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ABSTRACT:

A contour image representation is stated and an algorithm for converting a set of
digital television irnages into this representation is explained. The algorithm consists of
five steps: digital image thresholding, binary image contouring, polygon nesting, polygon
smoothing, and polygon comparing. An implementation of the algorithm is the main routine
of a program called CRE; auxiliary routines provide cart and turn table control, TV
camera input, image display, and xerox printer output. A serendip application of CRE te
type font construction is explained. Details about the intended application of CRE tothe
perception of physical objects will appear in sequels to this paper.
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INTRODUCTION.,

The acronyin CRE stands both for “Contour, Region, Edge”. CRE is a solution to
the problem of finding contour edges in a set of television pictures and of linking
corrosponding edges from one picture to the next. The process is automatic and is
int ended to run wit hout human intervention. Furthermore, the process is bottom up;
there are no significant inputs other than the given television images. The output of CRE
is a2D contour map data structure which is suitable input to a 3D geometric modeling
prograrm.

The overall design goal for CRE was to build a region-edge finding program that
could be applied to a sequence of television pictures and that would output a sequence
of line drawings without having to know anything about the content of the images.
Furthermore it was desired that the line drawings be structured. The six design choices
that determined the character of CRE are:

1. Dumb visiontather than model driven vision.
2. Multi irnage analysis rather t han sinsle image analysis.
3. Tot alimage struct ure imposed on «dse finding; rather
than separate edge finder andimage analyzer.
4, Automatic rat her thaninteractive.
5. Fixed image window size rather than variable window size.
6. Machine language rather than higher level language.

The designchoices are ordered from the more strategic to the more tactical; the
first t hree choices being rescarch strategies, the latter three choices being programming
tactics.  Adopting thesedesign choices lead to image contouring and contour map
struct ut cs similar to that of Krakauer[3] and Zahn[4].

The first design choice does not refer to the issue of how model dependent g
finished cencral vision system will be (it will be quite model dependent), but rather to
thr issiie Of how one should begin building such a system. | believe that the best
starting point s are at the two apparent extremes of nearly total knowledge of a
par ticular visual world or nearly tot al ignorance. The first extreme involves synthesis
( by comput cr craphics) of a predict cd 2D image, followed by comparing the predicted and
a per celvedirmage for slight differences which are expected but not yet measured. The
secondextreine involves analysing perceived images into structures which can be readily
co, nparrd for near equality and rmeasured for slight differences; followed by the
constiuction of a 3D geometric model of the perceived world. The point is that in both
cases linaios are compared, and in both cases the 3D model initially {or finally} contains
specific nuimerical data on the georetry and physics of the particular world being looked
at.
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INTRODUCTION.

The =ccond design choice, of multi irnage anaylsis rather than single image analysis,
provides abasis for solving for camera positions and feature depths. The third design
chaice solves {or rather avoids) the problem of integrating an edge finder's results into
animagce. Dy using a very simple edge finder, and by accepting all the edges found, the
image structure is never lost.  This design postpones the problem of interpreting
phot ometric -dges as physical edges.

The fourth choice is arcsolution to write an image processor that does not
requirescperstor assist ance or paramet er tuning. The fifth choice of the 216 by 288
fixed window sizeis a sin that proved surprisingly expedient, it is explained later. A
variable window version of CRE athaives, thirds and other simple fractions of its present
window size will be made at some future date.

The final design choice of using machine languaze was for the sake of implementing
node link dat a structures that are proccssed 100 faster than LEAP, 10 times faster t han
compited ISP and that require significantly Iess memory than similar structures in either
LISP or LEAP. Furthermore machine code assermibles and loads faster than higher level
languages; and machine code can be extensively fixed and altered without recompiling.

It is my impression that CRE does not- raise any new scientific problems; nor does
it have any really new solutions to the old problems; rather CRE is another competent
video region adge finding program with its own set of tricks. However, it is further my
irptession that the particular tricks for smoothing, nesting and comparing polygons in CRE
are originisl as prograrmming t cchniques.

The intended use of CRE is illustrated by the sequences of turn table pictures on
pages land 3. The figures on page 5 illustrate the quality of contoured images over a
range of subject matter. Finally the application of CRE to typography is illustrated
below:

Gllhivistigs ot
DRVABTUT GAIIE ANV OPORST YUY W X
abedefghiiklmmunoparstoy w sy =

ACKNOWLEDGEMENT.

Tovar tock assisted me with the development of the type font making program,
TVFGNT.



FIGURE 3 -INTENSITY COPyTOURING ON A VARI ETX.:vm-:sw:w_s

W\ REGULAER POLYEEE w o @l
Z"*~ Sro oG I men, wiih squol oides
(e, There s wd enwsae om onfiomte x
Um bhiree & mena sno the analog of e
reolor o yhedran o cwlid Coveded

IS I B

o eongrveni facee and romIruemt
Curmsrs  One mochi suppese WGol Wy
Wete, Dot fm Jocl they ore oo Lews

~p 0 lere * Th-




DA-T-A STRUCTURE: BASICS.

The two generic data structures of CRE are arrays and nodes; there are five kinds
of arrays and eight kinds of nodes.  The node structures to be discussed are
implemanted as seven word fixed sized blocks in a fashion usual to graphics and
simulation: anintroduction to this technology can be found in Knuth [4]. The language of
implermentction is PDP- 1 0 machine code via the FAIL assembler,

The whele nodal structure in CRE represents a sequance in time of video intensity
conteur mipe. Such contour maps are like topographical clevation contour maps, in that
no two centour lines should ever cross and in that all the contour lines should close.
Connewuiently, the loops of contours enclose regions; and these regions overlap in a
nested fashion forring a tree like data structure.

A.; the genersl examples of contoured images on page 5 illustrate, a notion that is
emphatically not in CRE, is that of a schematic line drawing. Although the CRE output can
be viewed as a collection of lines on a display screen, people expecting a line drawing
rendilion of the given television picture will be disappointed. A CRE picture is a simple
transformation of the photometry, gecmetry and topology of the original video image;
whet ¢as the typical line drawing from a human illustrator is a representation of the
scene without photometric inforrnation. On the other hand, the work of an artist such as
Peter Max; or a paint-by-the-numbers grid does resemble CRE output. This is not an
idle coincidence but rat her a consequence of whether or not the artist is trying to
reprcsent photometric data by quantum lines.

The oxplanation of CRE node structures will be presented in three parts: first, the
sevoral kinds of nodes will be briefly explained; second, the sub structures such as rings,
trecs and lists will be described; and third, the node formats and their contents will be
cplained incdetail Following that wiltbe an explanation of the five at-rays in CRE. The
reader is warned that this whole sub section {on data structure) is an elaborate shaggy
dog st ory o f naming names and defining things; all the action is to be found in the
following stib section (on the algorit hm).



DATASTRUCTURE: KINDS OF NODES.

Thoare cight kinds of CRE nodes: Vector, Arc, Polygon, Shape, Image, Level, Fiim
and Empty:

1. Atthe top of the structure is the film node, the film node is unique and serves
as an OBLIST from which all other node's may be reached. The film node embodies the
idea of apiece of celluloid film or a length of magnetic video tape. A film is a sequence
of i mages taken by the sarne camera of the same scene with only a small amount of
action bet ween images.

2. An image node represents the familiar two dimensional idea of a photograph or
an oil painting or to be exact a digital video image of 216 rows by 288 columns of
nurnbers ranging from 0 for dark to 83 for bright. The image is formed by a thin lens and
is projected on a flat image plane. The idea of an image is so common that it is easy to
overlook the wonder of sun light scaltering off of surfaces, refracting thru a lens, and
forming a complex pat tern called a real image.

3. Below theimage node are the intensity contour levels, A contour level is a
binary image that results from thresholding a gray scaled image. So an image is
composed of levels and, in turn, a level is composed of polygons.

4. A Polygon node represents the idea of a contour loop which always closes
upon it sel f and does not cross it self or any other contour, Contour loops are
approximated by a ring of vectors; hence, the term “polygon”. The contour polygons
alwayshave atleast three sides and are simply connected.

5. Shape nodes contain data about one or two polygons. The data in a shape
node is not a positive represcntation of the notion of shape; but is rather the
paramcters of alignment that must be normalized out before shapes can be compared.

6. Vector nodes contain the locus of an image vertex; however since vectors
always belong to a polygon and always have two neighbors; their counterclockwise
ncighbotis considered to determine their vector direction,

7. Arc nodes are vectors that are made by the polygon smoothing routine; one arc
typically replace seversl vectors. When both arcs and vectors arc being discussed;
vactors are strictly horizontal and vertical, whercas arcs may point in any direction,

8. Erapty nodes arc anartifact of the fixed node size dynamic storage allocation
mechanismusedin CRE. Entities are made by taking empty nodes from an AVAIL list and
entities are killed by returning their node to the AVAIL list; there is no garbage collector,
but therc is a space compactor.



DATA STRUCTURE; LINK AND DATUM NAMES.

Nodes contuin either numerical data or pointers to other nodes; such node pointers
are actual tnuchine addresses and are called links. The positions within a node where a
link is stored are named and nve reserved for particular uses, In the table below thell
link nares and 1 3 datum names are -introduced. The link names will always appear
capitalized.

1 1 LINK NAMES:

.

CW clockwise
CCW count er clockwise
DAD  parent of nodeup a free structure.
C §ON  descendent of a node down a tree structure.
ENDIO Greek for inside, polyson wit hin,
EXO  Greek for out sice, surrounding polygon.
ALT  alternate.
NGON negative polyson.
PGON positive polygon.
. NTIME negative in real time, into the past.
PTIME positive in real time, into the future,
L 13DATUM NAMES:
EL Eool ean dat ums.
type type of node bits.
reloc rellocation of node bits.

Fixed point datums.

row row of image locus.

col column of image locus.

cnt rot contrast of an «d-e, vector and arc,
nent number count, various uses.

Flosling point datums.

zdepth z depth from camera lens center.
perm length of periractor.

area area in pixel unit s.

XX motnent of inertia abeut X axis.

rayy rmoment of inertia about Y axis.

mzz moment of inertia about Z axis.

pxy product of inertia with respect

tothe X and Y axes.



DA-T-A STRUCTURE: THE RINGS, TREES, LISTS AND ARRAYS,

CRE inputs animace into an array called TVBUF; it makes the node structures,
some of which are temporary; and it out puts a final version of the structure representing
a film of irniges. The temporary structures are relevant to understanding the process;
but only the final structure is relevant. to using CRE output. In summary, the important
structures are:

FOUR RINGS.
. Image ting of the film.
2. l.evel ring of animage.
3. Polyconring of i-1 level.
4. Vcector ring of a polygon.

TWQO TRELS.
| . Thelree of rings.
2. The tree of nested polygons.

TWO LISTS.
1. Time line lists.
2. The emply node list.

TEMPORARY STRUCTURES.
1. Arc rings of polygons.
2. Fusion shape rings of levels.

FIVE ARRAYS.
I. TVBUF - 216 r@88, columns of 6 bit bytes,
2. PAC- 2 1 6r®@3 columns of 1 bit bytes.
3. VSEG - 216, r@89, columns of 1 bit bytes.
4, HSEG - 21 7rows 285 columns of 1 bit bytes.
5 SKY - Z 16 rows, 289 coluians of 18 bit bytes.

Thet is one film node. The film is composed of a ring of images. Each image is
compo od of o ring of lavels. Fachlevel is composed of a ring of polygons. Each
poivson is composed of aring of vectors. The ring structures are implemented with the
four links narn ~d DAD, SON, CW und CCW. The rings are headless only in the sense that
allthe o L erents of 3 rvingare brothers; a pointer to the head of a ring is stored in the
BAD link of «ach element. The DAD of the film node is NIL; and NIL is an 18-bit zero.
Thefinal “ON of all vector nodes is also NIL. The DAD and SON links form a tree of
rings.
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DATASTRUCTURE: THE RINGS, TREES, LISTS AND ARRAYS.

Besides the tree of rings, there is the tree of nested polygons. The nested
polygon tree i;implemented 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 polygons that may be enclaved within the given polygon; and the NGON and PGON
links form & ring of polygons that have the samme EXO polygon,

The time line lists run thruarc and polygon nodes. In the simple case, the time
line: links of a polygon point to a corresponding polygon in the image previous (NTIME) or
subsequent (PTIME)Y of the current poly:on; the correspondence being that the time
polyson is exactly the sameintensity at nearly the same location, orientation, and size as
the siven polyzon. inthe case of polygon fusion, the time line link of a polygon points to
atime polygon of which the given polygon becomes a part. In the case of polygon
fission, the time line link of a polygon points to only one the pieces into which the given
polygon splits.

The time line links of an arc vector pointto a corresponding arc vector in the
image previous or subsequent of the current arc vector. The polygons of arc vectors
mated in time are themselves mated in time; because after polygon time tine links have
been made, one polygon is temporarily transiated, rotated and dilated so as to have the
same lamina inertia tensor as its mate; that is the locus of the arc vectors of one polygon
arc temporarily alt ered; then the corresponding arc vectors are found and their time line

linkages are made.

The empty node list is maintained in the CCW link positions; the last empty node
contains a zero link. All nodes are explicity 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
storcd in the ALT link of the polygon, white the polygon has both a ring of vectors and g

ring of arcs.

The fusion shapering of a intensity level runs thru the CW and CCW links of
shape nodes and is pointed at by the ALT link of the level. Fusion shape nodes are the
shapes gencrated to represent pairs of polygons unmated in time.

- 10 -
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DATASTRUCTURE: TYPE BITS.

Each node has a word reserved for a boolean vector of 36 values, or bits. The
first eighteen bits are called the type bits and are individually named as follows:

for O WESBIT westward vector.
veclors 1 SOUEIT southward vector.
only 2 EASEIT eastward vector.

3 NORBIT northward vector.

4 NFUSE NTIME polygon fusion.

5 NFISS NTIME polygon fission.
for 6 NEXCT NTIME polygon exact match.
polygons
only 7 PFUSE PTIME polygon fusion.

8 PFISS PTIME polygon fission.

9 PEXCT PTIME polygon exact match.

10 HOLBIT Hole polygon bit.
modify 1 1 ARCBIT Arc vector bit.

12 SBIT Shape node bit.

13 VBIT Vertex node bit.

14 PBIT Polygon node bit.
kind

15 LBIT Level node bit,

16 iBIT Image node bit.

17 FBIT Film node bit.

The first four bits WESBIT, SOUBIT, EASEIT and NORBIT apply only to vectors and
indic at o the direction of the vector. The next six bits NFUSE, NFISS, NEXCT, PFUSE,
PFISS, PEXCT are set by the polygon compare routine to indicate the kind of time mating
found; whor e N and P mean negative time or postive time linkage; fusion means that the
given polygzon and anotlier polygon fuse to form the time polygon, two into one; fission

. means the given polygon splits, one into two; and exact means that the given polygon

malchs one for one with its time polygon.
The next two bits HOLBIT and ARCBIT indicate distinguished polygons and vectors

respcctively. Only one of the last six bits: SBIT, VBIT, PBIT, LBIT, IBIT and FBIT may be
on ina node. These bits indicate the node’s type.

- 11 -



| DATA STRUCTURE: RELOCATION BITS.

The next eighteen bits are called the reloc bits and indicate whether or not a link
is stored in g particular position of the node. The relocation bits are used to compact

the CRE node space for output.

18 unused

19 CAR(WORDO)
- 20  CDR( WORDO)

21 unused

22  CAR(WORDI)
23 CDR(WORD 1)

24 unused
25 CAR(WORD3)
26  CDR({ WORD3)

’ 27 unused
.- 28 CAR(WORD4)
29 CDR(WORDA4)

L 30 unused
31 CAR{WQRD5)
L 32 CDR{WOQORDb5)

33 unused
34 CAR( WORDS)
35 CDR(WOQRDG)

The CAR of a word is the left half. The CDR of a word is the right half. in the
N node diagrams the relocation of each 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,

-12-



1. VECTOR & 2. ARC NODE FORMAT.

Lo Cl I CCW |

1§ vector ring 3
vior DAD SON

1 po lygon _arc orvector 3
mord type Treloc T

o 33 8003
Lol r ok col

3 00008. 00 0000. 09 5]
o cntrst nent

length 4]

tord

5 zdepth 0
nord. |

(S NTINE time | ine PJIME 3

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 cont ouring step;
whereas an arc is a vector generated by the smoothing step. Vectors contain the
fundamental geometric datum of an image locus. The image locus is stored in the
halfword datums named row and cot, 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 andin
the counter clockwise directions about the polygon’s perimeter; these perimeter pointers
are stored in the link positions named CW and CCW. Vectors never cross, arcs Cross on
occassions but can be fixed.

The ncnt 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
indicating distance from the camera’s image plane; the tdepth computation is not properly

- implemented as of May 1973).

-13 -
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3. POLYGON NODE FORMAT.

nord W CCu

. polugo= ring
pord DAD SON

level lst vector

Hot type reloc

2 33 3233
viord ENDO EXO

3 lst polygon within [po | ygon surround me
Hord ALT nent

4 shape {or lst arcl number of s i des
vord NGON FGON

nest bro polygon nest sispolygon

Lo d

6

NTINME time

L

Line PTINE

tvery polygon belongs to a level pointed at by the DAD link; the ring of polygons
of a level is formed in the CW and CCW links; the son of a 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 ENDO, 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 it self 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 ENDQO link.

The ALT link position of a polygon temporarily points to the first arc of a polygon
during smoothing when a polygon has both vectors and arcs. The final contents of the
ALT link is a pointer to the shape node of the polygon. The ncnt datum indicates the

number of sides 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

tjme links of the vectors must be scanned).

-14 -




4. SHAPE NODE FORMAT.

qord Cl ‘ | CCH

%} fusionsh~pe ring 3
rord perm area

7}

Lorc t?pe reloc

> 8 38 8838
nord. Lo col

3 BBBY. BO 0000.00 2]
Hor d pxy mzz

4 |productof inertia Z-ax is moment )
Hor o NGON PGON

5 fusion polygon main polygon 3
Lord mxx myy

S X-ax ismoment Y-axis moment g

The shape node contains the data necessary for normalizing two polygons so that
only their shapes rermain. In particular, the row and col of a shape node is the center of
mass of the polygon; area isthe area; perm is the length of perimeter; and mxx, myy,
mzz, pxy is the polygons inertia tensor (frorn 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 link. The CW, CCW and NGON
links of a polygon shape are NIL. Fusion shapes are temporary nodes belonging 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
comparing.

The datums named perm, area, pxy, mxx, myy, mzz contain the left half of a
PDP-10 floating number. (Technical note: half of a floating number has 9 bits of
. precision 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 like
-1023.0; in CRE, only the product of inertia will ever be negative).

- 15 -



5. LEVEL NODE FORMAT.

vord Cl CCW
level ring

vord | T DAL T T i i SON

1 image Ist polygon
word type reloc

< 33 0200
Hord
word ALT ncnt

4 (Ist fusion shape) |threshold cut level
Hord
Hord

G

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 jts first polygon and
that first polygon is the upper left most polygon of the level.

The ncnt datum of a level contains its threshold cut value, which is an integer
between -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
that every 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

shapes during polygon compare time mating.

- 16 -




6. IMAGE NODE FORMAT.

rord CH ] CCW
N 0 image ring 3
pord DAD SON
1 film ) lst ltevel 3
pord type reloc
Z 33 00o8
N Hord
3 — 2]
Hord
--= --- %}
Hord -
¢ § T 0
rord
- - 8
[ 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 earlier 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 events was represented in the same manner as counter clockwise around a

t polygonal ring of edges.

All the empty space in the image node is reserved for camera specification data.

-17 -



7. FILM NODE FORMAT.

rord Cccw

0 Ist empty 1
vared DAD SON

1 ) lst image 3
word type reloc

2 33 0000
mord.

3 --- --- 0
Lord

4 -~ - 0
vord

5 0
Hord

6 - - 10

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 film node; the final empty node pointer indicates the number of words of
data in the CRE file.

-18 -
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8. EMPTY NODE FORMAT.

Hor ccw
g - avail

word

vord | Type reloc
2 B0 poLY

oo
2

Y

ver of
4 —_ —

! IOT'AIT]N

<

nord
G - -

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 - 216wg88 columns of 6 bit bytes.
2, PAC - 216ro288 columns of 1 bit bytes.
3. VSEG - 2160wZ39 columns of 1 bhit bytes.
4, HSEG - 217wa88 columns of 1 bit bytes.
5 SKY - 216ro289 columns of 18 bit bytes.

Inside CRE, the video image size was fixed at 216 rows of 288 columns of & bits
per pixel. My original idea was to write a vision operator that would be applied on a
small fixed sized window; so | 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+2%2+3+3+3 and 288=2+2+2+2%2+3x3. Having a
fixed window size avoids a morass of word packing, array allocation and window splicing.
Having a window size constructed out 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
direction, 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 cell; the cells are numbered from 0 to 215 rows, 0 to 287 columns; the number
of a ceil is the grid locus of its upper left (northwest) corner; the center locus of a cell
is a (row+1/5,col+1/2). A pixel cell is surrounded by four segments; the horizontal
segments are numbered 0 to 216 rows, 0 to 287 columns; the number of an HSEG is the
grid locus of its left (west) end point. The vertical segments are numbered 0 to 215
rows, 0 to 288 columns; the number of a VSEG is the grid locus of its upper (north) end
point. These conventions are suggested in the diagram at the bottom of page 19.

- 20 -
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FI GURE 4 - WATER PUMP VI DEO AND SMOOTH CONTOURS.
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THE ALGORITHM: INTRODUCTION.

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

MAJOR OPERATION. OPERAND. RESULT.

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

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

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

5. COMPARING; IMAGE & FILM, FILM.

Although the natural order of operations is sequential from image thresholding to
image comparing; 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 video 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 4.5K words respectively; the initial
video image requires 10.2K words.

FIGURE: PUMP SAW TOOTHED 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 I-bit image with respect to
a given 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
(1 728 words) called the PAC (picture accumulator) which was named in memory of
McCormick’s ILLIAC-lll. After THRESH, the PAC contains blobs of bits. A blob is defined
as “rook’s move” 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 built 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 finder” 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 it self, 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.
If 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 columns 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 and 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 segments, 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,
sout hwest or sout heast) 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 darker 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
t-his 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 !
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3. NESTING.

The nesting problem is to decide whether one contour polygon is 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 requires a 31K array, called the SKY.

CRE’s accumulation of a properly nested tree of 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 containers 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 second part of the INTREE routine checks for and fixes up the case where the
new polygon captures a polygon that is already enciaved. This only happens when two
or more levels of the image have blobs that have holes. The next paragraph explains
the arcane details of fixing up the tree links of multi level hole polygons and the box
following that is a quotation from the appendix of Krakauer thesis [3] describing his
nesting aigorit hm.
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3. NESTING.

Let the given polygon be named Poly; and let the surrounder of Poly be called
Exopoly; and assume that Exopoly surroundsseveral enclaved polygons called "endo’s",
which are already in the nested polygon tree.
lists named 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 ENDQ ring). On

such re-scanning, (on behalf of say an Endol), there are four cases:

1. No change; the scan returns Exopoly;

2.

3.

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

which is Endol’s original EXO.

Poly captures Endol; the scan returns Poly indicating

that endol has been captured by Poly.

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 endo 1.

My fate delayed; the scan hits an endo2 which is still

on the PLIST; which means that endoe2’s EXO is not yet
valid but when discovered it will also be Endol's EXO;
so Endol is CONS’ed into Endo2’s NLIST.

crunching machinery takes half a page of code and is not frequently executed.

KRAKAUER'S NESTING ALGORITHM.

“The 1mnae 11 ee , « nener at ed one threshold level at a t ime, starting at the

tBighe <t Jevel (hranch ape). Ateachlrvel, the imageis scanned, and the pointsabove
the 1hieshold we marked 1n accratch areay. This scatch array sthen scanned for
macked pointe,. Hhen one 1s found. & contignity routine is called, which visits all

marked porats which can be reached fram the start via a connected rath. The marks are
vrased by this routine as (t goes, and statisticn are kept on Lhe region thus generated.
such Ao the sums of the » and y caordinates of the points, and the sum of the squares of
the x and y coordinates (used to compule the cenlec and the eceentricity). A tree node
15 then made op for the region, and the <can for marked paints continues. A special mark
te Jeft 1n the «cratch array for earh region.  When this mark is encountered during the
cean at the next level, «t s Jeoked up on on nssociation list. This establ ishes the

and the reginns which are a subseto fitat t h eprevious level -

Link Lietueen

v.e. betueen a nade

s sub-naden. "
“The contiomity  sean 0w the  most  complex program. It works by leaving
dicectional pointers an the werateh array.  These are three-bit rodes denoting one of ‘.lv;-:
craht peciable pesghboring pointe. The contigmity scan s always started at a point

wbich oo on the hottom edge of the region. 1L traces alona this edge Lo the right by
moving feom ane macked paint ta the next, but olways beeping an un-marked point io the
raht  arde. A 1t aces, 4t erases the marks, so that for & region with smooth
hoaundar tes, 3t will Iollow a spiral path te the center, "eating up” the marks as it g0fs,
bike a Iathe vith the toaol continually advancing into the unrk.™ ’

"N the contiawily toutine scans, it lays down P ack pointersinthescratch array
which enable b Lo relbrace (s path back to the start. If a dead end . s reached (n o more
marked nernhbor -}, 1t traces back along this path, looking for marked points 1o (hé
right.  Thrre ran be nn marked points on the left side while backtracking, since this was
the right side nn the way out, and the outaoing «can stayed as far to the right as
poagibhin. 1 n marked poant oo found nn the backirace, it is replaced with a pointer to
the adyiwent path already traced out, and then a new path 16 traced as if this were | nes
starting point.  HWhen the barktrace reaches the original starting point, the contiguity
scan i completed.  The effect of this algorithm 15 to construct a tree of pointers in
the sceatch array, with the starting point attheroot. All points which can be reached
via a connected path from the starting powntsillbe aparto fthistree . ”
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Fi GURE 7 -
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4. SMOOTHING.

In CRE the term “smoothing” refers more to the problem of breaking a manifold
(polygon) into functions (arcs), rather than to the problem 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 computing 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 actually 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. COMPARING.

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

sect ions:

. make shape nodes for polygons.

. compare and connect polygons one to one.

compare and connect polygons two to one.

compare and connect vertices of connected polygons,

PN

First, the shape nodes of all the polygons of an image are computed. The shape
node contains the center of mass and the lamina inertia tensor of a polygon. The lamina
inertia tensor of a polygon with N sides is computed by summation over N trapezoids.
The trapezoid corresponding to each side is formed by dropping perpendiculars “up” to
the top of the image frame; each such trapezoid consists of a rectangle ana right
triangle; since the cides of polygons are directed vectors the areas of the triangles and
rectangles canbe arranged to take positive and negative values such that a summation
will deccribe the interior region of the polygon as positive. The equations necessary for
computing the Taminainertia tensor of a polygon are collected in a table in the
postscripts 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 arectangle 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 shapes 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 (M*N/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.
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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 (NxN/2-N) fusion shapes are
avoided because there is a maximum possible unmated inertia in the other image; if there
are no unmated 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 images, the fusion shapes of one are compared with the polygon shapes of the other.
The fusion (fission) compare solves the rather nasty problem, illustrated in figures 9A
and 9B 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 SD; 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.
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lIl. USING CRE.

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

D. LISP INTERFACING.

PRIMER ON RUNNING CRE.

Single Image Contouring.

The Stanford copy of CRE 1s run by typing "R CRE”. CRE displays only on a Ill console, however
it will work (without displays) when run from a Data Disc console. The command scanner is a simple
charac ter jump table; the command scanner will type an asterisk when it is listening for teletype input.
Carriage returns 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 all 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 "«¢","8", and "¢" to indicate control, meta or
both rneta-control-shift keying respectively.

The command “T" will take a four bit television picture from camera number one. The command
"H" will display a histogram of the television picture. The command character SPACE will refresh the
image 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 single television image should have the following appearance:

1C

.R CRE

7

*H

*C20 40 60

*

All the images in this document were made with 3 or 7 equally spaced contours; for which cases
# GomirrésiRttael. Q" will automatically specify contour cuts are 20, 40, 60 or 10, 20, 30, 40,
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PRIMER
IMAGE INPUT, OUTPUT AND XGP’ing.

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 header format. The “I” will input a video image from such a hand-eye file; if the file is not
216 by 288, then the center of the image will be placed coincident with the center of a 216 by 288
window and the image will be repacked with undefined pixels set to zero. Both the “I" and the "QO"
commands will ask for a filename; if an extension is not explicitly given the default extension “TMP”
will be used. The "«s0" command will output the CRE data structure and the "«{" command will input
CRE data structure, naturally the default extension is "CRE".

The “X" command will output a video image to the XGP. The "¢C" command followed by a list of
octal number-s will output the HSEG and VSEG; raw vector contours, to the XGP. The "P" command will
output the currently displayed lIl buffer, the default extension is "M" 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 television images, and contouring them using the “C" command or the "Q"
command will form a film data structure. images can be explicitly compared and linked by typing "M"
match command which links the latest image with the immediately previous image. The “Z" command

will zero the data structure of all images.

AUTOMATIC MULTI IMAGE PROCESSING.

The “A” command is for automatic turn table perception, CRE takes 64 pictures from camera #3
while rotating the turn table, outputs a file and exits (returning control to the 3D geometric editor).
The turn table is manually moved small amounts by the four possible "Y* commands: "Y", "ecY", " BY",
and "¢Y". Numeric absolute and relative positioning of the turntable is under the “U" command; the

details of which are still being developed.
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CRE TELETYPE COMMANDS

VIDEQ COMMANDS

~ T Take a4-bittelevision picture.
[  Take ab-bit television picture.
S Select camera number, default is camera #].~

'S Set TCLIF, default is 0.
/38 Set BCLIP, default is 7.

‘S Shrink node space. Calls node storage compactor.
L
The two command characters "T" and "S" control live video camera input. The default camerais
camera #} on the Cohu camera on the hand eye table. Camera #0 is the Cart Receiver, camera #2is
the sierra hand eye camera, and camera #31s one or the other old brown cameras depending on
which coaxisplugged up, the brown camera near 123 is the Font Camera and the brown cameranear
the turntable s the GCOMED Camera.
L INPUT OUTPUT COMMANDS
\ Input TMP file. Television image from disk file.
e/ Input CRE file. Contour film from disk file.
0 Output TMP file. Television image to disk file.
v «0 Output CRE file. Contour film to disk file.
X Output video image to XGP.
P Output Il file. Il buffer for calcomp plotter.

«C Output VIC contour edges to XGP.
This cormmand requires a list of octal numbers.

l J Conlirast enhancement for the sake of XGP appearance.
~ # Type twenty CRLF’s to clear page printer.
7 Display help summary of CRE commands.

IMAGE CONTOURING COMMANDS

C Cut at given threshold levels.
Q Cut at equally spaced conttours, three cuts: 20, 40, 60.
N «Q Seven cuts:10, 20, 30, 40, 50, GO, 70.

\ E Enable all CRE processing.
D Disable illsteps except contouring.

M Compare and mate match current image wrth previous.
W  Enter- Arc Width Table alter mode,

_36_



CRE TELETYPE COMMANDS

NODE FOLLOWING COMMANDS

+ Fetch film node.
! Flush node display.

, . CW,,CCW Fetch Ring links.
<> DAD,SON Fetch Tree links,

TYPE,RELLOC
u n ENDG,EXO Fetch nested polygon tree links,
< 2 ALT,MNCNT Fetch alternate shape or arc link.
c > NGON,PGON Fetch nested polygon tree links.
v A NTIME,PTIME Fetch time line links.

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

The FILM node, which is the root of the whole data structure is fetched and displayed by the
"+" command. From the Film, the ">" command can be used togetSON(FILM) whichis always the first
image, and">" command of an image will get a level and ">" of alevel will getapolygon. Vectors and
polygons are intensified when their contents are being displayed. The exit commandis ™", which
leaves the screen less cluttered.

WINDOW SCROLLING COMMANDS

; Move camera left.

Move camera right.
{ Move camera down.
) Move camera up.

Zoom out, shrink displayed image.

* Zoom in, expand displayed image.

o Reset scrolling window to it initial position and size.
/ Halve strength of scrolling delta.

\ Double strength of scrolling delta.

“ Single step displayed image forwards.

o e Single step displayed image backwards.
,{C:—* Run film display forwards.
(& Run film display backwards.

The first<everal commands allow minute examination of the image by magnification and window

posit ioning. The command character "o" allows single stepping thru the film of images or continous
display of the film forwards or backwards.
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CART DRIVING COMMANDS

Drive forwards.

Drive backwards.

Turn wheels hard left.

R Turn wheels hard right.

e L Pan camera left,

R Pan camera right.

SPACE Stop the cart.

RETURN Exit cart command mode.

—Wm

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 Jogic times
out in a fifth of a second if it does not hear from the POP-6; the PDP-6 times out in less than a minute
if it has not heard from the PDP-10; the PDP-6 stops broadcasting cart commands if it detects the
death of the PDP-10; the PDP-10 job times out after 5 minutes of not hearing from the ‘teletype and
kills the PDP-6 spacewar job.

Second, and of occasional interest is 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 fails to move; aft-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
transmitter is turned on and that the PDP-6 is running. By the end of the year (1973),a new cart
radio controler will be installed by Hans Moravec, and these commands will be updated.

CART HARDWARE DIAGONQSTIC

\ Enter diagonostic listen loop.
RETURN Exit diagonostic listen loop.

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

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

It should be possible to embed the CRE machine code under a SAIL core image; however | do not

intend to do this work. For the present, the CRE interface to SAIL is only realized via a disk file

transfer of the data structure. A CRE file may be read into an integer array in binary mode as
illustrated below.

The first word of a CRE file 15 the first word of. the film node which contains the size of the file

in words. The film node has address O; the next node has address 7; and so on in multiples of seven.
There at-e 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 SIZE:
OPEN(1,"DSK" 8,3,0,0,0,0%
LOOKUP(1,"X.CRE",0);
SIZE < WORDIN( 1 );
1\ BEGIN
INTEGER ARRAY NODE[0:SIZE};
ARRYINCL,NODE[ 1 J,81ZE-1)%
RELEASE(L);
“MAIN PROGRAM."
END:
L END:

After the NODE array Is loaded, CRE links and data may be accessed by their document names in
areasonable node-link notation using macros like the following:

(NODE[Q] LSH -18)"
"(NODE[(] LAND ‘777777)%;

DEFINE CW(Q)
DEFINE CCW(Q)

4 DEFINE DAD(Q) = "(NODE[Q+1] LSH -18)"
" DEFINE SON(Q) = "(NODE[Q+1J LAND ‘777777)",
L So that the first vertex of the first polygon of the first level of the first image of the film can
be obt ained:
L INTEGER FILM,IMAGE,LEVEL,POLYGON,VERTEX;
FILM « 0O;

LEVEL « SOMNFILM);
. - POLYGON «SOMILEVELY);
VERTEX «~ SON(FOLYGON)

Mersermay note that SAIL will compile three or rore instructions for what is known as a
PDP-10 halfword operation; also if the user converts the CRE nodes and links into LEAP items and
accociations then an overhead of from ten to one hundred instructions per “halfword operation” will

be incurred.
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LISP INTERF ACING TO CRE.

It should he possible to embed the CRE tnachine code under a LISP core image; however | do not
intendto do this work. For the present, the CRE Interface to LISP is only realized via a disk file
transfer of the data «tructure. A CRE filemaybe read into LISP binary program space and accessed
using the CRE nomensclature (1llink names and 13 datum names) by means of the S-Expression
subioutines provided in the file CRE.LSP[CRE,BGB]. The subroutines work in both the old Stanford
LISP 1.6 as welt as the newer UCI LISP and Micro Planner, PLNR. The CRE.LSP[CRE,BGB] can be loaded
eitherby one or the other of the following two LISP statements:

(DSKIN(CRE,BGB)YCRE.LSP))
(INC(INPUT(CRE,BGB)CRE.LSP)))

A CRE filmfile is read into LISP binary program space by one of the three possible INCRE
formats:

(INCRE filename)
(INCRE filename project)
(INCRE filename project programmer)

Filenames should be six characters or less, projects and programmer initials should be three
characters or less, the filename extension CRE is assummed and the usual PPPN defaults occur. If the
input succeeds INCRE returns a value T; if the input fails INCRE returns a value NIL and prints one or
the other of these two méssages:

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

After a sucessful INCRE; the film, image, level, polygon, arc and vector nodes are referred to by
integer-s usingthe 11 Link Fetch Subroutines:

(CW node X CCW node XDAD node X SON node XENDQ node XEXO node)
(ALT node }NGON node X PGON node XNTIME node XPTIME node)

The film node’s address s the integer O, zero. So that the expression (SETQ
V3(CCW(CCW(SON(SON(SON(SON O will retrieve the lower right hand corner of the border
polygon of the -1 level of the first image of the film. The 13 CRE.LSP datutn fetch subroutines are:

(ROW nodeXCOL node XCRETYPE node XRELOC node)
(CNTRST node XNCNT node X ZDEPTH node XPERM node XAREA node)
(MXX nodeXMYY node)XMZZ nodeXPXY node)

-
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This is sample output from the Xerox Graphics Printer,

Lot BA~€MAcodeonuYIee_s~vi<oey
"#87.& (%+,-./0 123456789::<=>?

@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\J}~
‘abedefghijkimnopqrstuvwxyz{ifi} )

This is sample output from the Xerox Graphics Printer.
Lot SA~MAoodconu¥Ie s a~¥E<osy

Pe$ 78 (Oxs,-./0123456789:;<u>?
eABCDEFGHIJKLMNOPQRSTUVWXYZ\ ]I~
‘abedefghijklmnopqrstuvwxyz{i}

This is sample output from the Xerox Graphics Printer.

Lt BA-EMAOYCoNUYIBe_snFE<ey
P287.8& O+ - /0123456789::<=>7

@ABCDEFGHIJKLMNOPQRSTUVWXYZ\ [l
‘abedefghijklmnopgrstuvwxyz{ifl}

This is sample output from the Xerox Graphics Printer,

loc BA~€EmhoodconuVIee _sn#F<sy
V'#$7.8 0+ -./0 123456789:<=>?

@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]i~
‘abedefghijkimnopqrstuvwxyz{/fi}

This is sample output from the Xerox Graphics Printer.,
ioC/f‘)/\*EH)\ooacnnuvH@é_—%#SZEV

P 878 (+ - /0 123456789::<=>?
@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]f
‘abedefghijklmnopqrstuvwxyz{|fl}

This is sample output from the Xerox Graphics P

rinter,
Lt BA~€MAc0dconUYIoe_sn#<>sy

V$7.& 0%+,-./0123456789::<=>7
@ABCDEFGHIJKLMN OPORSTUVWXYZ\]—
‘abedefghijklmnopqrstuvwxyz{|fi}



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 the XGP, Xerox Graphics Printer. The original idea Wasto
demons trate the utility of a polygon representation for scaling,
smoothing and editing typographical glyphs; the resulting hack
(demonstration program) was extended and developed by Tovar Mock
into the program called TVFONT. Accordingly, the main idea of TYFONT
i s to convert video rasters into polygons, to edit and scalethe
po lygons, and to convert the polygons back into bit rasters.

This section 1V, Wil | be available asa TVFONT user manual
in another six months: i tis presented here to give the Wouldbe
user a start, and the general reader a sample of the design and
extent of TVFONT.

The figure on page 41 is an example of expanding and
contracting a font without manual touching up. The top sample is the
original (BDR4® from CMU). The remainder have been generated by
TVFONT. The expans i on or contract ion was done by converting fonts
from Dbit matrices into a polygonal representation, multiplying by
the appropr i ate constant and reconverting back into a bit
representat ion. The fo | | ou i ng paragraph is an example of a font made
from television pictures:

Kak Bam upasurea nawa nosas wnpoko-uedars? Ona naselnaercs XGP (Xerox
Craphies  Printer) 1 CAeJana ¢upmolt  Xeror 1a ocnopanmy Maumne LDX. Ilenrp
HCNEOBalNA Xerov B Palo /Alto CAANKA NaM Mawyny GeansaTiio, 4ToOH HCCJIEfOBATL ee
apusmelieiis.  X¢p  uonywaer u3 IUBM  gno 1700 paspagon Kaxauit aarts
MHJIINCEKYIIOB. DTO scan line KaK 10 Tejcpupenun. DyKnn chesalsi M8 Touek
nporpammoit. Crpanmia cocrout u3 1700x2200 = 3,740,000 paspanos. Ms-sa sroro,
IIBM posmwua paGorats ouenn OucTpo. [Mun ona fonkna uMeTb B onepaTHBNOR
namMsTL  okojio 100,000 cyiop, HAH OHA AOJMKNIA NOJAYYaTb M3 JANCKA JOBOJILHO
Gontolt Oydep ouen perynaspsio, noToMy uTto, Korga Oymara HauuiaeT ABHFAaTL B
WHPOKO-IICHATH, Ol1a 1le MOXXeT OCTAlOBHTLCT A0 22 JIOMHIIMX. ﬂprmmme MaWHHbB -
TaKoIT JKe KaK y OOLIKHOBelof Matib Yerox.

[Cak  Bu  pupure, Mawmna ouens rulka. Bosmoxiio nojzoBatsca  JoObIM
andannToMm, B Jo6oM pasMepe, M KPoMe TOPo, BO3MOXIO ney aTaTh HJJYCTPALHH.
Hapepiio Bul Toxke sameTay, Xopowas wHPOKO-ieYaTb He  MOMOTaeT MOeMy MJIOXoMy
pycciomy s3uky. Ceituac pepmocn na anranitcknit asuK.
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TVFONT PRIMER - (draft).

TVFONT i s on the system, and can be run by typing "R TVFONT"”

N at alll display console. At present, Ill #23 is next to a camera
setup for making fonts. The process of mak i ng a new XGP font or
altering an old one wi !l be explained in six steps:

1. Raster input: get a video image or an old font,
2. Contour i ng: make po | ygons.

C 3. Polygon editing: delete, scale, position and alter,
4. Polygon 1/0: save and restore polygons.
5. Font output: make new font and output font fi le.

Complexi ty arises in that there is more than oneway to do

each step, there are default arguments and sWwitchs which the user

¢ may al ter, there are ways to save and restore intermediate resul ts,
and there are quite a few different display modes and display
diagonostics. The TVFONT command scanner resembles that of TYED and

i E; (as well as CRE and GEOMED); the command scanner types an
& as tcr i sk"x" when it is in its top most listen loop waiting for a
R s i ng | e command character . The command character may be mod i f i ed by
a the META and CONTROL keys which Wi | | be abbreviated as “a” "g" and

"¢" for CONTROL, META, and META~CONTROL respect i ve | y. Many’ commands

L in turn require arguments such as numbers or fi le names. Finally the
"x"  command waits  for  an extended command name of several
characters. which i scal | ed an extended command.

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

Raster Input and Contouring:

) 1. T take television picture.
. 2. "H" Display histogram of television picture.
3. "C24" Cut at intensity level 24,

Get the Font Camera looking at a single letter in a font
book. Use a black piece of paper withasquare cut out as amask to
isolate the letter. The “T” command will take a television picture.
The "H" command wi | | display a histogram of the television picture,
showing how many points of the image were B intensity, (total black)
and how many point s of the i mage were 77 intehsi ty, (total white). A
picture of a black glyph on a whi te background surrounded by a black
mask should yield a histogram with two peaks.

Next the "C" command fo !l oued by an octal number fo | | owed by
a car-r i age return: contours the image at the given octal intensity
cut thresho | d. That is al | the points of the image above the
threshold are inside of a polygon. The intensity value of the

| ouestval ley between the two peaks of the histogram is probably the
best cut value (and is probably the octal number 24 or 38). T he cu't
command, wi | | display the polygons that are made.



Polygoh Killing.

4. Mot Fetch 1st polygon of 1st image of the fi Im.
5. K" Kill a polygon.

6. "o ring around the polygons of an image.

7. v flush node display,

Given an i niage of polygons corresponding to one letter,
undes ired pol ygons can be del eted by using the "K" command and the

node | ink di splay commands. To start, the "e+" wi | | intensify the
first polygon of the image’s polygon ring; froemthere the".,"
commands wWill intensify the next polygon of the ring; the "K"
command wil | delete the presently intensified polygon and fetch the

next po! ygon.
A font corresponds to a f i Im. An image corresponds to a

letter. After taking a series of iaages, and deleting undesired
polygons a font fi le can be made using:

Making and Outputing a Font File.

8. "X"CENTER Center al | the images of the f i Im,
3. a1 Make font bit rasters.
10. "(0" Output font file.

The "X"CENTER command i s an extend mode command and requ i res
both hitting "X" and typing out the word “CENTER” fol | owed by a
carr i age return. The "0Q" wi Il 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 ASCIlI code then the user wi | | be requested to
supply one. The "«0"will ask for a font f i lename and wi | |  output a
font fi le in the Stanford Format.

Test i nganew Font F il e.
- 11. . XGP FILE/FONT=NEWFNT. FNT [XGP, BGB]
The above monitor command wi | | print a FILE with a new font.

The user must specify his PPPN because the default is [XGP,SYS].
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TVFONTCOMMAND SUMMARY

A ASSIGN ASCII CO0E TO IMAGE.

B EXPAND/CONTRACT BY CONSTANT

abB (EXPAND/CONTRACT IN Y DIRECTION

fea) EXPAND/CONTRACT IN X DIRECTION

B SLANT CHARACTER (1/2 SLANTS T0 45 DEGREE ANGLE)

C MAKE THRESHOLD CUT.

c MAKE POLYGON IMAGE OUT OF I TREPRESENTATION OF FONT,

D ENABLE/DISABLE DELETION OF BABY POLYGONS (DEFAULTIS OFF).
F LOCATE NEAREST POINT, ¢F USE LIGHT PEN

G LEVEL OF CORRESPONDING CHARACTER CODE

li HISTOGRAM, "«H"  "gH"BI-MODAL CUT,
I INPUT TV PICTURE'FROM DISK.

al INPUT CRE FILE
K KILL IMAGE, POLYGON OR VERTEX
I- SHOW LAST BIT IMAGE
al SHOWCHARACTER FROM FONT IN FNTSEG
M MOVE POLYGON TO NEXT IMAGE.
al MOVE TO NEW IMAGE
BM MIDPOINT LINE
M MUNG ONTO GRID POINT (AS SEEN IN ¢Y)
N NEXT IMAGE
aN MPREVIOUS IMAGE
@3N REFEAT NEXT IMAGE UNTIL A CHARACTER IS TYPED
«N REPEATPREVIOUS IMAGE UNTIL A CHARACTER IS TYPED



TVFONT COMMAND SUMMARY

0
o0

OUTPUT CAREYE FILE.
OUTPUT CRE FILE
OUTPUT FONT FILE
PLOT OUTPUT FILE.

MAKE FONT

MAKE 1/2 SIZE FONT

DISPLAY BIT MATRIX FOR THIS CHARACTERR,,

ROTATE IMAGE, LEVEL OR POLYGON (ANGLE IN RADIANS)

SMOOTH

SMOOTH AND KILL VIDEO INTENSITY CONTOUR
REPEAT 'S' FOR EACH IMAGE

REPEAT '«S' FOR EACH IMAGE

TAKE A TV PICTURE
TAKE A TV PICTURE, SETTING CLIP LEVELS AUTOMATICALLY

CREATE VERTEX AT CENTER
CREATE NEW VERTEX AT CURRENT VERTEX
CREATE NEW VERTEX IN NEW IMAGE

CENTER IN THE WINDOW.
CENTER Y-POSITION ONLY.

CENTER X-POSITION ONLY.
MOVE POINT SPECIFIED BY LIGHT PEN TO CENTER.

XTEND MODE COMMANDS

DISPLAY SMOOTHED FORM
DISPLAY VIDEO INTENSITY CONTOUR

OISPLAY BOTH OF ABOVE
DISPLAY VIDEO INTENSITY CONTOUR MUNGEO ONTO PIXELS

'

NO-OP
RESET LOGICAL CAMERA POSITION

RESET DISPLAY
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TVFONT COMMAND SUMMARY

+
o+

G+

«+

Fetch f i Im node.

Fetch first image node from f i lm.
Fetchfirstlevelfrom film.
Fetch first polyganfromfilm,

IF ANODE IS CURRENTLY BEING DISPLAYED, THESE COMMANDS AFFECT THAT NOODE,
OTHERWISE THEY AFFECT THE CAMERA (VIEWERS) POSITION. <CONTROL> MULTIPLIES
BY 2, <META:» MULTJPLIES BY 4.

; MOVE LEFT («) BY DELTA

: MOVE RIGHT (-) BY DELTA

( MOVE UP BY DELTA

) MOVE UOWN BY DELTA
/ OIVIDE DELTA BY 2

\ MULTIPLY DELTA BY 2

THESE COMMANDS AFFECT THE CAMERA (VIEWERS) POSITION.
X INCREASE MAGNIFICATION BY DELTA
DECREASE MAGNIFICATION BY OELTA

THESE COMMANDS CHANGE NODE BEING DISPLAYED.
FETCH COUNTER CLOCKWISE NODE IN RING.
FETCH CLOCKWISENODE IN RING.

— < > WIAV A -

FETCH FATHER OF NODE

FETCH SON OF NODOE

FETCH ARC [OF POLYGON OR VERTEX3
FETCH POLYGON [OF VERTEX1
EQUIVALENT TO "<,>’

EQUIVALENT TO '<. >’

FLUSH NODE UISPLAY

THESE COMMANDS AFFECT THE PUSHOOWN LIST

U PUSH NO[E BEING DISPLAYED ONTO STACK
n POP NODE OFF STACK AND DISPLAY IT
L SWAP NODE BEING DISPLAYED WITH TOP OF STACK
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TVFONT ' S EXTENDED COMMANDS.

ARCUTD
Set smoothing constant. Thisisthe maximum d i stance aver tex
may from a arc before it i's spl it into tuo arcs. gge description
of smoothing al gor ithm on page XX.

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

CAMERA
Select a different camera number.

CENTER
Center al | images. It jsequival ent to the command "W* app |ied
to each image and uses the same contro | bi ts.

ooT
Invoke DOT if present, return with oP..

DISPL AY
Enable display.

~D1SPLAY
Uicabledisplay. TVFONT spends a sijignif icant amount of time
putting up the display.

EXIT
Ex it tomon i ter.

GRID
Enable display of grid. Grid is some multiple of pixel size,
depeenden t on camera f oca | | ength. |t is useful of ||n|ng up

- characters.,

-GRID
Dicabledisplayofgrid.

HELP:
Display help file.

HOLE
Change a polygon into a hole.

KI{.ARC

Ki I | arcs vectors. This al lows several degrees of smoothi ng to
be tried in conjunction with the ARCWID command.
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TVFONT' S EXTENDED COMMANDS,

KILVIC
Kil | video intensity contours-and replaces them with arcs.

MUNG
Force al | vertices of current polygon or level onto pixel boundaries.
This has a permanent effect as opposed to '¢Y’ command which only
displays them that way.

ORTHMUNG
ORTHMUNG forces vertices which appear to be formright angles onto
pi xe | boundaries. This is attempt to counter the rounding effect
of dek i nk i ng on sharp corners as are generated by reading a font.

POLYGON
Change a hole into a polygon

POPJ
Leave TTY loop. Used for debugg i ng.

READFONT
Convert font which has been read into the font segment into polygonal
representat ion, displaying each character as read,

SCALE
Scale al | images by constant. Equivalent to the command 'B* applied
to each image.

SLANT
Slant al | images by constant . Pl ease see command ’ <B’ for a more
complete description.

SORT
Sort i mages on f ilm according to ASCI | code. This i s for conv i enence
in looking a fonts sequentially. The 'G' command. i s recommended for
finding specific characters.

XEROX
OUTPUT TV IMAGE TO XGP

XSCALE
Scale al | images by constant in the X direction. Equivalent to the
command ' «B’ applied to each image.

YSCAL E

Scale al limages by constant in the Y direction. Equivalent to the
command @B’ applied to each image.
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TVFONT NODE FORMATS - JAN 1973.

VERTEX/ARC NODE,

POLYGON/REG | ON NODE,

0 VERTEX-RING 0 POLYGON-RING.
1 ROW,, COL 1 DAD, , SON

2 TYPE,,RELOC 2 TYPE,, RELOC
3 -, - 3 -, -

4 ARC,, - 4 ARC:, NCNT
5 - ,,PGON 5 -, , PGON

6 RT SEG, .LT SEG 6 - . -

| MACE NODE. LEVEL NODE,

4] JMAGE-RING 0 LEVEL-RING
1 -,, SON 1 - ,,SON

2 TYPE, ,RELOC 2 TYPE, ,RELDC
3 -, - 3 -, -

4 -, - 4 -, NCNT
5 -, - 5 -, -

6 - ., - 6 -, -
FILM NODE. EMPTY NODE,

8  CORESIZE 0 -, AVAIL
1 ,» SON 1 -

2 TYPE, ,RELOC 2 TYPE, , RELOC
3 -, ,AVAIL 3 - . -

4 BLOCK COUNT 4 - ,, -

5 -, - S -, -

() - - 6 -, -

SEGMENT NODE.
SEGMENT RING

TYPE, , 360083
LDEL,,RDEL
LCOL,, RCOL
LLROW, , RROW
LT, ,RT

IOl BWN — O
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SUMMARY OF LAMINAINERTIA TENSOR EXPRESSIONS.

RECTANGLE'S LAMINA INERTIA TENSOR ABOUT ITS CENTER OF MASS.

MXX « BxBxAREA/12; (B HEIGHT IN RQUS),
MYY - AxAXAREA/12; (A WIDTH IN COLUMNS) .
MzZ “ MXX + MYY;

FXY - 8;

ORIENTED RIGHT TRIANGLE'S LAMINA INERTIA TENSOR ABOUT ITS CENTER OF MASS.

MXX “ BxH+AREA/18; (B HEIGHT IN ROWS).
MYY “ AXAXAREA/18: (A WIDTH IN COLUMNS).
MZZ “ MXX + MYY:;

PXY - -AxBxAREA/36;

SUMMATION OF LAMINA INERTIA TENSORS.

AREA - (AREA1 + AREA2);
XCM - (AREAL x XCM1 + AR E A 2 % XCM2) / AREA-
YCM - (AREA1 % YCMl t AREA2 x YCM2) / AREA:
MXX - MXX1 t YCMIxYCMI%AREAL t

MXX2 t YCM2kYCM2%AREA? - YCMxYCMxAREA;
MYY - MYYL t XCMIXXCMI®AREA] +

MYY2 t XCM2xkXCMZxAREA? - XCMxXCM*AREA;
PXY - PXYL - XCM1xkYCM1xAREAl t

PXYZ - XCMZxYCM2%AREA2 t XCMxYCM*AREA;

ANGLE OF PRINCIPLE AXIS

PH - B.5%ATAN ((MYY-MXX) / (2
PXY - 2.5x%x (MYY - HXX)*TAN§2$E§¥;)

TRANSLATION OF LAMINA INERTIA TENSOR AWAY FROM CENTER OF MASS.

MXX' - MXX t  AREAxDYxDY;
MYY' « MYY t AREAXDXxDX;
PXy’ « PXY - AREA%DXxDY:

ROTATION OF LAMINA INERTIA TENSOR ABOUT CENTER OF MASS.

C “ COSINE (PHI)

5 - SINE (PHI)

MXX' - CHCxMXX  +  SxSxkMYY -~ ZxCxkSxPXY;
Myy'? . CxCAMYY  +  SxSxkMXX +  2%kCkSxPXY;
PXYy” - (CxC - SxSIxPXY t CkSx(MYY - MXX);
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