every level belongs to an image pointed to by the DAD link; the ring of levels of
an image is formed in the CW and CCW links; the son of a level s its first psiygon and
that first polygon is the upper left most polygon of the level.

The nent datum of a level contains its threshold cut value, which is an integer
- betwecen -1 and 63. The -1 level is always generated, and it contains a single polygon
with four sides. The -1 level's polygon is called the border polygon; the fiction being
thal cvery point beyond the edges of the television picture has an intensity value of -2
which is blacker than black.

The ALT link of a level contains a temporary pointer to that level’s ring of fusion
t shapes during polygon compare time mating.
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6. IMAGE NODE FORMAT.

1ord (= T CCW
) image ring 8
nord baD SO
I film let level 3
pord tupe reloc
2 35 0000
T . wa! 3
--- --- 8
word ANm
--- --- 0
word | N
5 -—- --- 8
nord ' =
B | --- i --- %)

Every image belongs to the film pointed to by the DAD link; the ring of images of
the film is formed in the CW and CCW links; the son of an image is its first level and that
first level is the -1 intensity cut level of the image.

Although an affront to common sense, the counter clockwise direction about the
image ring is positive or later in time and the clockwise direction is negative or ezrlier in
time | achieved this curio by consistently adhereing to the mathematical convention of
counter clockwise as positive; and a day came when counter clockwise around a ring of
real time cvents was represented in the same manner as counter clockwise around a
polygonal ring of edges.

All the empty space in the image node is reserved for camera specification data.
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7. FILM NCDE FORMAT.

nord | | cCd
5 lst empty 1
wor i OATI SON
1 8 lst image 8
ward | tupe reloc
2 33 99008
iord
--- --- 8
T —
4 --- --- 8
wize
5 --- - B
|
aat |
G | -- - B

The film node is unique; it is the first node in a CRE output file; the SON of film is
its first image; the DAD of a film is NIL; the CCW of a film is a pointer to the 1st empty
node; however, because the nodes are compacted for output and then relocated with

respect to the filrn node; the final empty node pointer indicates the number of words of
data in the CRE file.
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8. EMPTY NODE FORMAT.

) Ty ]_ = = B EeH
4] --- avail 1
Lo b=
0
wor d_ type reloc
] ; 09 0089
[ 4 cERE 0
0
(;;" ’ I N o -
: "= ¥ 0
nor e~ T
¢ ; ;
LT R g ke e
, = - 8
1 — e e

The list of empty nodes is maintained in the CCW link postion; the last empty node
contains a zero or NIL link. At present all the other words of an empty node are zero.

FIGURE SHOWING RASTER STRUCTURE.
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DATA STRUCTURE: IMAGE ARRAYS.

As mentioned before, there are five arrays in CRE: TVBUF, Television Buffer; PAC,
Picture Accumulator; VSEG, vertical segments; HSEG, horizontal segments; and SKY,
background sky blue array. The dimensions are:

FIVE ARRAYS.
1. TVBUF - 216 rows, 288 columns of 6 bit bytes.
2. PAC - 216 rows, 288 colurns of | bit bytes.
3. VSEG - 216 rows, 289 columns of | bit bytes.
4. HSEG - 217 rows, 288 columns of 1 bit bytes.
5. SKY - 216 rows, 289 columns of 18 bit bytes.

Inside CRE, the video image size was fixed at 216 rows of 288 columns of 6 bits
per pixcl My original idea was to write a vision operator that would be applied on a
small fixed sized windew; 0 | have had windows 2 by 2, 2 by 3; 4 by 9; 32 by 36; 72
by 96; and 216 by 288. That is 216~2:2124313+3 and 288=212x2+2+2+3+3. Having a
fixed window size avoids a morass of word packing, array allocation and window splicing.
Having a window size constructed aut of powers of 2 and 3 simplifies what word packing
is required and allows me to do area and space computations in my head.

The image arrays of CRE are of course two dimensional with the coordinates in
row and columns. Row number increases going down image, in the negative Y axis
dircction, which is also called the direction south. Column numbers increase going right
on the image, in the positive X axis direction, which is also called the direction east.
Video picture elements, or "pixels” are thought of as expressing the intensity of a
square ccll; the cclls are numbered from 0 to 215 rows, 0 to 287 columns; the number
of a cell is the grid locus of its upper left (northwest) corner; the center locus of a cell
is at (row+1/5,ccl+1/2). A pixel cell is surrounded by four segments; the horizontal
s~gments are nurbered O to 216 rows, O to 287 columns; the number of an HSEG is the
grid locus of its left (west) end point. The vertical segments are numbered O to 215
rows, O to 288 columns; the number of a VSES is the grid locus of its upper (north) end
point. These conventions are suggested in the diagram at the bottom of page 189.
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FI GURE 4 - WATER PUMP Vi DEO AND SMOOTH CONTOURS.
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THE ALGORITHM: INTROBUCTION

CRE consists of five steps: thresholding, contouring, nesting, smoothing and
comparing.  Thresholding, contouring and smoothing perform conversions between two
different kinds of images. Nesting and contouring compute topological relationskips within
a given image representation. In summary the major operations are:

MAJOR OPERATION OPERAND. RESULT.

1. THRESHOLDING: 6-BIT-MAGE, 1-BIT-IMAGES.

2. CONTOURING: 1-BIT-IMAGES, VIC-IMAGE.

3. NESTING: VIC-IMAGE, NESTED-VIC-IMAGE.
4. SMOCTHING: VIC-IMAGE, ARC-IMAGE.

5. COMPARING: IMAGE & FILM, FILM.

Although the natural order of operations is sequential from image thresholding to
image cermparing; in order to keep memory size down, the first four steps are applied
one intensity level at a time from the darkest cut to the lightest cut (only nesting
depends on this sequential cut order); and comparing is applied to whole images.

The illustrations on pages 21 and 23 show an initial videc image and its final
smoothed contour image; the illustrations immediately below and on page 24 the
corresponding intermediate sawtoothed contour images. The illustrated images are each
composed of seven intensity levels, and took 16 seconds and 13 seconds to compute
respectively (on a PDP-10, 2usec memory). The final CRE data structures contained 680
and 293 nodes respectives, which comes to 2K and 4.5 words respectively; the initial
video image requires 10.2K words.

FIGURE: PUMP SAW TOQTHED CONTOQURS.




r FI GURE 5 - BLOCK SCENE VIDEO AND SMOOTH CONTOURS.
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1. THRESHOLDING.

Thresholding, the first and easiest step, consists of two subroutines, called
THRESH and PACXOR. THRESH converts a 6-bit image into a 1-bit image with respect to
a piven threshold cut level between zero for black and sixty-three for light. All pixels
equal to or greater than the cut, map into a one; all the pixels less than the cut, map into
zero. The resulting 1-bit image is stored in a bit array of 216 rows by 288 columns
(1728 words) called the PAC (picture accurulator) which was named in memory of
McCorrick’s ILLIAC-Ill. After THRESH, the PAC contains blobs of bits. A blob is defined
as "rook’s raove" simply connected; that is every bit of a blob can be reached by
horizontal or vertical moves from any other bit without having to cross a zero bit or
having to make a diagonal (bishop’s) move. Blobs may of course have holes. Or
equivalently a blob always has one outer perimeter polygon, and may have one, several
or no inner perimeter polygons. This blob and hole topology is recoverable from the CRE
data structure and is puilt by the nesting step.

Next, PACXOR copies the PAC into two slightly larger bit arrays named HSEG and
VSEG. Then the PAC is shifted down one row and exclusive OR'ed into the HSEG array;
and the PAC is shifted right one column and exclusive OR’ed into the VSEG array to
compute the horizontal and vertical border bits of the PAC blobs. Notice, that this is the
very heart of the "edge findcr” of CRE. Namely, PACXOR is the mechanism that converts
regions into edges.
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2. CONTOURING.

Contouring, converts the bit arrays HSEG and VSEG into vectors and polygons.
The contouring itself, is done by a single subroutine named MKPGON, make polygon.
When MKPGON is called, it looks for the upper most left non-zero bit in the VSEG array.
It the VSEG array is empty, MKPGON returns a NIL. However, when the bit is found,
MKPGON traces and erases the polygonal outline to which that bit belongs and returns a
polygon node with a ring of vectors.

To belabor the details (for the sake of later complexities); the MKGON trace can
go in four directions: north and south along vertical cc'umns of bits in the VSEG array, or
east and west along horizontal rows of the HSEG array. The trace starts by heading
south until it hits a turn; when heading south MKPGON must check for first a turn to the
east (indicated by a bit in HSEG); next for no turn (continue south); and last for a turn to
the west. 'When a turn is encountered MKPGON creates a vector node representing the
run of bits between the previous turn arq the present turn. The trace always ends
heading west bound. The outline so traced can be either the edge of a blob or a hole,
the two cases are distinguished by looking at the VIC-polygon’s uppermost left pixel in
the PAC bit array.

There are two complexities: contrast accumulation and dekinking. The contrast of
a vector is defined as (QUOTIENT (DIFFERENCE (Sum of pixel values on one side of the
vector){(Sum of pixel values on the other side of the vector)) (length of the vector in
pixels)). Since vectors are always either horizontal or vertical and are construed as
being on the cracks between pixels; the specified summations refer to the pixels
immediately to either side of the vector. Notice that this definition of constrast will
always give a positive contrast for vectors of a blob and negative contrast for the
vectors of a hole.

The terms "jaggies”, "kinks" and "sawtooth" all are used to express what seems to
be wrong about the lowermost left polygon on page 25. The problem involves doing
something to a rectilinear quantized set of scgments, to make its linear nature more
evident. The CRE jaggies solution (in the subroutine MKPGON) merely positions the
turning locus diagonally off its grid point alittle in the direction (northeast, northwest,
southwest or scutheast) that bisects the turn's right angle. The distance of dekink
vernier positioning is always less than half a pixel; but greater for brighter cuts and less
for the darkcr cuts; in order to preserve the nesting of contours. The saw toothed and
the dekinked versions of a polygon have the same number of vectors. | am very fond of
this dekinking algorithm because of its incredible efficiency; given that you have a north,
south, east, west polygon trace routine (which handles image coordinates packed row,
column into one accumulator word); then dekinking requires only one more ADD
instruction execution per vector !

- 28 -




3. NESTING.

The nesting problem is to decide whether one contour polygon i1s within another.
Although easy in the two polygon case; solving the nesting of many polygons with
respect to each other becomes n-squared expensive in either compute time or in
memory space. The nesting solution in CRE sacrifices memory for the sake of greater
speed and tequires a 31K array, called the SKY.

CRE’s accumulation of a properly nested tree ¢f polygons depends on the order of
threshold cutting going from dark to light. For each polygon there are two nesting steps:
first, the polygon is placed in the tree of nested polygons by the subroutine INTREE;
second, the polygon is placed in the SKY array by the subroutine named INSKY.

The SKY array is 216 rows of 289 columns of 18-bit pointers. The name "SKY"
came about because, the array use to represent the furthest away regions or
background, which in the case of a robot vehicle is the real sky blue. The sky contains
vector pointers; and would be more efficient on a virtual memory machine that didn’t
allocate unused pages of its address space. Whereas most computers have more
memory ccntainers than address space; computer graphics and vision might be easier to

Program in a memory with more address space than physical space; i.e. an almost empty
virtual memory.

The first part of the INTREE routine finds the surrounder of a given polygon by
scanning the SKY due east from the uppermost left pixel of the given polygon. The SON
of a polygon is always its uppermost left vector. After INTREE, the INSKY routine places
pointers to the vertical vectors of the given polygon into the sky array.

The c<ccond part of the INTREE routine checks for and fixes up the case where the
new polyzon captures a polygon that is already enclaved. This only happens when two
or more levels of the image have biobs that have holes. The next paragraph explains
the arcane details of fixing up the tree links of multi level hole polygons and the box

tollowing that is a quotation from the appendix of Krakauer thesis (3] describing his
nesting algorithm.

=87 =




3. NESTING.

Let the given polygon be named Poly; and let the surrounder of Poly be called
Exopoly; and assume that Exopoly surrounds several enclaved polygons called "endo’s",
which are already in the nested polygon tree. Also, there are two kinds of temporary
lists narned the PLIST and the NLIST. There is one PLIST which is initially a list of all the
ENDO polygons on Exopoly’s ENDO ring. Each endo in turn has an NLIST which is initially
empty. The subroutine INTREE re-scans the sky array for the polygon due east of the
uppermost left vector of each endo polygon on the PLIST, (Exopoly’s ENDO ring). On
such re-scanning, (on behalf of say an Endol), there are four cases:

1. No change; the scan returns Exopoly;
which is Endol’s original EXO.

2. Poly captures Endol; the scan returns Pcly indicating
that endol has been captured by Poly.

3. My brothers fate; the scan hits an endo2 which
is not on the PLIST; which means that endo2’s EXO is valid
and is the valid EXO of endol. |

4. My fate delayed; the scan hits an endo2 which is still 1
on the PLIST; which means that endo2’s EXO is not yet
valid but when discovered it will also be Endol’s EXO;
so Endo! is CONS’ed into Endo2’s NLIST.

When an endo polygon's EXO has been re-discovered, then all the polygons on
that endo’s NLIST are also placed into the polygon tree at that place. All of this link *
crunching machinery takes half a page of code and is not frequently executed.
KRAKAUER'S NESTING ALGORITHM.
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4. SMOOTHING.

In CRE the term “smoothing" refers more to tkc problem of breaking a marifold
(polygon) into functions (arcs), rather than to the problern of fitting functions to measured
data. The smoothing step, converts the polygons of vertical and horizontal vectors into
polygons of arcs. For the present the term “arc" means "linear arc” which is a line
segment. Fancier arcs: circular and cubic spline were implemented and thrown out
mostly because they were of no use to higher processes such as the polygon compare
which would break the fancier arcs back down into linear vectors for computi g areas,
inertia tensors or mere display buffers.

Smoothing is applied to each polygon of a level. To start the smoothing, a ring of
two arcs is formed (a bi-gon) with one arc at the uppermost left and the other at the
lowermost right of the given vector polygon. Next a recursive make arc operation,
MKARC, is is appled to the two initial arcs. Since the arc given to MKARC is in a one to
one correspondece with a doubly linked list of vectors; MKARC checks to see whether
each point on the list of vectors is close enough to the approximating arc. MKARC
returns the given arc as good enough when all the sub vectors fall within a given width;
otherwise MKARC splits the arc in two and places a new arc vertex on the vector
vertex that was furthest away from the original arc.

The two large images in figure-7, illustrate a polygon smoothed with arc width
tolerances set at two different widths in order to show one recursion of MKARC. The
eight smaller images illustrate the results of setting the arc width tolerance over a range
of values. Because of the dekinking mentioned earlier the arc width tolerance can be
equal to or less than 1.0 pixels and still expect a substantial reduction in the number of
vectors it takes to describe a contour polygon.

A final important smoothing detail is that the arc width tolerance is actual'y taken
as a function of the highest contrast vector found along the arc; so that high contrast
arcs are smoothed with much smaller arc width tolerances than are low contrast arcs.
After smoothing, the contrast across each arc is computed and the ring of arcs replaces
the ring of vectors of the given polygon. (Polygons that would be expressed as only two
arcs are deleted).
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5. COMFARING.

The compare step of CRE, CMPARE, connects the polygons and arcs of the current
image with corresponding polygons and arcs of the previous image. CMPARE solves the
problem of correlating features between two similar images and is composed four sub
sections:

make shape nodes for polygons.

compare and connect polygons one to one.

cornpare and connect polygons two to one.

compare and connect vertices of connected polygons.

Hwmr —

First, the shape nodes of all the polygons of an image are computed. The shape
node contains the center of mass and the tamina inertia tensor of a polygon. The lamina
inertia tensoi of a polygon with N sides is computed by summation over N trapezoids.
The trapczoid corresponding to each side is formed by dropping perpendiculars "up” to
the fop of the image frame; each such trapezoid consists of a rectangle an a right
triangle; since the cides of polygons are directed vectors the areas of the triangles and
rectangles can be arranged to take positive and negative values such that a summaticn
will deccribe the interior region of the polygon as positive. The equations necessary for
computing the lamina ineitiy tensor of a polygon are collected in a table in the
postccripts to this paper and were derived by using Goldstein's Classical Mechanics [1]
as a reference. The meaning of the inertia tensor is that it characterizes each polygon
by a rectangle of a certain length and width at a particular location and oriention; and of
further importance such inertia tensors can be "added” to characterize two or more
polygons by a single rectangle. It is the lamina inertia tensor rectangles that are actually
compared by CRE.

Second, all the chapes of the polygons of one level of the first image are
compared with all the shapes of the polygons of the corresponding level of the second
image for nearly exact match. The potentially (MsN/2) compares is avoided by sorting
on the center of mass locations. In CRE, which is intended for comparing sequences of
pictures of natural scenes; match for center of mass location is tested first and most
strictly, followed by match for inertia. Pointers between matching polygons are placed in
the time link positions of the polygon nodes and the polygons are considered to be mated
in time.




5. COMPARING.

Third, all the unmated polygons of a level are considered two at a time and a
fusion shape node for each pair is made. The potentially (N+N/2-N) tusion shapes are
avoided because there is a maximum possible unmated inertia in the other image; if there
are no unmatcd polygons in one image then the extra polygons of the first image can be
ignored. In the event where there are unmated polygons in corresponding levels of the
two irmages, the fusion shapes of one are compared with the polygon shapes of the cther.
The fusion (fission) compare solves the rather nasty problem, illustrated in figures SA

and 3B of linking two contour polygons of one image with a single contour polygon in the
next image.

Fourth, the vertices of polygons mated in time are compared and mated. To start
a vertex compare, the vertices of one polygon are translated, rotated and dilated to get
that polygon’s lamina inertia tensor coincident with its mate (or mates). Conceptually,
each vertex of one polygon is compared with each vertex of the other polygon(s) and
the mutually closest vertices (closer than an epsilon) are considered to be mated.
Actually the potential (N«M) compares is avoided by a window splitting scheme similiar to
that used in hidden line elimination algorithms (like Warnock’s).

The results of vertex compare and mate are illustrated in figures 9A and 9D; the
compare execution takes less than a second on images such as the pump, blocks, and
dolls that have appeared in this paper. The applications of this compare might include
the aiming of a pixel correlation comparator (such as Quam’s); recognition and location of
an expected object; or the location and extent of an unknown object. It is this latter
application that will be described in my forthcoming thesis.




. USING CRE.

A. PRIMLR ON RUNNING CRE.
B. TELETYPE COMMANDS.
C. SAIL INTERFACING.

D. LISP INTERFACING.

PRIMER ON RUNNING CRE.

Single hnage Contouring,

The Stanford copy of CRE is run by typing "R CRE". CRE diplays only on a lll console, however
't owill work Gwithout displavs) when run from a Data Disc console. The command scanner is a simple
character jump table; the command ccanner will type an asterisk when it is listening for teletype input.
Carriage returne following commands are unnecessary but harmless; most commands signal their
completion by displaying something or by typing a carriage return. Some commands require
arguments or file names. The question mark, ", command will display a summary of alt the other
commands,

Command characters may be modified by the control and meta shift keys; such keying will be

indicated in this document by the prefixing the characters "o", "4", and "¢” to indicate control, meta or
both meta-control shift keying respectively.

The command "T" will take a four bit televicion picture from camera number one. The command
"H" will display a histogram of the television picture. The command character SPACE will refresh the
nnage you had before the histogram display. The command “C" followed by a list of octal numbers
followed by a carriage return will make a contour image and display it. Thus the teletype discourse
for taking and contouring a cingle television image <hould have the following appearance:

IC
R CRE
*T
*H

+C20 40 60
1

All The nnages in this document were made with 3 or 7 equally spaced contours; for which cases
the commands "Q" and "~/Q" will automatically specify contour cuts are 20, 40, 60 or 10, 20, 30, 40,
50, 60, 70 respectively.




PRIMLR

IMAGE INPUT, OUTPUT AND XGP'ig.

After you have an image and its contours; you can save one or the other or both on disk files;
or print one or the other. The "0" command will output a video image file, in the new hand-eye 200
octal word neader format. The "I" will input a video image from such a hand-eye file; if the file is not
216 hy 288, then the center of the image will be placed coincident w'h the center of a 216 by 288
window and the image will be repacked with undefined pixels sel to zerc. Both the “I" and the "0"
commands will cck for a filename; if an extension 1s not expliatly given the default extension "TMP"
wiil be ued. The "-0" command will output the CRE data structure and the "o/l command will input
CRE data <tructure, naturally the default extension is "CRE"

e "X command will output a ideo inage to the XGP. The "“/C" command followed by a list of
octal numbers will output the HSEG and VSEG: raw vector contours, to the XGP. The "P" command will
output the currently displayed Il buffer, the default extension is "IlI". Finally, the "J* command
enhances the contrast of an image for the sake of its appearance on the XGP.

INTERACTIVE (MANUAL) MULTI IMAGE PROCESSING.

Taking or inputing new televicion images, and contouring them ucing the "C" command or the 19
command will form a film data structure. Images can be explictly compared and linked by typing "M"

tatch command which hnks the lalest image with the immediately previous image. The "Z" command
will zero the data structure of all images.

AUTOMATIC MULTI IMAGE PROCESSING.

The "A" command 15 for autoratic turn lable perception, CRE takes 64 pictures from camera #3
while rotating the turn table, oulputs a fife and exite (returning control to the 3D geometric editor).
The turn table = manually moved small amounts by the four possible "Y" commands: N, ez Sl
and " Y", HNumeric ab<olute and relative potitiomng of the turntable 1s under the "U" command; the
details of which are <till bemg developed.




CRE TELETYPE COMMANDS

VIDEOQ COMMALHMDS

’ T Take a 4-lut television picture.
er T Take a 6-int television picture.
S Select camera number, defautt 1s camera s},

««S  Set TCLIF, default i1s 0.
/¢S Set BCLIP, default s 7.
‘S Shrink node space. Catls node storage compactor.

4
The tvo command characters "T" and "S" control tive video camera input. The default camera is
camera ul on the Cohu camera on the hand eye tab'e. Camera 40 is the Cart Receiver, camera #2 s
the <ierra hand eye camera. and camera 3 15 one or the other old brown cameras depending on
which coay 15 plugged up, the brown camera near 11123 1s the Font Camera and the brown camera near
the turntable i1« the GEOMED Camera.
f INPUT DUTPUT COMMANDS
|
i Input TMP file. Television image from dick file.
/1 Input CRE file.  Contour film froin disk file.
0 Output TMP file. Television image to disk file.
! 210) QOutput CRE file. Contour film to disk file.
X Output video imaze to XGP.
P Output Ui file. Il buffer for calcomp plotter.
«C Output VIC contour edges to XGP.
This command requires a et of octal numibers,
J) Contrast enhancement for the sake of XGP appearance.
#® Type twenty CRLF’'s to clear pagve printer,
1% Display help cummary of CRE commands.
IMAGE CONTOURING COMMANDS
C Cut at g en threshold level«.
O  Cut at cqually ~pared conttours, three cuts: 20, 40, 60.
«Q  Seven cute; 10, 20, 20, 40, 10, 60, 70,
£ Enable all CRF processing.
D Disable ot ddeps except contouring,
M Compare and male match current image with previous.
W [nter Arc Width Table alter mode.
'
'
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CRE TELETYPE COMMANDS

NODE FOLLOWING CO*AMANDS

+ Fetch film node.
] Flush rode display.
i CW,CCW Fetch Ring links.
<> DAD,SOM Fetch Tree links.

TYPE,RELLOC
un ENDOEXD Fetch nested polyzon tree links,
<2 ALT, KCHT Fetch alteinate <hape or arc link,
c > NGOM,PGUN Fetch nesled polygon tree links,
v A NTIME,PTIML Fetch time line links.

These 14 commands allow detailed inspection of the CRE data structure by showing the contents
of a node. Data haltwords of a node are displayed m octal; link halivords are displayed prefixed with
a letter indicating the type of node being pointed at; a zero link is disple ed as “NIL".

The FILM node, which 15 the root of the whole data structure is fetched and displayed by the
“o" command. From the Film, the “~" command can be urcu to get SON(FILM) which is always the first
image, and ">" command of an image will get a level and ">" of a level will get a polygon. Vectors and
polygons are intensified when their contents are being dicplayed. The exit command is "t", which
loeaves the <creen less cluttered.

WINDOW SCROLLING COMMANDS

4 Move camera left.

Move camera right.
( Move camera down.
) Move came 4 up.

- 7ooim oul, <hrink displayed imaze.
Zoors in, expand displayed nnage.

s L. Reset ~crolling window to it initial position and size.
/ Halve «trength of «croting delta.
\ Double strength of scrolling delta.

) Sinzle <'ep displayed image forwards.
e  Single step dizplayed image backwards.
A= Run film digptay forwards.

(o Run film Jisplay backwards.

The fir<t «everal commands allow minute examination of the image by magnification and window
pocit oning.  The command character "= allows single stepping thru the film of images or continous
displav of lbe film forwards or backwards.

SR
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CART DRIVIHG COMMANDS

F Drive forwards.

B Drive backwards.

L Turn wheels hard left.

R Turn wheels hard right.
b Pan camera left.

R Pan camera right.

SPACE Stop the cart.

RETURN Exit cart command mode.

First, and most important is understanding how to stop the cart. The teletype halt command is
SPACE; also any character other than "F", "B, "L", or "R" will stop the cart. Cart commands are
passed first from a teletype to the PDP-10; then to the PDP-6; then over a citizens band, 27.045
megahertz, radio link to the cart control logic. When communication is lacking between entities in the
chain of command the lower entity times out and causes the cart to halt. The cart control logic times
out in a fifth of a second it it does not hear from the PDP-6; the PDP-6 times out in less than a minute
if 1t has not hrard from the PDP-10; the PDP-6 stops broadcasting cart commands if it detects the
death of the PDI"-10; the PDP-10 job times out after 5 minutes of not hearing from the teletype and
kitte the PDP-6 cpacewar job.

Second, and of occasional interest 1s understanding how to make the cart go. The command "F*
will make the cart go forwards; and the other commands will cause action as mentioned in the table. If
the cart faills to move; all its switchs should be check for being in the ON or AUTOMATIC or FAST
position; all its plugs should be plugged in; and its batteries should be checked. Recently cart failure
had been most often caused by the radio transmitter in the Kludge Bay. Check to see that the
transnutter is turned on and that the PDP-6 is running. By the end of the year (1973), a new cart
radio controler will be instatlled by Hans Moravec, and these commands will be updated.

CART HARDWARE DIAGONQOSTIC

\ Enter diagonostic listen loop.
RETURN  Ewit diagonostic listen loop.

NUMERALS: 0,1,2,3,4,5,6,7 send direction relay bits.
CHARACTERS: H,A,B,C,D,E,F,G send action relay bits.

The cart diagonostic listen loop simply takes the low order four bits of a non-carriage return
ASCIl character and broadcasts them to the cart. The cart decodes four bit radio command bytes into
six relays; commands 0 thru 7 set the pan, drive, or steering direction relay repective to bits 4, 2 and
1; command: A thru G set the pan, drive, or steering action relays respective to bits 4, 2, and 1.
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SAIL INTERFACING TO CRE.

i1 <hould be possible fo embed the CRE machine code under a SAIL core image; however | do not
intend to do this work. For {he preseni, the CRE inlerface to SAIL is only realized via a disk file
trancfer of the data siructire. A CRE file may be 1ead into an integer array in binary mode as
Mustr aled below.

The fir=t word of a CFE file 15 the first word of the film node which conjains the size of the file
in words., The filn node has addiess 0; the nexi node has address 7; and so on in multiples of seven.
There are no empty nodes in a CRE file. The following SAIL program will read in a CRE file named X:

COMMENT EXAMPLE OF SAIL INPUT OF A CRE FILE;
BEGIN "TEST"
INTEGER SIVE;
OPEN(],"DSK",£,3.0,0,0,0)
LOOKUPR(L,"X.CRE",0%
SIZE ~ WORDIN(I )
B3t Gl
INTEGER ARRAY NODE[O:SIZE);
ARPYINCL MODE[ 1 },SIZE-1 )
RELEASE(LY
"MEIN PROGRAM."
£,
END:

After the NCODE array 1< loaded, CRE Iinks and data may be accessed by their document names in
a rea onable node Ik notalion uang macros like the following:

DEFINE CWQ) = "(NODE(L) LSH -18)

DEFINE COW(OY = "(MUDE[Q]) LAND "777777)"
DEFINE DAIXQ) = "(NODE[Q+1] LSH -18)%
DEFINE SOMIQ) = "(NODE[G+1] LAND 7777, 7)";

Go thal 1he fir<d vertex of the firsi polygon of the first level of the first image of the film can
be oblamed:

INTEGER FILM,IMAGE,LEVEL,POLYGON,VERTEX;

FILM -~ O

LEVEL + SOMNFILMy
POLYGOI] = SONLEVEL):
VERTEY - SOMFOLYGOM),

e rwer may nole that SAIL will compile three or more instructions for what is known as a
PO 10 Lafword operation; aleo if {he teer converd-. the CRE nodes and links inlo LEAP items and
accocalions 1hien an overhead of from ten to one hundred instructions per "halfword operation” will
he incurred.




LISP INTERPIACING TO CRE.

It shotdd be possible to embed the CPE machire code under a LISP core image; however | do not
inten § to do thie work. For the precent, the CRE mterface to LISP is only realized via a disk file
tran<fer ol 1be data <tructure. A CRE file may be read into LISP binary program space and accessed
vy the CRE nomencclature (11 (ink names and 13 datum names) by means of the S-Expression
cubrautines provided m the file CRELSP[CRE,BGB). The subroutines work in both the old Stanford
LISP 1 6 ac wel! as the newer UCI LISP and Micro Planner, PLNR. The CRE.LSP[CRE,BGB] can be loaded
eilher by one or the other of the following two LISP statements:

(DSKIN(CRE,BGBXCRE.LSPY)
(INC{INPUT(CRE,BGB)CRE.LSP)))

A CRE fdm file 1 read into LISP binary program space by one of the three possible INCRE
format«.

(INCRE frlenatne)
(INCRE fitename project)
(INCFE filename project programmer)

Filenames should be «ix characters or less, projects and programmer initials should be three
characters or less, the filename extension CRE ts assummed and the usual PPPN defaults occur. [f the
input succeeds INCRE returns a value T; 1f Ihe input fails INCRE returns a value NIL and prints one or
the other of these two messages:

CRE FILE NOT FOUND.
CPRE FILE REQUIRES 00000 MORE WORDS OF BINARY PROGRAM SPACE.

After a suces<ful INCPE; the film, nnage, level, polygon, arc and vector nodes are referred to by
integers uaing the 11 Link Felch Subroutines:

(CW node XCCW node XDAD node xSON node XENDO node XEXO node)
(ALT node )X MGON node ¥PGON node)(NTIME node)XPTIME node)

The film node™ address 1s the nleger O, zero. So that the expression (SETQ
VI(COWCCWISOMNSOMSONISON. ON) will retrieve the lower right hand corner of the border
polypon of Ihe -1 level of the first image of the film. The 13 CRE.LSP datum fetch subroutines are:

(ROW node)COL node XCRETYPE node XRELOC node)
(CMTRST node XNCNT node XZDEPTH node XPERM node XAREA node)
(MXX 1107 MYY node XMZZ node XPXY node)




This is sample output from the Xerox Graphics Printer.
Lot BA~ENAcodeonuY Iee _an#E<2ev

" 87.& )+ -./0123456789::<=>?
@ABCDEFGHIJKLMNOPQRSTUVWXYZ\]i-
‘abcdefghijklmnopqrstuvwxyz{lfi}

This 1s sample output from the Xerox Graphics Printer.
Lt BA%NMAIEo Y Iem o~#S2sv

Va§7& (se, J0123456789:;<a>?

sABCDEFGHIJK LMNOPQRSTUVWXYZI\ I~
‘abedefghikLinnopqrstuvwxyaztifi}

This is sample output from the Xerox Graphics Printer.
Lot BA-€MAoodeonuYIce _sn#<2zey

"287.& (x+ - /0123456789:,<=>?
@ABCDEFGHIJKLMNOPQRSTUVWXYZ\I-
‘abcdefghijklmnopgrstuvwxyz!ifl}

This is sample output from the Xerox Graphics Printer,
Lot BA~EMAcodeonuYIee _s~ES2zv

V'a$7.8 0%+ -,/0123456789:<=>?
eABCDEFGHIJKLMNOPQRSTUVWXYZ[\]i-
‘abcdefghijkimnopqrstuvwxyz{ifi}

This is sample output from the Xerox Graphics Printer.
Lot BA~EMAocodeonu¥Iee »~#<2zv

"2 $7.& Ox+-./0123456789:;<=>?
@ABCDEFGHIJKLMNOPQRSTUVWXYZ\ i«

‘abcdefghijklmnopqrstuvwxyzi|fi}

This is sample output from the Xerox Graphics P
rinter.

Lot BA~EMAcodeonu¥Iee _sn#<2szv

Ve B7.& 0+ -./0123456789:<=>?
@ABCDEFGHIJKLMNOPQRSTUVWXYZ\]T-
‘abcdefghijklmnopqrstuvwxyzsifi}
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USING TVFONT - draft.

Introduction.

TVFONT is a version of CRE (January 1973) that was
specialized to the task of converting television images into type
fonts for tine XGP. Xerox Graphics Printer. The original idea was to
demonstrate the utility of a polygon representation for scal ing,
smoothing and editing typographical glyphs; the resulting hkack
(demonstration program) nas extended and developed by Tovar Mock
into the program called TVFONT. Accordingly, the main idea of TVFONT
is to convert video rasters into polygons, to edit and scale the
polygons, and to convert the polygons back into bit rasters.

This section IV, will be available as a TVFONT user manual
in another six months: it is presented here to give the would be
user a start, and the general reader a sample of the design and
exter 7 of TVFONT,

The figure on page 41 is an exawple of expanding and
contracting a font without manual touching up. The top sanple is the
original (BDR4@ from CMU). The remainder have been generated by
TVEONT. The expansion or contraction was done by converting fonts
from bLit matrices into a polygonal representation, multiplying by
the appropriate  constant and reconverting back into & bhit
representation. The follouing paragraph is an example of a font made
from television pictures:

Kak Bam npapntea nawa nosas wupoko-uenats? Ona nasunaercs YCP (Xerox
Craphics i vinter' 1 cpenana  Gupnoit Xerov na ocnosamum maummnsl LDX. Llentp
HCACAOBAIMA Neror B Palo Alte CAAAA 1AM Mty Ge3naaTiio, 4ToGH MCC/ENOBaTH ee
npumenenns.  X¢P noaywaer w3 [BM gno 1700 ps3papon  Kaxkauft nars
MIMJIBECKYIAOB. DTO scan line KaKk o Tedemijiennn. BykpW cesand HS Touek
nporpammoii. Crpannia coctont n3 1700x2200 = 3,740,000 paspagon. 143-3a storo,
UBM nomsua paGotats ouens Ouerpo. 1 ona fomkna uMeTs n onepatwsiiof
namsTe  okojio 100,000 caop, mAM ona OAXNA NOAYYATL N3 JIHCKA AOBOJbIIO
Gonrmoit Gydep ouent perynapuiio, noTomy 4To, Korga GyMara nauniaeT ABHraTh B
LITPOKO-HENATH, ONA 1ie MOXXCT OCTANOBNTLCA A0 22 RoxHNHX. [pinunne Mawmnu -
TaKoil e Kak y oOuKnonentoft Maunimu Xerox. '

Kak DBu nupnre, mawnma owems rulka. Bosmoxiio wonsopatees  MoGuim
andaniToM, B JoGoM passepe, o KPOME TOTO, BO3MOXNKIIO MEYATATH HJJLYCTDALl.
Hancpnio Bu 7oxe sameTiul, Xopowas whpoko-neyaTs lie MOMOFaeT MOEMY MAOXOMY
pycckony asuxy. Ceitnac Bepmiocs na anramiicknt asuK.

L 42 -
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TVFONT PRIMER - (draft).
TVEONT is o~ the system, and can be run by typing "R TVFONT"
) at a Ill dieplay console. At present, I1] #23 is next to a camera
setup for making fonts. The process of making a new XGP font or
altering an old one will be explained in six steps:
l. Raster input: get a video image or an old font.
2. Contouring: make polygons.
r 3. Polygon editing: delete, scale, position and al ter.
4., Polygon 1/0: save and restore polygons.
5. Fent eutputs make new font and output font file.

Complexity arices in that there is more than one way to do

ract  step, there are default arguments and sWitchs Which the user

¥ may alter, there are ways to save and restore internediate results,

and there are quite a few different display modes and display

diagonostics. The (VFONT command scanner resembles that of TVED and

E: f(as well as CRE and GEOMED): the command scanmmer types an

dsterick "x" uwhen it is in its top most listen loop wWaiting for a

single conmand character. The command character may be modified by

f the META and CONTROL keys which will be abbreviated as "«", "g" and

"¢" for CONTROL, META, and META-CONTROL respectively. Many commands

in turn require arguments such as numbers or file names. Finally the

"X"  command waits for an extended command name of several
characters, which is called an extended command.

This first explanation will present a way of making a new
font using the fewest commands.

Raster Input and Contouring:

i take televizion picture.

™ Dicplay histogram of television picture.
"CZ24" Cuf at intens|ty level 24,

-
Iy —

Get the Font Camera looking at a single letter in a font
book. Use a black piece of paper uith a square cut out as a mask to
icolate the letter. The "T" command will take a television picture.

{ The "H" command wuill display a histogram of the television picture, ]
choting how many points of the image were B intensity, (total black)
and how many points of the image were 77 intensity, (total white). A
picture of a black glyph on a white background surrounded by a black
mask cshould yield a histogram with two peaks.

{ Next the "C" command folloued by an octal number followed by
a carriage return; contours the mage at the given octal intensity
cut threshold. That is all the points of the image above the
threshold are inside of & polygon. The intensity value of the ‘I
lonest valley betueen the two peaks of the histogram is probably the ;1
best cut value (and is probably the octal number 24 or 38). The cut :

\j command, will display the polygons that are made.

I T W




Polygon Killing.

4, "o Fetch lst polygon of lst image of the film.
5. K" Kill a polygon.

6. We!B ring around the polygons of an image.

1s ot o $lush node disp!ay.

Given an image of polygons corresponding to one letter,
undesired polygons can be deleted by using the "K" command and the

node |ink display commands. To ~tart, the "¢+" will intensify the
first polygon of the image's polygon ring: from there the "."
commands will intensify the next polygon of the ring: the K"
command will delete the presently intensified polygon and fetch the

next polygon,

A font corresponds to @ $iIm. An image corresponds to a
letter. After taking a series of iaages, and deleting undesired
polygons a font $ile can be made using:

Mak ing and Outputing a Font File.

3. "X"CENTER Center all the images of the film.
9. i@ Make font bit rasters.
10. 40" Qutput font file.

The "X"CENTER command is an extend mode command and requires
both hitting "X" and typing out the word "CENTER" followed by a
carriage return. The "' will cause a bit raster to be made for the
interior portions of each image of the film: if an image node does
not have an associate ASCI1 code then the user will be requested to
cupp ly one. The neg" will ask for a font filename and will output a
font file in the Stanford Format.

Testing a nen Font File.
Bl . XGP FILE/FONT=NEWFNT.FNT [XGP, BGBI

The above monitor command will print a FILE with a neu font.
The user must specify his PPPN because the default is [XGP,SYS1.

= k=




TVEONT COMMAND SUMMARY

A ASSIGN ASCIT COOEL 10 iMAGE.
£ EXI'AND/CONTRACT BY CONSTANT

[ EXPAND/CONTRACT IN Y DIRECTICH

o8B EXPANN/CONTRACT IN X DBIRECTION

B SLANT CHARACTER (1/2 SLANTS TO 45 DEGREE ANGLE)
& MAKE THRESHDUD CUT.

(C el POLYCGON TMAGT OUT OF BI1 REPRESENTATION OF FONT.
[ EHARLT ZDNSABLE DELETION JF BARY POLYGONS (DEFAULT 1S OFF).
F .OCATE NEAREST PCINT., «F USE LIGHT PEN
G LEVEL OF CORRESHONDING CHARACTER CODE
H HISTOGRAM, "aH" ,"GH" B]-MODAL CUT.

] [WPUT TV PICTURE FROM DISK.

el [T ERE SIlLE
¥ V]Ll IMAGE, POLYGON OR VERTEX
{ SHOW LAST HIT | MAGE

el SHOW CHARACTER FROM FONT IN FNTSEG
M MCOVE PPOLYGON 70 HEXT IMAGE.

alt MOvE 10 NEW IMAGE

(M MIODPOINT LINE

i1 MUNG ONTO GRID POINT (AS SEEN IN Y}

N NEMT TMAGE

el 'R VIQUS 1MAGE

ol REFPT AT NEXT IMAGL UNTIL A CHARACTER IS TYPED

M REFTAT PREVIOUS IMAGE UNTIL A CHARACTER IS TYPED

0
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TVFONT COMMAND SUMMARY
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QUETPE CaREYE FILE.
CUTEYT CRE & ILE
QUTPUT FONT FiLE
PLOT QUTPUT FiLE;

MAKE FONT

MAKE 1/2 SIZE FONT

OIS AY BIT MATRIX FOR THIS CHARACTER.

ROTATE IMAGE, LEVEL OR POLYGON (ANGLE IN RADIANS)

SMODTH

CMUOTH AND «TLL VIOEQ INTENSITY CONTOUR

REPEAT 'S" FOR EACH IMAGE

REPEAT '«S* FOR EACH IMAGE

TAKE & TV PICTURE

TAKE A TV PICTURE, SETTING CLIP LEVELS AUTOMATICALLY

CREATE YERTEX 41 CENTER
CREATE NEW VERTEX AT CURRENT VERTEX
CREATE NEW VERTEX IN NEW TMAGE

CENTER IN TH: WINDOW.

CENTER Y-POS{TION ONLY.

CENTER X-POSITION ONLY,

MOVE POINT SPECIFIED BY LIGHT PEN TO CENTER.

XH-ND MODE COMMANDS

[HoPLAY SMOTTHED FORM

UICPLAY VIOED INTEMNSITY CONIDUR

D1SPLAY BOTH OF AUDVE

DISPLAY VIDEC INTENSITY CONTOUR MUNGED ONTO PIXELS

NJ-0P

HESET LOGICAL CAMcRA POSITION
HESET DISPLAY

T




TVFONT COMMAND SUMMARY

+ Fetch film node.
t+ Fetch first imayge node from film.
£+ Fateh firet level $rom 4 |ms

C+ Fetch first polygon from film,

IF A NODE 1S CURRENTLY DEING DISPLAYED, THESE COMMANDS AFFECT THAT NODE,
OTHERWIGE [HEY AFFLCT THt CAMERA (VIEWERS) POSITION. <CONTROL> MULTIPLIES
By 2. «<META: MULTIPLIES BY 4.

; MOVE LEFT (<) BY DELTA

: MOVE RIGHT (=) BY DELTA

( MOVE UF BY DELTA

) MOVE UOWN BY DELTA

/ DIVIDE DELTA BY 2

R MULTIPLY DELTA BY 2

THESE COMMANDS AFFECT THE CAMERA (VIEWERS) POSITION.
* INCREASE MAGNIFICATICON BY DELTA

- [JECREASE MAGNIFICATION BY OELTA

THESE COMMANDS CHANGE NODE BEING DISPLAYED.
FEICH COUNTER CLOCKWISF NODE IN RING.
FETCH CLOCKWIGE NODE IN "TNG.

FEICH FATHER OF NODE

FETCH SON OF NGODE

FEiCH anC [QF PPOLYGON OF VERTEX]
FCICH 1'OLYGON (OF VERTEX)

ECLTVRLENT TG "=

v FQUIVALENT 10 '"<«.>’

! Fi.USH NODE DISPLAY

> A W eVe =

THESE COMMANDS AFFECT THE PUSHOOWN LIST

U PUSH NOOE RBEING NDISPLAYED ONTD STACK

n POP NODE OFF STACK AND DISPLAY 1T

o SWAP NODE BEING DISPLAYED WITH TOP OF STACK
cii7 &




TVFONT'S EXTENDED COMMANDS.

ARCWID
Set emoothing constant. This is the maximum distance a vertex
may from a arc before it is cplit into two arcs. See description
of smoothing algorithm on page XX.

BARYKTLL
Toyyle flag which causes baby polygons (those consisting of only
one pixel) to be killed)

CAMERA
Select a different camera number.

CENTER
Center all images. It is equivalent to the command 'W' applied
to each image and uses the same control bits.

ooT
Invoke ODOT if present, return with aP..

DISPL AY
Enable display.

-DTSPLAY
Dicable display. TVFONT cpends a significant amount of time
putting up the display.

BT
Exit to moniter.

GRID
tnable dieplay of grid. Grid is some multiple of pixel size,
dependent on canera focal length. It is useful of lining up
characters.

~GRIN
Dicable display of grid.

HELH
Display help file.

HOLE
Change a polygon into a hole.

Kii ARC

Kill arcs vectors. This allous several dearces of smoothing to
be tried in conjunction with the ARCWID command.

s 4% =




TVFONT'S EXTENDED COMMANDS.

KILVIC
Kill video intensity contours and replaces them with arcs.

MUNG
Force all vertices of current polygon or level onto pixel boundaries.
This has a permanent effect as opposed to 'cY' command which only
dicplays them that way.

ORTHMUNG

ORTHMUNG forces vertices which appear to be form right angles onto
pixel boundaries. This is attempt to counter the rounding effect
of dekinking on sharp corners as are generated by reading a font.

POLLYGON
Change a hole into a polygon

FOPJ
Leave TTY loop. Used for debugging.

READFONT
Convert font uhich has been read into the font segment into polygonal
reprecentation, displaying cach character as read.

SCALE
Scale all images by constant. Equivalent to the command 'B' applied
to each image.

SLANT J
Stant all images by constant . Please see command '¢B’ for a more
complete description.

SORT
Sort images on film according to ASCII code. This is for convienence
in looking a fonts sequentially. The 'G' command is recommended for
finding specific characters.

XEROX
QUTPUT TV IMAGE TO XGP

“oCALE
Scale all images by constant in the X direction. Equivalent to the
command 'aB' applied to each image.

YSCALE

Scale all images by constant in the Y direction. Equivalent to the
command ‘BB’ applied to each image.
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TVFONT NODE FORMATS - JAN 1973,

VERTEX/ARC HOOE.

FOLYGON/REGION NODE.

8  VERTEX-RING 8 POl ON-RING.
1 KOW, ,COL 1 DAD,,SON

z TYPE. .RELOC 2 TYPE,,RELOC
3 = G | = 3 = [

4 ARC,, - 4 ARC, ,NCNT

5 - ..FGON 5 - . .FGON

6 RT SEG..LT SEG 6 = goms
IMAGE NODE. LEVEL NODE.

0  IMAGE-RING 8 LEVEL-RING
1 - ,.S0N 1 - ., SON

2 TYPE.,RELOC 2 TYPE,,RELOC
2 = iy = 3 = . =

4 =] e 12 4 -, NCNT

E‘ w0 1ol | 5 5 = il S

F-; Rl o 6 =" loe W
FILM NODE. EMPTY NODE.

0 CORESIZE ) - L AVALL
l -..SON 1 O R

2 TNBE 5+ IREEQE £ TYEE, REUOE
3 - L AVAIL € S

4 BLOCK COUNT % nidrerE

S S D | O 5 = ) S

8 | M = 6 = S

SEGMENT NODE.

@  SEGMENT RING
1 - 4 -

2 TYPE, 300063
3 LULEL,,ROEL

4 LCOL..RCEL
5  LROW, ,RROW
GBI i

e | . T 4
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CUMMAIY O LAMINA INERTIA TENSOR EXPRESSIONS.

RECTANGILL 'S LAMINA INERTIA TENSOR ABQUT ITS CENTER UF MASS.

FNX . BxOxAREA/LZ: (B HEIGHT IN ROWS).
Y - AxAxAREA/12: (A WIDTH IN COLUMNS).
W22 - MXX + MYY;
Py - a;

' CRIENTED RIGHT TRIANGLE'S LAMINA INERTIA TENSOR ABQOUT 1TS CENTER OF MASS.
MM X = BxllxARTA/1 S (B HEIGHT IN ROWS).
MYY s AxAxAREA/1 8 (A WIDTH IN COLUMNS).
n Vv - MXX + MYY:

' PRY - -AxBxAREA/35:
4
SUMMATION JF LAMINA INERTIA TENSORS.

Abr A e (AREAl + AREA2):
Al = (KHEAL % XCM1  + AREA2 % XCMZ) / AREA:
N - (AFEAL % YOI+ AREAZ x YCMZ) / AREA;

[ 4 MXX - MX¥1 + YCMIxYCMIxAREAL +

XKD+ YCMI«YCM2kAREAZ - YCMxYCMxAREA:
e § - MYYL 4+ XCMIwACHIxAREAl +
MYYZ + XCMZxXCM2xAREAZ -  XCMxXCMxAREA;

PXY - 'Yl - XCMIxYCM1xAREA1l +

. PXYZ - XCMZxYCM2xAREAZ2 + XCMxYCMxAREA;

ANGILL: OF PRINCIPLE AXIS

[PH] - 0. SxATAN ( (MYY=-MXX) / (2%PXY))
XY = Ok (MYY - MXX)%TAN(2%PHI)

t THANSLATION OF LAMINA INERTIA TENSOR AWAY FROM CENTER OF MASS.
MMX?* - MXX  +  AREAxDYxDY:
friSTaTe’ - MYY + AREAxDXxDX:
pPxy’ - PXY - AREAxDXxDY:

: ROTATION OF LLAMINA INERTIA TENSOR ABOUT CENTER OF MASS.

C - COSINE(PHI) 4

5 - SINE(PHI)

M¥X® p. CalalMXX  +  OxGxMYY - Z2xCxkSxPXY:
s - CxCalMYY +  SxSkMXX  +  ZxCxSxPXY;
Py’ i (CxC - SxS)4PXY + CxSx(MYY - MXX):

B e
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