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MIXED RESOLUTION, N-DIMENSIONAL OBJECT SPACE

GROUND _INVE |
g This invention relates to an apparatus and method for

'generating mixed-resolution, N—dimensional object spaces by

transformation of logical object descriptors or sensed

' physical phenomena. This invention also relates to an
| -apparatus and nethod for visualizing nixed-resolution, -

10

“N-dimensional obJect spaces, by projecting a

bxt—interleaved object descriptor onto a planel; Hore

-_particularly, ‘this invention relates to ‘an apparatus and

method for encoding spatlal locations with a novel k—ary

. _reflected code.
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In a survey of research directions related to.f

'“v1sualzzation methods, the Hicroelectronics and Computer

COnsortium (McC) characterized the field of abstract

'Visualization as a mapping of logical object relations into
: visual ‘space "...s0 that inferences drawn from the visual
-representation can be carried back into the abstract

domain. Abstract v1sualizat10n, as descrihed herein, also
means the mapping of sensed physlcal phenomena into a
logical space. For applications like exploring
high~-dimensional multivariate data ﬂ...vxsualization of

.concrete things is not as J.mportant -as visual:.zation of
.abstract entities.” In such applications "...the problenm

of what to’ represent and how to deliver the representation
are the key, while photorealism is not as jimportant.®

A significant class of problems related to abstract
v1sualization have solutions which are not arzthmetic in
nature. Furthermore, the explanation of 'a particular
result is as important to an appropriate solution as the
result itself. Ideally, the method employed for solvxng
such problems should enable abstract_visualization of the -
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problem-solv;nf
. Boolean funct1on expresslons is a part1cu1ar1y well-known .
f-exanple of such problems. : _ .

"zocess 1tse1f. The‘S‘hpiification of

Early approaches to devzs;ng a mechanxcal procedure

. for improv;ng circuit design included a "chart. method"

developed by the Harvard Un;versity -Computation Laboratory,

;__whlch is descrihed in a book edited by H. H. Aiken

"-,entltled, esis of Electro uti nd Cont ol

uits, Harvard Unlverslty Press, 1951. In the article

o“Sketch for an Algebra’ for Relay and -Contact Circults .

j'.euontqomerle suggests a graphzcal approach for reduc;ng
___"logic -equations. uontgomerze s approach was developed and
. extended by E. W. ve;tch 1n YA Chart Hethod for s;nplifylng

B ::fﬁ'Truth Functions, "
15':uf.qi_gggg_;ng_ﬂggh;gL;x Richard Rzmhach Assoczates,

:'--Pittsburghrlssz, pPp. 127-133, and 1ater by Maurzce Karnaugh

in "Tha Map Method of 8ynthesis of Combinational Logic
Circuits,” A;EE_I:anggg;;ggg, Part I, Vol. 72, November
1953, pp. 593-599.

. Karnaugh desctzbes a method for'napping abstract
representations of circuit inputs ;nto_v;sual space.’ The -

. Karnaugh map, often called a k-map, is a widely known

technique for visualizing logical expressions based on a
two~valued Boolean algebra. Entries'representing circuit
inputs correspond | |

”to a position in a k-map derived from v;suallzing the codes

as points in a binary n-space. The k-map is a

two~dimensional representation of . this space mapped onto
:the Cartesian plane by’ labellng each axis thh a blnary '
- Gray code. Inferences drawn from this visual

' representation of Iogic expressions usually result in a

' reduction of the canonical express1on.

A well-known aspect common to all Gray. codes is that
consecutive codewords differ in only one quantum interval,
that is, one bit position in the case of binary Gray
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codes; A'é code is said to cycle if 1ts first and last

‘sodewords differ in. only one guantum interval, otherwise it

uescribes a path. Each consecutive codeword in a binary
Gray code can be represented o _

|y the bit position that_changes; Given an initial
codeword and a transition'sequence the entire set of
codewords can be generated. U.S. Pat. No. 2, 632 058 1ssued .

' 'to Frank Gray distinguishes between a primary form and

secondary Var1ants of the reflected ‘binary code: _

" Because this code in its primary form may be built up
from the conventional binary code by sort of a:
reflection process and because other. forms msy in turn
be built up from the pr;mary form 1n similar fashion,
the code in question. which ‘has as- yet no. reoognlzed
name, is. designated in thls spec;ficatlon and 1n the
clains as the 'reflected bznary code._ '

. Some forms of the reflected blnary code offer spec1a1

, advantages over others for partxcular appllcations.,

FIGS. 1A-1E show a prior art method of. unfoldxng a

'blnary 3~-cube onto a plane as .a k-map, described by clare _

" in Designing ngjs_sxs_sm_LLms_s._s_uegmge_e, 1973,
" MoGraw-itill, NY, pp. 1a-15. - |

FIG. 2 is a prior art representation of binary n-cubes

.as.k-maps, show;ng a O-cube k-map 200, a l-cube k-map 201,
- a 2-cube K-map 202, a 2-cube k-map 203, a 3-cube k-map 204,
“aid a 4-cube k-map 205. - The 2-cube’ k-maps 202, 203 are
~ different representations for a tWo-var1ab1e k~-map shown by -
.Karnauqh in the article referenced above. Such alternate
- spatial representations are inconsistent with each other.
" Furthermore, region identifiers A 206, B 207, and C 208 in

the .3~cube k-map 204 of FIG. 2 are located in a manner

xnconslstent with the dzagram of the 2-cube k-map 202.
FIG. 3A shows a four~variable Karnaugh map encoded by

labeling each axis with a binary Gray code. Map cells 300

oi FIG. 3A correspond to the grid cells 301 of FIG. 3B.
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The labelin§°ne )d .of FIG. 3B is a. 51m 11f1catlon of the
method of FIG.:' . Grid cells 301 1n 16. 3B are ;
.dlstingulshed by regzon identifiers 302. -Grid cells 301 1n
FIG. 3B wlthln a particular reglon 302 have a log;cal value
of one for the bit pos;tzon in corresponding map cell 300
names of FIG. 3A. :

' FIGS.: 4AP4B are a prior art method of vxsualizlng the -

' binary 5-cube and the bxnary 6-oube as kdmaps. Clare, in
‘the reference c;ted above, shows the 5-cube 400 and the '

'G-oube 402 copied and translated to the right 401 and

Ldownward 403, respeot1ve1y.

"FIG. 5 shows a dev1oe proposed hy Karnaugh to
visual;zo the synthelis of a network of six variables:
.[The throe-dimensional cube] ...consists of four :
| ls-lnch plex;glass sheets supported at 1—1/2-1noh :
'1ntervals,hy rods.... In using it we employ movable
" markers.... The extension to seven variables is: =
probably best accomplished by placing two cubes side
by side.... Eight variables can be handled with a set
of four cubes, and nine varlables require eight '
cubes. In the latter case it is convenient to make
them so as to stack easily into two layers of four
each. Beyond nine varxahles, the mental qymnastxcs
regquired for synthesis will, in general, be
formidable.

The applxeation of k-maps for problems of more-than
four variables has been described in the literature as
tedlous, therefore, the k-map's util;ty is generallyt
limited to the introduction of ideas about logic circuits
and their synthesis. An article written by J.P. Roth and
entitled, "The 5ynthe515 of sw;tchlng Systems I.,"
gzggsact;ogs of_the American Mathematical Society, Vol. 88,
No. 2, July 1958, pp. 301-327, describes an alternate '
topological representation of Boolean functions called the
cubic notation. Although Roth's approach is an improvement

_'\
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'“oolean_functions,j
a few variebles is

i 3t ach:l.evable. . .
- An artlcle by Liu and Fu, "Cellwork, Its Network
. 5 . Puals, and Some Appl;catlons - Three-D;menslonal Rarnaugh
Hap and Its Vlrtual Planax Representatlon,_ ;n;g;gggign_
' §gigngg, Vol. 24, 1981, pp. 93-109, is representat;ve of
varxous ettenpts to general;ze k-map methods to other
y afsciplines. The_"virtuel planar representation" ‘of a
10 l-.tnree-dimensional k=map is used to study "celldwork
topology" from a network polnt of view, other przor art ;
| _ahstract v1sual1zatxon methods include mapplngs of o
| hkgh-dinensional multlvariate functlons, presentxng a f, R
uwo-dimensional view of - a function of many variables. In an.
15 farticle by Patrick et. al., “Happing Hultid;mensional sPace‘
' *;_to-One Dimension for Computer Output D1sp1ay," ;Egg_ S
o ' Voi. C-17 No. 19, 1968, p. 949,j-
the following problem is - presented‘ Lo '
*Consider ‘the problem of displaying a real-valued _
20 : o funct;on £(x1, %2 ..., x[n]) of [n] real varlables on
- a computer output display. ... If [n]---l, it is .
';clear ‘how f(x[n]) can be processed for dxsplay on a
two-dimens;onal screen; but zf [n] > 1, the requxred i
processing is not as obvious. : _
25 : Patrick's approach to displaying a two-dzmens;onal
- wiew of N-dimensional functions for: n > 1 establishes a
one~-to-one correspondence between the N-dlmen51ona1 doma;n
if wee is hounded, that is, statlcally predetermxned.__
_ '~ prior art methods clted above primarily are concerned’
30 with the- visual representatlon of logical objects; however,
. ' the pr;or art also teaches methods for the 1ogical _
representatlon ‘of visual objects._ rihar1 in his art1cle.

"“erresentat1on of Three-Dxmensxonal Images, ggmgg;;gg_
' Surveys, Vol. 13, No. 4, ‘December 1981, pPP- 401 & 405,
35 dascribes symmetric recursive indexing as a method of
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partitxoning aa . :
Images that are produced by sensxng objects through a
form of . radlant energy, for example, ...are lnherently
continuous. Computer. representation of 3D 1mages
requires a sampling of the volume to extract a
' dlscrete set of values.... The cubic space is
'-_fsubdzvzded into eight subcubes (octants) ‘of equal
" volume. .Each of these octants will either be .
lhomogeneous (e g., unzform attenuat;on) or have sane__{“
" nohuniformity. The heterogenecus octants are further
"'divided 1nto suboctants. This procedure is repeated
- as’ 1ong as necessary until. ve. obtaln blocks (posslhly
"-'slngle voxels) of uniform properties. o ; |
Other prxor art methods seek: to control the loglcal
representation and visual expression of . object

'relatxonshxps. U.S. Patent No. 4,721,952 entitled,

*aApparatus and’ Process for Graphically Representing _
Three-Dimensional Objects in Two-Dimensions", 1ssued to

'~ Huber describes a process for the perspectlve

representation of objects on the screen of a numerxcally

. controlled machine tool. The object is resolved into a

series of sections (slices) which are represented
successively to produce a visual image'of the object.
Huber's invention claims an improvement of
'...a procese for controlling a dxsplay device to
* represent a three-dimensional object such as a
' wcrkpiece, wherein the representation is based upon
" ‘data and ‘commands stored in a computing device guch as
‘a computer. B |
As machine and process operations become more
specialized, controllers that are capable of adapting to
changes'due'to,unforeseen application requiremeénts or |

-further-specielization become necessary. Federico and

Webster in U.S. Patent No. 4,475,156, entitled “"Virtual
Machine Control," teach that "...a totally hardware
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.controller to provide these features is often prohibitive.
inflexible, ‘and’ costly.“ Problems with prior art controls
. - - include a lack of appropriate modularity and a lack of
T "suificient mechanisms to support appropriate modularity in
. § * the firmware. Other prior art controls'require a detailed
- knowledge of the operation of the control kernel for :
'uusage._ Further problems with prior art controllers include
__-ja general lack of appropriate mechanisms for accomplishing
l_rthe specialized objectives. ' '

10 R Heath in an article "The Hypercube- A Turorial"'

- 'overvj.ew. Bmmmumwgru_s_' SI_A!_*I.' o
'?Phlladelphla, 1986, pp. 7-10, teaches: ~ -~
.'”“...in a hypercube (also variously called the binary
_ o N-cube, cosmic cube, homogeneoul ensomblo machine,_
lsf o . etc ), 2N processors are consecutively numbered (or
e e e tagged)_by binary integers (e.g., bit strings of
S length N) from 0 through 2n-1. Each processor is
connected to all of the other processors whose binary
. tags differ from its own by exactly one bit. _
20 ; i Topologically, this arrangement places processors at
L .. the vertices (corners) of an N—dimensional cube. In-
'practice, the actual layout of the _Processors is a
linear artrangement in a card cage or a planar
arrangement on a printed circuit board, the cube
25 : ' connections are made by wires, conducting layers, or a
backplane. - ' m
FIGS. 6A~6D are diagrams of a binary 6-cube encoded in
- ‘accordance with prior.art n-cube replication methods.
Seitz in the article, "The Cosnic Cube,“”gggmgn;gggiggg_g;_
30 . the ACM, Vol.28, No. 1, January 1985, p. 22, describes 64
. - ccmputers "...connected by a network of communication.

' channels in the plan of a binary 6é-cube.” The
‘interconnection pattern of FIG. 6A is simildr to that used
by Seitz. Each node of FIG. 6B is linked by arcs to six

35 other nodes.
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FIGé;'lﬁnﬁibE show a diagram of a four-dimensional
hypercube, ‘called a binary 4-cube. Each element of

'FIC. 10A is referred to as a node 1000. The dimensions of

FIG. 1OA are represented as a link 1001 connecting nodes

1000, The binary 4-cube is shown partitioned 1004 in

FIG. 103 as two’ subspaces, subspace 0CBA 1002 and subspace
: 1csA 1003. ' : - :

" ‘Hypercubes of arbitrary dimension can be made using a
-1inear arrangement with connecting wires (FIG. 2). The

':cuhe ‘of each dimension is obtained by replicating. the onhe

‘of next 1ower dinension, then connectinq corresponding

. nodes. The node names resulting from such- hypercube-ﬂh

3interconnection schemes correspond to prior art
ftmo-dimensional recursive indexing methods, similar to ‘the
'method described by Srihari in his article referenced
above._ RecurSive indexing has been 1ndependent1y s
discovered by practitioners in diverse fields. Recursive
‘indexing is not extendable to generalized N-dimensional -
resolution, where the resolution of each dimension is"
_permitted to differ. A hypercube, vwhen projected onto a
plane using the method of recurszve indexing is ‘routinely
referred to in prior art literature as a binary n-cube.
This binary space partitioning procedure, however, actually

- describes an kK-ary 2-cube, that is, a tWo-dimenSLOnal space

with k/2 bits. of resolution for each dimension, whose

' elements are interconnected as a binary n-cube. Such

topological ambiguity frustrates the mechanized

- .visualization of higher-order, N-dimensional spaces.

Marihugh and Anderson in their article, "The H
Diagram: A Graphical Approach to Logic Design”, IEEE

 Trapsactions on Computers, Vel. C-20, No. 20, October 1971,

PP- . 1192-1196 describe a geometric model which is intended '
to visually aid the analysis of binary functions. Their

 method is based on geometrically transforming the

coordinates of a hypercube onto a plane. The H diagram
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netho@foffuisualiiinc the coordinates of a binary hypercube

. by transforming its coordinates onto a plane is not

uxtendable to generalized N-dxmensional space; where the
resolution of each dimension is permitted to differ.
Sivilotti in a paper, YA Dynamically Configurable
Architecture For Prototyping Analog circuits,? in Agxang_d_

;end cnossbar 1nterconnect switches on a grid with parallel

. -decoders around the chip perimeter as a simpler alternative-t
"'fto a hierarchical decoder. sivilotti also refers to :

'"_ﬁndirect element name (switch address) transformation as -
" the -...napping between hierarchical interconnect matrix

”cbordinates and flat Cartesian coordinates performed by the 2

. umbeddinq compiler. - :

001or1metry is a perceptual science which studies and

'attempts to quantify how the human vigsual systen perceives
.color This study of perception has resulted in various
J'systems of color representation, each intending to reduce

:roblems associated with subjective color selection and

reproduction. Six color systems often used in association

wiith computer-related information display include: the

- Miinsell color system, HSV hexcone, HSL double hexcone, HSL
ﬂ.'double cone, HSL cylinder, and the RGB color cube.

The nunsell color system is described in an article by

'Feyer and Greonburq entitled, "Perceptual Color Spaces for .

Computer Graphics," ggmpgtg:__;ggh;gg Vol. 14, No. 3,

. 1980,pp. 254-261, in relation to reproduction of color on a
-teleV1910n monitor:

Deciding which Munsell renotation colors are
reproducible on the monitor is difficult because the
monitor and Munsell color gamuts (regions of
realizable color) have irregular shapes and their
intersection is not well defined.

Thxs Sheet Has Been R,

[T Iill



i6~FEB-1996 ©9:34 FROM  MAGULRES ' v UEDUDEAIHIOE e LD/ LT

. WO 92/13313 : = PCT/US92/00218

10

15

20

25

30

35 -

-10=

A.R. Smith in "Calor Gamut Transformation Pairs,“ Agu;
COmgu;e: G;aphigs (SIGGRAPH 78), VOL. 12, No. 3, pp. 12-19,

. describes the HSV (hne,:saturation,_and value) hexcone,

whichﬁused a neutral axis from black to white. ‘At the

- white point is a hexaqon'with vertices representing the -

colors at ‘the vertices of the color cube. . '
- D.F. Rogers in his book, grocegural g;emegts for

i_gggg;g;_g;gphigg, Hcsrawbaill, NY, 1985, pp. 403-404,
_describes the HSL (hue,, aturation, and 1ightness) double

,hexcone.' This color system 'is similar to the asv hexcone _
with the exception that the full colors are represented

. with a value of 0.5 instead of being equal to whlte..1;~;.q

Joblove and Greenburg in their paper, wCcolorx Spaces o
for Computer Graphics, : ' (SIGGRAPH o
78), Vel. 12, No. 3, pp. zo-zs, describo a variant of the

'~ HSL double hexcone called the ‘HSL double- cone, whose -

cross-section is circular rather than hexagonal. In the-i

_ same paper Joblove and Greenburg describe the HSL cylinder,

which. expands the base and top of the double cone 1nto
black and. white circles. _

Each of the color representation systems mentioned o
above use some variant of a radial.coordinate system to

'compute the location of a particular color sensation in.

their respective color spaces. Meyer and Greenburg in

their article referenced above make- the follow;ng

observation: . _
...A problem inherent with any color organization such -
as The Munsell Bopok of Color thatuuses_a-cylindrical
coordinate system is that the spacing between colors
changes as two radial lines are followed outwards from
the center of the cylinder. ...The idea is to define 2
color system in which an equal perceptual distance _
separates all of the colors. For example, the
grayscale of the system should provide a smooth
transition between black white...such an ideal system

—
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has yet to be found....

. The RGB color cube represents the red, green. and blue
monitor primaries as orthogonal axes. - The colors that are
displayable on the monitor are within the cube from (0, O,

5 . .0) to (1, 1, 1). The neutral axis is a (diagonal) line

from the black point (0, 0, 0) to the white point (1, 1,
1). The color cube has been referred to in the literature
as a "natural® coordxnate system in the sense that the
three color components are mapped into an orthogonal _

10 coordinate. system in’ the same fashlon as three-dimensional'
' geometry. ' : : :
. Color representations used in computer graphics are
closely 1lnked to both ‘the color reproduct;on device and to
a method of color. selectlon. Uniform color spaces can be.

15 o .used to ‘decide at what level of resolutlon the color ,

7 information should be encoded. Two-dimensxonal data plots,
for example, require uniform colors spaces to select color
scales.  In the prior art.color systems referred to above

. the. plgment gamut used to der1Ve .color spaces is generally
26; smaller than the gamut of a color monitor and the pxgment
' .gamut is irregular. According to Meyer and Greenburg,
‘yeferenced above (p. 260), "...this makes it difficult to
f£ind color scales that incorporate the most brilliant
monltor colors."
25 o Rlchard Perez, in his book glggg;gn;g_glgglax_gg!;ges,
' .. TAB Professional and Reference Books, Blue Ridge Summit,
PA, 1988, pp. 69-129, presents a detailed descr;ption of
CRT electronic display device technology. The number of
~colors that can be produced on a CRT display, for example,
30 depends on the number of steps of gray level obtainable for
each phosphor.(compounds'that emit light when bombarded by
electrons). If the electron gun can be stepped over four
levels (2 bits), the resulting palette has sixty-four
colors.f Some systems currently available are _capable
35 of 1024 steps of gray from each gun (10 bits). Systems
T
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‘capable of 256 steps of gray from each gun (8 bits) are

more common, howeyver. Such systems can produce a palette
of over 16 million uniqﬁe-combinations. The eyelis not
.capable of disoriminatiné'many of the small changes in
.color so that the viewable palette has'many.fewer colors.
'In a chapter entitled, "Color Displays and Color Science, "

s___;..am_mg_cgmmze;. Academic Press, Boston, 1987, p..

13, the. seotlon entztled. “Visual Display Descr;ptlve
5ystems,“ Gerald Murch makes the followlng obgervation:
' ...Under opt;mal conditions, a total of about three
mxllxon discriminable colors can be produced in a
' visual dlsplay, that is,_colors that are reoognxzably
_“ different when placed adjacent to one another. The o
:palette shrinks to about 7000 when colors located at -
différent streen areas must be immedxately recognized

as different from one another.....Theobtaxnable 1evelj.'

of. saturation for addltzvely-mxxed colors can be _

extended by increasing the number of primaries....

‘The color television industry experimented with four -

or five primaries but concluded‘that the-improveneht

in. color did not offset the increase in the expenses
of production of such receivers. Visual displays
followed the lead.

In U.S. Patent No. 4,887,878 entltled, “optical
Modulation Device," Robinson and Sanford teach: "To convey
information on an optical wave, some property of that wave
has to be modulated or changed in accordance with the

-_'1nformat1on and adopted coding system." Well known in the

art are devices which rely on various electro-opticals
thermo~optical, or acousto~optical properties of materials
for modulating electromagnet;c carrier waves in' the optlcal
region of the spectrum.

Separation requires couplers, like the one shown in
'FIG. 7, that are sensitive to wavelength, so light 700 can
be directed along different paths 702-706. A diffraction

\
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gratxng 701 is used to spread out a spectruh © ight from
the input fiber 700 and focus specific wavelengths in that

'spectrum onto fibers in a 1inear array 702-706. c°nverse1y,
- if the outputs were reversed, the grating 701 would combine
 _the five wavelengths 702-706 into a single output at the

top fiber 700.
In the article “Integrated Optics," 4n gnt__g_gggr_g_

~ .Book, S. Parker, ed.,. McGraw-Hill, NY, 1988, pp. 287-~291,
"“streifer describes: light transmission in planar waveguides-

based on "...dielectric structures that confine the -
propagating light to a region with one or two very small

__*fdimensions, on the order of the optical wavelength. .
" FIG. 8 shows prior art prism input coupling 800 and grating
:_'output coupling 803 of an external light beam 801 into a

_ V;thin-filn waveguide soz. By reversing the incident 801 and
- output 804 beam directions the rolés of thé prism 800 and -
--f“grating 803 couplers are interchanged. Streifer further

';describes optical integrated circuit (OIC) switching and
"modulation applications: = ‘

Both lithium niobate -and gallium arsenide belong to
the family of electro-optically active crystals. When
an electric field is applied to these materials, their
refractive indices are modified. ...If the waveguides
are suitably designed, the applications of specific
small voitades'to the electrodes will-cause the
transfer of optical power from one waveguide to its
neighbor with high efficiency and little re51dua1
power in the initial guide.'i o : “

FIG. 9 shows a prior art "4 by 4" directional coupler

'sw1tch1ng network in which each of four input optical

signals 900 may be switched to any one of four output ports

'904. Conducting electrodes 901 deposited on the surface of
- a crystaline substrate 902 parallel to two closely-spaced

waveguides 903. Such an optical integrated circuit serves

- to interconnect four computers through optical fibers.
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Switches are in effect modulators. Prior art modulation is
a process in which information is encoded onto an optical
wave. According to Straifer, referenced above, "...Pulse
modulation results sinply by . interrupting or connecting a

*ulight wave in a manner intelligible to a receiver. By )
transferring light into or out of a waveguide in Tesponse
to an. electric siqnal at a switching electrode, the output
optical wave becomes modulated, that is the switch acts as
' a modulator.” _ Accordinqu, the foregoing discussion
of the prior art is representative of the problem of
'representing mixed-resolution, N-dimensxonal objects and
_spaoes A long felt need has existed for a solution to
this problem. ' '

An object of the invention is to mechanize the

qeneration of mixed-resolution, N-dimensional objoct spaoes

. related to complex problems with a large-number'of '
Variahles, where the number of variables.is not 1im1ted by
the method. _ .

Another object of the inVention is-to generate
-content-eddressable object spaces. -

Another object of the invention is the production,
interpretation, and manipulation of a novel form of a
reflected Gray code referred to herein as the k-ary
reflected Gray code..‘ ' :

A further object of the invention is to roprescnt '
sensed physical phenomena loqically. . . |

An additional object of the invention is to mechanize
the visualization of mixed-resolution, N-dimensional object
spaces related to complex problems with a large nunber of

'variables, where the number of variables is not limited by
the method._ _

Another object of the invention is to represent
logical objects visually such as logical color

I

———————
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.specifications_and visual colcr'sensations.

A further object of the invention is concurrent
controlﬂoffa plurality cf'views of one or ‘more object

spaces.

- A still further object of" the invention is an
apparatus described herein as the. kernel of a modular

: object description system.- S : .

_ An object of the invention is to dynamically control
the logical representation and the visual expression of
object descriptions in an obJect space. :
. Another object of the invention is. concurrent control
of a plurality of tran51tion paths in an object space..
'An. object of the invention is concurrent control of a

| plurality of element relations in an object space.

A further object of the’ invention is concurrent

o control of .a plurality of regions in an object gspace.

An additional object of the 1nvention -is concurrent
control of a plurality of object spaces. ' '

" An object of the invention is to. control various types
of machines such as processors and memory, and to control
related processors. ' .

- . Another object of the invention is to control various
types of processes such as optical modulation and
dencdulation.

SUMMARY O ION o
Object spaces representing very simple object

'-descriptions can be formed manually and 1n a few

instances, mentally; howvever, description spaces of actual

‘systems guickly exceed the feasible limits of mental

vzsualization and manual procedures. Therefore. an
illustrative embodiment of the present invention is an
apparatus that is part virtual machine, providing an
appropriate level of application independence and device
transparency.

[
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Accordzng to the present invent;on, as emhodied and
broadly described herein, a process for generating and
visualizing mixed-resolution, N-dimensional_objeot spaces
using a computing device such as a computer is provided.

- The computing device may be of the type compr;sing means

for storing data and commands, means for generating a

logical representatzon of the N—dimens1ona1 ohject space xnh-

-~response to the stored Qata and commands, d;splay logic: for -

' generating a virtual image representing the N-dimensional
object space in response to the stored data'and,eonnands'
‘and display means for displaying a v;s;ble representation '
-of the virtual image. :

In the case of user-speolfled attrlbutes the process _
starts with the user inputting. to the eomputxng dev;ce the

‘attributes and the computing device generating fron the

16~FEB-1996 u¥9:41  FRUM MHUU LRES ¢ 1o COLLIIEIIIIIE WL LD
.. WO 92/13313 . ' - - PCI/US92/00218

attributes a frame for the thimensional ohject space. Thn f

bits of the frame are then xnterleaVed to generate an

-objeet descriptor.. 'From the frame and the object

descrlptor, the computing device generates

'dlmensional-spat1al 1ocatzons of the th1mens1ona1 object

'space. The computxng devxce also generatas object selectors n

" which correspond to interleaved frame data for each -

dimensional-spatial location in the N-dimensional object

space. .The computing device generates a virtual imagetof
the N-dimensional object space from the dimensional-spatial

locations and the object selectors.. 'A user or an
applicatxon procedure selects a region of the virtual
image. The process may further include the step of
displaying the selected region of'the'virtual image &f the
N-dimensional object space on the display means.

The process further includes having the computing

‘device generate, from the frame and the object descriptor,

resolution-spatial locations for resclution levels of each
of the N dimensions for a mixed-resolution, N-dimensional

object space. Subsequently an object selector is generated

g*ﬁ—\

—_—
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'.from the frame data for each resolution—spat1a1 location 1n :
*  the mxxed—resolution, Nvdimenszonal object space. -A
':virtual 1mage of the N-d;mensxonal ob)ect space. is
?”generated from the resolution-spat1a1 locations and the e.
'dxmensional—spatial 1ocations._ A user or ‘an applicat1on
:;procednre selects a regxon of the v1rtna1 image._ The__'.
'process may xnclude usxng the computing device for '"e" L
- dxsplaying the selected reg;on of the virtua1 image of the o
}-mixed-resolution, N-dzmens;onal obJect space on the dzsplay
~\'means. SRR . Coe .. S - SRR

" The. present invention alternat:vely may be embodicd as
~ an apparatus for. generatzon and v;sualization oc e

'fmixed-resolutxon, N—d;menszonal obgect spaces. In the case -
of user object descrxptxon, a“user speclfies a partzcular o

- set of attributes defining dimensions and resolution o
‘levels.  In the case of an application—driwen object
'description, an applxcat;on procedure spec1f1es a

 particular set of attributes defining dimensions and
resolution levels. -In the case of sensed physical
phenomena, such as electromagnetlc sxgnals, the apparatus

. transforms analog signals into a digital form which
specifies a part;cular set of attr;butes dsf;n;ng
dimensions and resolution levels.

" The apparatus includes means for generating a frame
from the specified attributes for the_u-dimensional object
space. Means for 1nter1eaving”hits-generstes.sn'object

' descriptor which corresponds to interleaved fram;'data.

~ Using the frame and the objaect descriptor the present '
invention uses means for generatlng dlmen51ona1-spat1a1
locations of the N~dimensional object space. The frame data

~ is used to. generate. an object selector for each -
'dimensionalcspatxal location in the N-dimensional . Ohject

' space.  The dimensional-spatial locations and the object
saelectors are used_to generate a virtual image of the
/N-dimensional object space. A region of the virtual image

This Sheet Has Been Replaced
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'is,selected.'Display_means may display the éeiected zogion

of the virtual image of the N-dimensional object space.

_The apparatus of tha present invcntion additionally
may include means for generating resolution~spatial
locations for l:a.s'u'l.ul'.i.u_r{ leavels of each of the N aimansions
Zor a mixed-resolution, N-dimensional ovbject space using
the frame and the object descriptor. The frame and ohject
descriptor | - 3 o
are used to gonera'u an object coleotor for each
rexolution-spatial locat:.on in the mixed-resolution,
u-dzmensional object space. Using resolution-spatial

locations, the dinensional-spat;al locations, calied object

eeclcootors, a virtual .'unage of the N~du|ens:.ona1 object

- space. is goneratod, and’ neans ig prov:.dcd for selecting a -

region of the vi.rtual .i.nage- Frame data’ for a partmlar
object are used to qlnoratc a Hinglo object selector to
Teference a particular locatiun in thn mixad-rnsolution,

- Wvdimensional ob)ect mce.

an iuu:u-ativa exampla of the present i.nvent:.en ,
velaves to color perception, color__specz.f;.cauon, and_ color
spaces; and, in particu‘lar, to t'he'pr&luction and '
visualizZation ol uniform: colar wpaues A color naming
method for contrelling RGB values by imh.rm,ux specifying
BGD signal voltages and v:.sual:.z:.ng the ‘resulting
distribution of pcrcc:.vable colors in the RGD color space
ic precented in. aceordance with t'.he method disclased
herein. .

The color naming method used in accordance with the
present invention, is the process by which the name of a
particular color experience is encoded for both the purpasa
of uniform color selaction and the purpose of reproduction
on an electronic display. The system of color

represantation used to form a uniform color.space.is to.

namé colors in terms of the additive relations of req,
Jreen and blue, The resultant RGD system specifies a trio

—_—
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of values ranging from 0 to 1 or 0% to 100% for each of the
three primaries. The colnr relationchips that result form
a cuba. The RCB system is a simple and direct approach to
the problem of color desoripticn that incorporates the

:_prxnciples af add1tive color mixture; that is, tha user
. cpecifies color direct1y in terms of the electrica)
" activity that the specification will induce. In the
.. referance by Murch, c¢ited in the pesgriptian og_:hg_zzinx_
-Art, the dittieulty of specifying additiv‘ colox
relationshlps is discucsed: :

~ eesFor znd:viduals unaeretand;nq the nuances or’

_-.additive eolor mixture, the RGB Syetenm is camfortable,

.« Even for those individuals with a claar o
'undarstanding of additive color, the location lnd
propev spccizicacion of colors within the intertor ot

‘the cube, when .some real value for all three priuarlesf
is . required. pzuves aifricult. Inagine selection: af &’

'nadaum brown. for exanpla._ The greatest dlfficultr is

encounterad when a eolor of proper hue and brightnecs

has been locuted and a shift in saturatxon is

- desired. -Such a shict would require a
disproportionate changa in all three values. _
The novel method for qeneraflng, controlling and

_visualizing the distribution of perceivable colote in a RGD

color space is described bclow._ A primary aspect of the

method disclosed herein is that the encoded paLtern of bite

which spcczfxes (phys;ca1) RGB s;gnal voltngos also
{loyically) names a particular location in a displavable

‘unito:n color space. Aanother aspect of the method
disclosed herein is that the logical naming method of
. invention iliustrated by the color space exampls may be

qeneral:n-.d to include a novel method for optical
modulation.

_ Additional ebjects nnd advantages of the 1nvent;on,§RE
=et forth in part in the descrxpt:on which follows, and in

Has Been Re‘laced :
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. part ARE obvious from the de..cnptien, or may ba- 1earned bY -

: pract:.ce of the :.nvention. The objernts and advantagp.s of
the invention also may be realized and attained by means of
the instrumentalities and combinations 'partzcularly pe:.ntad
out in the appended elaims.

DES ON OF 'I'ME DRAWINGS

The accompanying drawlings, which are incorporated in

aha const.ttutn a part of the spec:.f:.cat;on, illustrate

10

-

- kemaps;

'prrererred embodiments of the invention, and toqether with

. the. desc.r;ption. serve to explain the pr.u:ciples of :ne

i.mmnt:ion.

FIGS. 1A=1E are diagrams or the hinary S-Luhe
"unfold.ed" An accordam.e with prior art: methods;
FIG. 2 _1:, a prior art representgtion or_n-cubes_ as

FIG.: 3A-3B arc a prmr art represen:atmns of

- ,-;four—varinbla Karnaugh map;

FIGS. 4A-4B are a prior art represenl:ation or a binary

E 3.5-cube and & binary &-cube; .

20

25

30

—

FI&G. S shows & prior art device for extcndinq‘ the
binary 6-cube to visualize higher order spaces; .

FIGS. 6A-6D arc a diagrame of a binary é-cube cncodad
in accardance with prior art two-d:unonsional recursive '
indexing methods; - : :

£IG. 7 shows prior art d;strzbutxon of mltiple :
wavelengths to separate fibers; '

FIG. 8 shows prior art prism input eeuplmg and
grating output coupling of an oxternal light beam into a
thin-film waveguide;

FIG. 9 shows a prior art "4 by 4" 4.1.rectiona1 coupler
switch; :

FIGS. 10A-10R are prior art dzagrams of a
fuur—dimensionul hypercuhc; .
‘FIGS. 1u—11c chow an intuitive procedure ‘for

R
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genarating apaées, spatial element iinkgge;'ahd a binary
4-cube projectod onto a plane; ’

FIG. 12 is a flow chart fox the case of user-specified

attributes which shows the pracess of ‘the inventicn;

Feous LD

5 FIC. 13 shows expressions of a zero-cube;
, Fl1G. 14 showe express;ons of a one-dxmensinnal, obJect '
- _space; '
' ¥IG. 15 shows expteseianc pf a tvb“dimensional, objact.
space; S o o
10 -FIG. 16 shows_expzessidné of & tnraoédinensibnal,
objoot space; . o T e
. F1G. 17 showe éxngssiqns-qfna_£our7dimensiona1, o
.-ob;ect space; R ' . T
e PIG. 18 shows.axp;essiqn; of a five-dimensional,
18" object space; [T -
o B FIG. 19 shm e_xpr_ess_’ions of a six-dimensional, ‘object
FIGS. 20A-20C are diagrams of a X-ary one-dimensivnal, =
B : obdcct space; . . o
200 - . . FIGS. 21A-2iB a:i diégrimﬁ' at'p_-d‘i-éris_j.o'hu objact
o . epaces; B ' -

'FIGS. 22A~323B arc diagrams of a nixed-resoluonn,;
4~-dimensional - object space der:ved from a binary.
4-dimensional object space;

25 - PIG. 23 is a funrt;onal dlagram of the ob]eet
description process; . :

FICS. 24A-=24B chow hlock diagrems of physical modules

- -in an object description system;

FTG. 2% shows a tunctional module ot an obJeet

3¢ description system; :

PIG. 26A-26H shovw tha ohjﬂ..t space configurations
formed by the 4-bit frame logic module;

FIGS. 27A-27C are diagrams of an eidht-elemant RGR

o oonlor space. : e : . ' :
35 PIGS. 28A-28C are d1agrnms of a sixty-tour-element "RCB
-
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' representing sensed phy.-a.cal phenonmena logically and
.1eg:|.ca1 objects visually. Moet of the prior art methods

—22 -

cole: space,

FIG. 29A-29C show relationships between
three=dimensional spaces with different resoilutions,

FIGS. 30 shows a graph of matching curves for 445 nm,
535 nm, and 630 nm control sources; and :

'?7ICS. 31A-31c ghow. how - percentages ot spectral
intensitioe over a range of values for each primary are

_ determined in a sixty-four element RGB color space.

Reference will now be made in dete:.l to the present
prefer:ed embodinents of tha. invant:.on, examplas of which
are illustrated in the accumpanying drawings, vharein like
reference numeu.—ale- indicate 11ke elents throughout the -

several views .

Given the in‘l:ellectual process cf systen descrwtion.'

' the present i:nvent:.on mechanizes a novel reprocentation of

that gystem's deccription. object. descripcj.onc have

‘meaning, ‘that is, they refer to or describe some syst-mn
_ with certain physical or conceptual proparties. '

-Por color graphics, the objects may be particular

‘color sensations described in torms of attributes cuch as:

red; green; blue; which define a color space. For optical

. communications, the objects may be _a'.pa_rticular coherent
light cource described’ in terms of its lightwave :

components, which defina a signal spaca. The significant

aspect of system description is that the. actual description-.

is one selected from & set possible descriptions. The
invention is a gcnaral apparatus and method, decignad to
operate for each possible problem selection, not just the
one which will actually be chosan sinca this is unknown at
thae time of design. - '

The process aof the present invention enables
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referred to in .lze.s_tz.unﬂgl‘_nmg_l’_lim sought to

- visualize some aspect of a probl em-solving process by
: .nappinq Jogical objects onto visual space.

Most prior art methods aszume visual space to be the
cartesian space, in that, logical objects are mapped onto
the real line, the plane, or thea cubic space.: aAn object_:"s
location in visual space, accordingly, is metrically |

determined relative to one or more coordinate axes. Harein
-1ies the principal doparture of the present inVenﬁion from .
. these pr:l.or art nethode‘ the nathod and appatntus of the _
; presant invantinn dnfinn A novel form of object space, oueh-_
that, object J.ocation in this objacl space is laglcally. o
.rathor than maetrically, determined. Other prior art L
‘methods referred to in bescription of the Prior Art sought .
- to vjsualize some aspect of the problem-solvan proceses by
. recursive indexing on some variant thereof. Such prior. art_j'
" ‘methods, howaver, :Int.nl:mima 1ocat.|.on= by deconpoaing a '
'aonain. ' : : B
' The process uh;eh £orms an obnect space - ie directed hy'-.'

object . descriptions in. aceordanee with the method of the

‘present -invention, Objact expressi.ons are representad by a

unique ‘binary-coded name which directly correspond to a

posi.ti.on_ in the object space of the present invention. '.l'llﬁl_ '
present invention is first described as the method of

:vﬁlecting ‘binary N-dimensianal cb)ect spaces. Then the
present invention is described ac "tho qeneralized method of
raflecting mixed—resolutipn, N-dimencional object epaces.

.The process of the present inventi on rasults in an

interleaving of the N-dimensions. Bit interleaving is
often employed in etructurinq'data. as well as part of the
data reprecentation iteelf. Bamet in hxs book, The Desidn
and Qalgs:.s of spatial Data §§ructu;es, 1989, Addieon
Wesley, NY, p. 109, states:
..-bit intarleaving makes it possitls to balance ‘a 4.
data base of multidimensional ppznt data dynamically.
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It Jeads to logarithmic insertion, deletion and search
algorithms. It does have drawbacks, however. . Pirst,
and most serious, is that bit interleaving is not
performed efficiently on generil computars. ILts =
complexity depends on the total numher of bits in the
kays.

Because efficient mter].eavmg of b.mary-ceded data is

essential to the visualization procass deucnhcd herein, an
enbodincnt of the invention is describad as an apparatus
w:.th a virtual conpcnent. Before describing am eubodment

' of the invention in detail the following teminology is

det:med- .

1. Object: a structural and/or behav:.oral express:.on
ef some realdworld or imaginary phcnomcnon.

3. Object descripror: a collection of attributes which .

describas ‘a schema for a particular kind of - objat_:t_
e:cpression descn.h:.ng the ubjact space... : :
‘3. Object selet..l’.u.r:. & wllectiun of attribute values

8 aénc:.ated with the descriptor of a speci.f;c ebject

cxpressi.on, defining a loeation in tha objec: space.

4. Object space: a bit-interleaved representation of
an objsct desariptor.
_ 5. Ohject name: a bmary-encoded representat:.on of an
ubject selector in an object space.

6. Visual space: a space of object names projected .

onte a plane. _
7. Dimension: each attribute of an objcce descoriptor

‘oorreeponds to a dimaension in both object space and visual

spaca. .
8. Dimensional resolution: the range of values
essociated with each attribute of an object descriptor.

9. Quantization: aseigning a logical digital code to a

range of values. .

10. Frame: describes the format of an cbjact Y
descriptor, where each attribute (dimension) is denoted by

—_—
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a '1" followed by "05" representlng the additional bits of
resolution. . : :

The present anention provides a process tor ' ,
visualizing N-dimensional, object space nsing a computinq

device such as a computer. The computing device may be of
 the type comprising means for storing data and commands,
‘means for generating a logical reprasentation of tho -
‘Nedimensional object space in reasponse to the stored data

and commands, frame logic for generating a v:.rtual image

representing the N—dinens;onal. objebt space In response to-

the stored data and ‘commands, and display means for
displayxng a vxsible rcprcsentat;on of the vittual image.
The process uses the computing device.- :

FIGS. 11A-11C show an 'Intui.tive procedure tor - :
reflecting a nixed~resolution. —dinensional, objact'space

 onto a plane. Referring to FIG. 12, a flow chart showing
'_tha case for user-specztied attr;butes. the process starts

with the step of lnputting the attrlbutes 1201 to the

_qomputing device. The attrl.butos dascri.be the prohlen.l A
_color display, for ggample, may hava the attribqtgs of .

three primary colors: red; green; and blue. . Each .
attribute eorrospondc to a dinonsion of the problem. For
tha color display, each of the threa prlmary ‘colore may be
considered a dimension, givirg a dimension of three N =
3). The computer generates 1202, from the user speciried
attributes, a frame for the Nfd1mensiona1 object space.
The frame is a coded repfeééntation of attribule
descriptions for a part:eular problem domain. In a color
spaca aach attribute cozrespondlng to a primary hue is
described by a bitfield in the frame. The first bit of

each bitfield is always a luyical one. Subsaquent bits in

a given bitfield are logical zeros. Each logical zero:

representes an additional bit of resolution.

As a first oxamplae, a threo-aimons;onal objact space,
with tun hits resniution on sach dimension would have a

.‘“““‘*4;4-———~;__
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frame (0, 1, 0, 1, 0, 1).  Each 1-bit zepresents- aach
dimension, and the 0-bit placed bafora. the c.orresponqu
1-bit indicates a second bit of resolution. For the color
display, two bits of resalution- on'ea.c':h of three dinenszons
hight correspond to four levels of .intens:.ty for each of '
the primary colors. :

As a second example, a three-diuens:.onal, ob:ect space

. with three bits of resclutian on the first dimension, one
~ bit of resolution on the second dimns:.on. and two ‘bite of

resolution on the third duxensicn, would have the frame:
(0, 3, 1, 0, 0, 1). For color spaees the rzght three bits
night represant eight levels of resolution or saturatinn of

- the red attribute; the canter bit nignt reprpqent Lwo

levels resolution. or saturat.mn

' of the green attribute; and the left two b:.ts n:.ght:

zepc:esent four levels of resoluti.on or caturation of the . -
bl.ue attribute. e : : :

As = third exanple, for a three d.menm.onal, ohiect
space with ona bit rosolution on each dmensmn would have

‘a frame (1, 1, I). - Each: bit, from *right to left. night

reprosent thae red attribute, the green attribute ana the -
blue attribute, respect:.vely. Tha- ::rano is a pos:l.tional

' notatioch which denctec the number of attrj.mu-.as and the

resolution of each attribute. The Crame data are the
values or sense of each bit position in a given fram
" Refaexring to FIG. 12, the bits of the frame are:

interleavad 1203 to generate an object descriptor. For the
firet example, the cbject descriptoer is (0, 0, 0, 1, 1, 1)
for the frame (0, 1, 0, 1, 0, 1). For the sacond example,
the aobject descriptor is (0, 0, 0, 1, 1, 1) for the frame
(0, 1, 1, 0, 0, 1). ¥or the third example, the object

 deseripter is (i, 1, 1) £qr the frame (1, 1, 1). The -

computing device ganerates 1204 from the frame and the
object deacriptor, dimensional-spatial locations. of the
N-dimansional object space. For each J.-hit from the ohjact

——— e T
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desoription, the computinq device generates a dlnension oE
dimencional-cpatial locatione. The dznonsional—spaclal
locations correspond to the attributas of the problem.
 FIGS. 13 through 19 illustrate n-cube projection in
accordance with methods of the inveation now further
described as a process to mechanize and - v;suallze reflected
N-dbnens;onal-obiect spaoccs for any N, vhere R is a
positive integer. lt should be noted’ that each of the : -

- ¥IGS. 13 through 19 show three azprmxsluns of. n-cube

elewent configurations. s .
The n-cube of FIG: 13 is referred to herein as a

. 0-dimencional object space. FIG. 13 shouws that an object
space with & dimension of zero (n — 0) has only one
alemant; that is, one dtmnnstnnal-spatlal 1ocation.

" The binary 1-cube of FIG. 14 is referrad to harain as
a 1-dlnnnuaonal ‘objact space with one bit of resolution, -

‘FI1G. 14 showe that an abject space vith a dimension of one

(n=1}) has two nlﬂmnnrs, that is, two dinensional-spatial

_lloeations. The 1-d, 1=bit: ohjm.l. spave of FIG. 14 can be '
visualized as a l1near region comprzsing two elements

“naned® log;cal gero and logical one,. respectively. The -
linear region of FIG. 14 is genorataed by reflecting a firet
o-dimensional object"ep-cafnamed wg" ¢o the right.

" Therehy, a secomd o-dimensimm] ohject space named "1% is

produced. The nane of a dlmenszonal-spatlal location is
called an object selector. :

FIGS. 15 through 19 show the progressive projectxcn of
refleoted binary n-oubes, where N varies from two to six.
In FIGS. 15-19, each dimengional-spatial location is
represented as a cell, which is drawn as a sguare.
N-dimensional object spaces are reflected as regions in an
orthogonal direction determined by contrcl signals from an
apparatus described below. Referring to FICS. 15 through
19, it should be noted that the values of the n-1 rightmost

‘object salector bits in a mReaond (reflected) .

—————‘—_—————____—'_—_—'_‘ .
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'-region are the same as ‘the n-1 :J.ghtnost object selector

10

bits of the oozreeponding object salectors which oompnse a
first region (i.e, where N is khe nmumber of b:Lts, in an
objact gelector). It should be further noted that the

value of the leftmost object selector bit of a first region |
is always a 1ogica1 zero, and the leftmost saloctor bit of

a second region is always a logical one.
The kbinary Z-cube of FIG. 15 is ralerred to herein as

a 2-dmnsiona1 object. space with one bit of resolution.

FIG. 15 shows that an cbject space with a d:l.nension or two
(n = 2) has- t’our elenents: that is, dznensa.onal-epatial .

locations. The 2-dimeneional, 3-bit object space of
FIG. 15 can be visua.l.i.zed as two linear ragions comprising - - -

four elcments "namd" in accordance with a reflected bmary
Cray code (e q., ao, 01, 11,10]. The object space of '

- FIG. 18 is ganerated by refleot:.ng a first lineax ::egioﬁ

upward. 'rhereby producing a socond (reflectea) linear

R reqj.oi_t.' The - resulting' objeet space can be visua‘l.ized as a

20

25

30

35

equare . rogion. - Tt should ba noted that the correspondmg

-abject solectors i.m each Tinear region “have t.he game va:l.ue o

in the n.ghtmost bit posit:.on, however. the values differ :

.in the leftmost b:.t pos:.t:.on. 'I‘he leftmost bit of tha -

rirst linear region's object selectors is & 1ag.tcal zero.
The leftmost bit of the sacond (teﬂected) linear rag:on s
object: celactors is a logical oua. : .
- The binary 3-cube of FIG. 16 is referred to herein as
a2 3=dimensionul object space with one bit of reselution.
FIG. 16 shows that an object space with a dimcnsion of
thres (n = 3) has eight elements; that is P
dimensional-spatial locations. The 3e~dimensional, 1-hit
object space of FIG. 16 can be visualizrd as two square
regions, each comprising four elements. These oigh€ |
elements arm named in accordance with a roflected binary

Gray code (e.g., 000, 001, 011, 010, 110, 111, 101, 100).

The object space of FIG. 16 is generated by reflecting a *

- This Sheet Has Be\.n Rej
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'--Therehy, a second squaro (ret;eeted] region ie produced.
it chould be noted that the values .of the tuo 'r'ightmost

ohjeet :nlertor b;ts in Lhe second. (rerlected) ‘square .

__:rng1on are the same as the two r;ghtnost hits of the
fﬁcorresponding ob:ect selectors. wh;ch conprxse the first -
. sguare region. The valuc of the Lertmoet obdect eoleetor '

- bit of the first . equara region is a logical zero. The"

ﬂ 1°- o

";value of the letimost object’ salactar bit of the Becond
.“squara ‘ragion is a logical one, .’ L

The b;nnry l-cube of FIG. 17 iﬂ referred to heroin as

- -a 4-d1nenciona1 oh]ect space’ uith one hit of resolution.

'_"""FIG. 17 ‘chows that an object space with a di.mens_lon of four: )
- (m = 4) has sixteen elemenfs,_fhat is, dlnensiunal-spatlal
;'1ocat:.ons. 'rhe 4~dinensiona1 1=bit object spaoe of _
':ffrIG. 17. ean he visualized as ‘two reetangulur reqlene, each

;Eccmprising clght elcmento. - Thace eixteon ollncntu are -
‘;nanod in accordance uith a rorleeted blnary rray coda. “‘The

ﬁobjcet space °£ FIG. 17 1w gonnrﬂrnd hy raf1acting a: first
;rﬂchunQNIar rcg:qn compr151nq eight elements devnwnrd. :
" Thereby. a second rectangnlar (reflected) reqion ;s o

}fproduced.

The b;nary S—Gubc ot FLG. 18 is reterred to norein as

" al 5;diuonsiona1 object space with one bit of rt-sn'lution.

'JZST.

_FIG. 13 shnws that an. ubJect space v;th a d:mension of fzve
. {n = 5) has th;rty two elements: that io,

. dimensional-spatial locantions. The s-dxmeneional, 1-b1t

‘'object cpace of FLG. 18 can be visualized astwo squarq

" regions, each comprising sixteen alamanfq- Thase

30

_thirty-two elements are nametl af dPRPrlbed above in

accordance with a reflected binary Gray code. .The object

. space of FiG. 18 is generated by reflectihq a first cquare
- region oomprining gixtean elements to the right. wnareby,_

35

_a second.: square . (retlectod) ragion is pruduced. . _
The hlnary s-uube is FIG. 19 is referred to herezn as :

.__;_;_____;;_;__.
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a s-dinens.u.onal ob'ject space w:.th one bxt of resolution.

riG. 19 shows that an ohject space w:.th a d:menci.on of six '
{(n = 6) hae sixty—four elements j .that is,
dimencional-spatial locations. The ﬁ-dimens;onal, 1~-bit

object space of FIG. 19 can be visnalized aa two

: rectangu] ar reg.ion.-. each comprising thirty-two elements.
‘These sixty-four clements arm named in accordance with' a

reflected b;nary Gray code as described above. The object
space of FIG. 19 is yenerated by retlecting a rirst

) reatangu:l.a.r region: conpt.is.tng thirty-two elemsnu umrd.

Thereby, a second receangular (reflected) reg:.on is _' :

_ proﬂuced.

The ptrocess ot naming ‘spatial e.l.enem:s for any .
N—dmnsional space is intuitively understood as a
wfunation™ of reflecting its subspaces. .- The space '

genoration uthod :.J.lustratcd by FIGS. 13 through 19. ‘when -
projactad anto a phm, results in a two-dimensional visual

representat:.on of re:lected N-dimensional: gpaces. - Tha '
novel method of the’ present invention can be usad for :
visualizing prugressive space qenorat:.on fox any

_ n-d:l.nens:.onal object spaca.

The dmens:.onal—spatial 1ocations can be producod by
reflecting cells right, up, lart, down, right, up, left,
Qown, etc., in what is considered i eéuntar'-'éloclchisa '
direction. Altnrnat:.vmy, the d:.mcnsicnal-spatlal 1ocat.ions'

can be prnaucad by reflectzng cells to the left, upu tiqht, ;
-down, left, up, r:.ght, down, .etc., in what is cons:.dered a

clockvise d:u:ect:.cn. The dimensional-spatial locations may
be reflected in a clockwise or counter-clockwise
direction. Furthaer, the dimensional-spatial locations can

' be .produced by raflecting cells in a single directian or

selected direction. For illustrative purposes the
counter-clockuwise embodiment for producing .

‘"dimensional~gspatial locations is used throughout this "

disclosure, with the understanding that the altermative

_—
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...embOdiments produce eguivalent dimens1ona]~spat;a1

1 ncations . .
Referring to FIG. 12, when all. the d;nensional-sparial

-locations are generated 1305 represent ing all the

dinenszons of the problem, then the computing device gets

1206 the first attribule bitfield in the frame. From this
' hitfiald, the computing device detormines 1207 whether

resalution-spatial locations need to be generated.from thie
bitfield. If no rosolution-gpatial locations are to bm

B qenerated. then the computing device determines 1306
'umtner this is the last bitficld of the frame. If ves, .

then the computan device checks 1211 if there ‘ave any o

~addit:nna1 resolution—spat;al lacatione to be qenerated-rbr
. any bitrield-. If no resolution lavels are tequired. then-

the eonput:ng ‘Qevice _generates 1212 an. objeet selector .

. wiiich corresponds ko interlecaved frame data for each
;_diuensional-spat:al location in tho N-dimensional objeet
. space. " The objact selectors are an interleaved bitfinld of .

the frame datm. The object seleclors degine a location in
thc ocllu reprasenting the d;neneional-npatial 1oeations..

If all object selentnrs have been generateﬂ 1213 tcr
all the dxmeneional—spat:al locations for the

:N—dxmensional' cbject space, then the ccmputing devica

generates 1214 a virtual image of the N-@imensional, - nbjectf
space from the dimensional—spatzal locadtione and the object

. selectors. A user or applicatzon procvedure may selcct 1215

a region of the virLual image for machine cnntrol,.diﬁplav,

ar other application-drivem function. The process further

may include uging the éomputing.device for displaying the
selected region of the virtual image of the N-dimensional,
object space on the display means. The process _
ndditionally may usa tho computing davice for generating
1208, from the frawe and the object descriptor,
resoluticn-spatial. locations for resolution levels of each
of the N @imensione for a m1xed~resolut;on, —dimenbiunal
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objeet space. .
FIGS. 20-22 illustratively shcw the generation of
resclution—-spatial locations. nefern.ng to PIG. 20, thc
o e - mmber of elements in a k=-ary 1-cube is detemmed by the
number ot bits of resnlution us a power of two. For -
. ecxanmple, a ‘¢=ary 1-cube with two bite of resolut:.on has
LI - - elements and an 8-ary -l-cuba with thres bits of
' resclution has eight clements. When Alements of x-ary
i~-cubes are reflectcd lmearly as shown in PIGS. 20A-20C,
YeeEt 19T 0 hie element transit:.on ‘sequences correspond to thé primaxy -
' form of the rarlected hinary code. but may be intﬂzprated
- ae a reflected k-ary code. B
' FIG. 20A shows a binary 1-cube referred to. he:em as _a'
T _ 1-dmens:.onal obiect space- witn ane bit ‘of resolution. The
" 1s. - 1-dimensional, 1-bit ebject. Space of PIG. 20A. comprises TWo'
- object selectors named 0% and "1" respectively. The
object ! selectors of a 1-dimensiona1. 1-b:.t. obJect space '
reprasent dmen-:ional—spatnl looations. o
S _ FIG. 20B :.llustrates a 1-dinans!.ena1 objrct space w:,th
'- 20 " two- bits of resolution. ‘rh thix case, the original .-

" gimensicnal-spatial locaticns of PIG. 20A have been .
reflcoted to the right to increase the recolution in the
direcei.on of tha first duuenucn. Note that the reflection
for increased resolution is in the same direction &s the

25 = raflection which generated the dmens:.on. The abject

' gmlectors of the original dimonslonal-spat:.al locations
have a 0-bit placed in front of thn-, .and the new:l.v
generated roesolution—spa Lial locations have ‘the original
object selectors reflected therein with a 1-bit placed in-

30 front of them.

: FIG. 20C shows. a l-dmensz.onal object space with three
bits of resolution, which has been generated from the
1~dimensional, 2=pit object =pace of FIG. 20B. In thie
_case obiject galectors from the l—dunens:.onal, 2-bit object

35 spaac (z-ary 1=cubea), have a o-b:.t placad in front of then,

[& ]
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and tha object selectors generated by reflection have a
1-bit placed in front of them. FIGS. 21A-21B are
diagrans of 4-dimensional object spaves. FlG. 21A shows a
4-dimensional object space with one bit, of resolution.
FIC. 21H shqws.a 4-dimensional object space with two bits

. of resolution, in each dimension. .In this case, after
- generating all of the dimensional-spatial locations for the

four dimensians, the resolution-spatial locatione ire
generated, Accordingly, the cixteen dimensional-gpatial
locations for the four dimensions are reflected initially
to the right to generate tws levels of resolution for tha
first dimension. At this stage, there are thirty-two

'dimensional-spatial locations and resolution-gpatial

locations. To generate two levels of resoluntion in.the
second dzmension. thirty-two resolutlon—spatinl locatione
are generated by reflectan in an upward direction the’
combination of thirty-two ﬂimansional-cpatial locations and
rasolutioﬂ-cpntial ‘locations. Wnw thera are a total of :

- aixty-four spatlal locations. The twn laevel .

rasolution-spatial locations for the third dimension are |

generated by reflectan sixly-tour tesolution-spatia]

locatiovns to.thg left of the previousiy generated
sixty-four spatial locations. The two level

- resolutjon-spatial locatione may be generated for the

fourth dimension by reflecting 128 resolution-spatial
locations in a downward direction from the mixture of 128
mixed=rogolution spatial locations frdm the firsL, sRcond,
and third dimensions. Accordingly, a total of 256 spatial
locations ares generated for the 4d, 2-bit object space.
Object selectors are generated in a similar fashion as
previously describad for each mixed-resolutiun spatial
location.

FICs. 22A-22B are diagrameg of a mixed-resolution,
4-dimensional object space derived from a binary,

- 4-dimensional object gpace. TIG. 22A again showe the

WG~
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4-dmensxona1 object space with one bit of raso:l.utwn.
FIG.. 228 shows a m:.xed-resolution, 4-—d.|.mensional
objcct space. 1In a mixed-resolution objact space the
rumber af bilks of resclution for each dimension is
5 .  permitted to differ. brior art methods for raming elemerits
| . «f.an ehject £pace can be characterized as
- rontainer-oriented in that the number of addressable .
_' elemant lacatmns are a func‘cion of the coni:a:.ner‘s _
. . extaent. Altarnatwely. the method disclosed herein ic o
10 . eharactarized as content-addressable, in that, thd extent. ~ - -
and ‘uonfiguration of an objmct space is a function of its -
_ Gontents. In tiie objmct upace of FIG. 22B the first and
third @imensions each have two bits of resalution and the -
_ sacond and fourth dimensions have on)y one bit of - -
15 . ‘resolution. Therefore, the ohject selectors for the objec_t
space of FIC. 228 have a total of six bits. Recall that .
the number of" bits in an ohjecf. selector. whan viewed as a’.
power of two, dmzﬂma the muuber of cl.on-m:n in & given
o ~ object gpace. Therefore, the. object space of FIG..22B
20 mprises s:.xty-:our elment:s. It should be noted:that
o yriar art representation: of higher—dmens:.onal spaces . ._
typa.cul].y fix the rasolul..wn for each dimensien re‘) ative to
‘the qreatest nuaber. of bits required for any dimension.’
Theraby, an inafficient opatial represantution is created.
5 The method of the present ‘invention ganerates logical
- abject spaces by a process vhich relies on a novel 6bje¢=t -
description rather than a process of =patial '
4Qecomposition. In the case of FIG. 22D, the
dimensienal-epatial Iocations for ene bit of resolutmn in
.30 each of the four dimensicna are ganerated. Then, the
' recolution-spatial locations for the first and the third
dinensions are generatcd. sixteen dimensional-spatial
locations comprise a first square region. A first square
region of sixteen clements is reflected to the right;
35 thereby, producing a second (reflected) square region. The -

—
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-dire;tiun (right) of reflection ic dotermined by the
additional bit of resolution in the first dimension. Thie
step results in a rectangular region comprising thirty-two
_ _ elemente. The second dimension has no additional bits of
5 ' resolution and thenext arthogonal direction (upward) is
R bypassed. The third dimension, however, has an additional
.- -  bit of resolution. fTherefore, thw :ecgahgular region
) compriaing thirty-two elements is reflected in the next. .
S '_orthogbnal-direction (lett) . Thereby a second (reflected).
10 ¢ rectangular region is produced.. ‘The-resulting first and
ce ‘second (reflected) regions account for the sixty-four:
*.elenents shown in the object space of FIG. 22B. _
) " Civen an.abject space descriptinn uharc one or mores
. ~ dimencions have two or more bits of resolution: (e.g., a.
g 1_'5' - R~ary u-cube) . the ob)ect selectore descr:.be a novgl form
T _ 0£ reflected Gray code called the k-ary reflected Gray .
'éude} An object selaetor is generated 1212. as illnstrated,~
in ¥IG. 12, for each rosolut;en-spntial locltlen in the
o " mixed-ragolution, u-dimcnsionnl objch Rpace.  When all
.20 object melectors are genmrated 1213, from tha E
o teaolutiun—spatial locations, the dimcnsxonal-spatial
:  .1ocations and the object selectorc, a virtual image is
. generated 1214 of the r~dimenaional vbject space. A user
: or -achine may select 1215 a region of the virtual image
25 . for nse or Qieplay. The vomputing device way display the
' selected region of the virtual image of the .
" mixed-resnlution, N—dinens;ona\ object space on the aisplay

' means.
_ FIG. 23 shows A functlonal diagrau of the object
30 description process. Four proccdures comprise the object

description process: expression 2301; quantization 2304; -

transformation 2307; and execul.ion 2310. in the case of

uscr—specified attributes a user iuputs a domain 2300 of an

ohject which is expressed. 2301 as an object description :
.35 = 2302. The object desrription is encoded.as a sct of

TOoTAL P.19
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attributes. Each attribute selected corresponds to one -
dimension of an N~dimensional, object space. The order in
which the attributes-are specified determines a sequence in
which an object space is generated. | "
| The range 2303 of possible values of each attr;bute is
encoded by a quantizat;on 2304 p:ocedu:e 'which assigns a
~ logical digital code to range 2303 of values. The
. resolution is the degree of range 2303 of values. The
:degree of range compression (e.g., scaling of values) is
_part of the attribute specxf;cation. COded attribite values.
correspond to the ‘transition sequence of a reflected b;nary
'code._ Intuitively, the most straightforvard vay of naming
"4or coding an ordered set of objects, where each codeword is
a unique sequence of binary digits. is to count in binary,
‘but consecutive codewords usually differ by more than one
'b;t‘positlon. Sone_forms of,the reflected binary code, -
referenced above in the Description of the Prior Art, offer
special advantages over others for particular .
‘applications. The max;mum number of hits required.to
represent ‘a coded attribute value defines Lts dxmenszonal
‘resolution. :
The range 2303 of values assoclated.w1th each
' dimension of the object descrlpt;on 2302 is quantized 2304
to form a coded object description 2305, called a frame
2306. The format of a frame 2306 is a bit pattern read
from the right that represents a'contiguous sequence of
coded attributes or bitfields. The rightmost bit of each
“attribute's bitfield is a logical one denoting a spatial
‘dimension. Additional bits of resolution for a given
attribute,'if any, are assigned a logical zere; e.g., (O,
1, 0, 1) is a frame 2300 for coded object descriptxon
'representxng two four—valued attr;butes.
The bits of the object frame 2306 are then transformed
2307 to form an interleaved objecﬁ frame 2303 called a
 descriptor 2309. The object descriptor represents the name
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format for specific object expressions. AIcollection of
coded attribute values associated with ‘the interleaved
.frame 2308 of a named object expression is called an object
selector. The object descriptor 2309 controls the .
execution process 2310 for forming a visual. space 2311.
The bitwise control sequence can be understood by
considering the interleaved object frame 2306 in an
- expanded fornm. The number of dimensions N describing a
.Iunit n-cube is defined in the first interval of the |
_expanded frame. Each subsequent interval extends the
dimensional resolution of the ‘object space 2311.. A blank
'.interval position in the expanded Ob]ect descriptor 2309
::may be thought of as the termination of- the spstial control
sequence for that particular dimension. ;
'The object spaces shown in FIGS. 14-19 are sinple.
f:.enough to be formed manually and. 1n a. few instances,
. mentally; however, description spaces of actual systems E
quickly exceed the feasible limits of mental Visualization _
-and manual procedures. Therefore,_an emhodiment of the
| present 1nvent1on is described as an electronic »
controller. It should be understood that the control of
‘various -types of machines and application processes are
' contemplated within ‘the scope of this invention. A frame
controller is the syntactic expression of a visual Epaces.
'A region controller is part virtual machine which
determines semantic expression of an object space as a name
 space. - " ' :
- Given a user-specified set of attributes defining
dimensions and resolution levels in a particular cbject
' space, an illustrative embodiment of an object description
~ system comprises a plurality of physical modules which may
be operatively coupled in various logical configurations to
efficiently mechanize the method of the present invention.
There are two kinds of physical modules in an illustrative
embodiment of an object description system: modules of a
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host computing devxce and object modules operatively
coupled to modules of a host computing devxce.-
Refexring to FIG. 24A, a computing device 2400 is
shown 1nc1ud1ng an- input device 2401, a processor 2402,

-memory 2403, and a display device 2404. The input dev1ce'“

2401, by way of example. may be a key board, computer port,

er an application Within a computer. “The processor 2402 is

coupled between the input device 2401, memory 2403 and

_'display device 2404.

- FIG. - 245 shows ob;ect module 2405 having object frame

fmodule 2406, object region module 2407, and object selector
module 2408 operatively coupled to the computing device

j,24oo.' Each ohject module 2405 comprises at least. one
'register devxce having at. least one storage cell,

15 -
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'combinational logic devices which -relate to the registers,

data. signal paths which link devices w;thin a module and
which link devices in different modules. ‘and control s;gnal
paths which 1ink devices.within a module and which 1ink
devices in different modules. The region module 2407 is

operatively coupled_to the input.logic 2404 and the’object .
‘frame module 2406. The cbject region logic 2407 is used

for selecting a region of the virtual image.

As with the process of the present invention, a user
may specify semantic expressions for a particular set of
attributes defining dimensions and resolution levels in the
object space. A user, using the input device 2404, inputs
the semantic expressions for the particular set of
attributes. of a problem for the mixed-resolution,
N-dimensional, object space. The input Iogic 2403 is
operatively coupled to the input device 2404 and interfaces

- the input device 2404 with the memory 2405.

The frame logic 2407 interleaves the frame to generate
an ocbject descriptor. The frame logic 2407 aleo generates,
from the frame and the object descriptor, 1
dimensional-spatial locations for N dimensions. From the

_l_\__“;;_&~‘_~““_
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frame and the object'descriptor, the frame 1ogic 2407
generates resolution-spatial locations for resolution
- levels of each of the N dimens;ons of the mixed-resolutxon,
N dimensional object space. h :
S 4" The frame logic 2407 uses frame data to generate, for
- a particular spatial location, an object selector. The _
" object selector as previously descrzbed conforms to a
-primary form of a reflected binary code. Using the
_ .dimensional-spatial locations and ‘the object selectors, the
10 ' -frame 'logic 2407 generates a virtual: image of the '

o N—dinensional, object space. The computing device.using
_reqion logic 2408 manipulates the virtual image with bit
‘selectors. o : . :

. - The apparatus -of the present invention may be used for

15 3-:'Lv1sualizing a mixed-resolution, N-dimen51ona1, ob]ect
' 'gspace., The user specifies a frame and frame data for a
Jparticular set of attributes defining dimensions and
resolution levels in the object space. The user inputs the
' frame and frame data for N-dimensional, ob)ect space using
20 . ""the input device 2401. The frame module 2406 interleaves
- . the frame to generate an object descriptor, and it '
 generates dimensional-spatial locations for N.dimensions
~ from the frame and the object descriptor. The frame module
'2406 also generates, for each dimen91ona1—spatia1 location,
25 . an object selector. From the dimensional-spatial locations
" " and the object selectors, the frame module 2406 also
."-_generates a virtual image of the N-dimensional object
.space.- ‘The region module 2407 is used for selecting one or
more elements of the virtual 1mage. ' The display map 2406
‘30 . stores the selected region of the virtual image'and display
device 2410 displays'the virtual image of the N-dimensional
object space. The frame module 2406 generates, from the
frame and the object descriptor, resolution-spatial
locations for resolution levels of each of the N dimensions
35 . for a mixed-resoclution, N dimensional object space.

\
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Various logical conf;gurations of physzcal modules .
implement the procedural behavior of an ohject descrlptlon
system. An abject descrzptxon system can be regarded as an

~ implementation of procedures that transforms ,
" mixed-rasolution, N-dimensional object descr;ption into-a
' mechanlcal form which can be loglcally manipulated. An

ob)ect descr;pt1on system also can be regarded as an

j1mp1ementatlon of procedures that transforms

mixed-resolutzcn, N-dimen51ona1 object descript1ons 1nto a

"-perceptible form which can be presented as an zmage on a
a graphics display device. :

Referr;ng to FIG. 25, these transformation procedures

= can be organized and - abstracted lnto a. functlonal model -
fdzsoo of an object descr;ption system._ The functzonal model

of an. ob:ect descr1ption system comprises a pluralxty of
logical processors, which pcrform the corrclative functions
corresponding°to the reference nnmerals of FIG. 12.' |
© '+ application znput processor 2501 (1201)
. frame processor 2502 (1202) .

'descriptor processor 2503 (1203/1204)

dimenszon—locatxon”processor 2504 (1204/1205)

_resolution-location processor'zsos (1206-1211)

" gselector processor 2506 (1212/1213)

virtual image processor 2507'(1214/1215)

A logical processor in the functional model
corresponds to one or more physical modules, and two
logical processors in the functional model may'share a
physical module. Similarly, representatlons of object
spaces may exist in one or more: ‘different memories.
Alternatlvely, a plurality of such object descr;ptxon
systems may be operatlvely coupled in varlous logical
configurations dictated by the conceptual problem doma;n, .
enabling concurrent manipulation of a plurality of object
space descriptions or concurrent'manipulaticn of a

plurality of views of a particular object space

/
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description. _
FIG. 26A-26H shows the ohject space confiqurations
formed by the 4-bit frame 'logic module. Each object space .
2602 shown in FIGS, 26A through 26H is assocleted with a
diagram of its object frame selector 2600 and the.logicalu
names of their frame and interleaved frame 2603. The
1ogical names of the frame and interleave frame 2501 shown

-in FIGS. 26E through 26H are the same, resulting in the
- practical observat1on that the object frames for these
' 'spaces are in their . interleaved form.-

AN SRA'I'V Bo" NT OF LN 10t , _
An example of an object space embod;ed as a uniform

~ color space generated in accordance with the method of the__
:_present invention . 1s now dcsoribed to better undcretend how

to practice the invention.. The ‘discussion of prior art

. color models referred to in gegcg gt;gn of the Pr;og Ar

established a long felt need for e method of representing a

'unltorm color space, such.that, specific color,sensations

could be algorithmically specified. In particular, this
example demonstrates how a range of color sensations

~ described by an RGB color cube can be uniformly pro;ected

onto a plane. This example teaches. how to describe the"
attributee of an RGB color cube; how the perceptual
attribﬁtes of a color specification correspond directly to
the problem description proceSs'of'the invention; and this
example also teaches the correspondence,between the problem
description process of the invention and the electronic
production of color sensations. T
Visible light, called the phy51ca1 color space, is a
small segment of the continuum of electromagnetic
radiation, which includes, for example, radio waves, radar,
microwaves, infrared and ultraviolet light, x-rays, and
gamma rays. A color representation system determines the
location of a particular color sensation in a visual space,
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called the 10§icel'c01or space. The system'is a color f
representation system; the input is white light; and the
response is a coler space generated in accordence with the
method of the present invention. . : .
- ‘A color representation system determines the locatxon“
of a part;cular color sensatxon in a v1sua1 space called
the color space. Color ‘space expre551ons Lndirectly
" produce physlcal device. control signals for a color
dzsplay. The RGB color cube represents red, green, and
blue przmarles as orthogonalfaxes. The dxsplayable colors h
are w;thin the: cube £rom (0, 0, 0) to (1, 1, 1). The '
.'neutral axis is a (diagonal) line from ‘The black point (o,l
- 0, 0) to the white point (1, 1, 1). The color cube has
been referred to in the literature as a "natural® =
coordinate system in the sense that the three color |
-components are mapped 1nto an orthogonal coordinate system:
in the same fashion as three-d;mens;onal geometry. In a
chapter entitled, "Color stplays and -Color Scxence,"‘gglg:_
ggg_;hg_ggmgggg;, Academic Press, Boston, 1987, p.,za the
sectlon entitled, "Visual Display Descriptive Systems,
Hurch makes the ﬁollowxng ohservatlon- "...the location and
proper specification of colors within the interior of the
'cube, when some real value for all three primaries is -
required, proves difficult."

Color specification means interactive visualization
and control of the'perceptual color gamuts (range of
producible colors) of color display devices. An ideal
coloxr model should accomplish intuitiﬁe addressability;
uniforrmity; independent control of lightness'and chromatic
contrast; display device characterization in perceptual
terms, and a basls is for naming color specifications.

Intu;tive addressability' is the specification of color
representations in perceptual terms. Perceptual
specifications may include, by way of example, hue,
saturation and intensity.'Hue is the basic component of

—ﬁm'ﬁ%\_
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color and is primarily responsible for a specific color
sensation (e.g., red, green, blue, etc.). Saturation is
most.closely‘related-to the number of wavelengths
contributing to a color sensation. Saturation depends on

~ the relative dominance of a pure hue in a color -

specification. Intensity is an increased level of .
illumination permxtting a broader range of hues to be :

"~ visible.

Uniformity is the regular representation of gradations
1n perceived color, due to the perceptual relationship of

..-color expressions. Independent control of 1ightness and
- chromatic contrast 1s the opportunity to expand chromatic'

contrast independently of intensity or vice versa.: . Display |

 device characterization in perceptual terms chooses
i:appropriate display representations and controls thoir :

' production. A basis for naming color specifications is the
. opportunity to use a consistent method of color referencing

to construct multidimensional models of process expressionsh
in terms of Spectral descriptors. : . _
' The xllustrative example of the invention applxed to

the problem of color space descriptlon teaches a method for
representing visual color sensations logically and

reproducing logical color spaces visually. Color
specification and color space organization conventionally
involve levels of computational indirection bctwecn_the
specificatioh of color in terms of its perceptual
attributes (e.g., hue, saturation and intensity) and

. subsequent production of electronic color signals., The.
' process enables the description of a logical color space.

expressed in terms of perceptual color attributes to be
directly reslized in terms of a given display device!s:
physical color space. = The approach to the problem is a
descriptive specification of color space component |
relationshlps.

The domain description of a color representation
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syStem is the hnman_visuel systen's response'to a limited
portion of the eléctromagnetic spectrum called visible

lignt.

Light. generally refers to electromagnetlc radiation

. from 380 nm. to 770 nm. The observed color of lzght results

: ~frowaa nixture of intens;tles at dszerent wavelengths.

The rate of_change in intensity for a given control source
-is a*function of'uévelengths. In R. Hall, ;llgg;ng~;gn__gg‘
Q&*W SPringer-Verlaq. NY,
1988, pp. 47-52, the graph of intensity as afunction of
wavelength is the spectral curve for a gzven test color..
This graph represents a schematic for determining oontrol

: light intensitles for a g1ven test color spectral curve.

fl Each control source spectral curve corresponds to a
e dimansxonal component of the color space . domain. Colors_.
mixed ina fash;on in which hands of wavelengths are added f

20
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35

“to one. another is called an additive’ color nixture._

Thc illustrativo.RsB color space is dlmenszonally
described in terms of three color primaries (e.g., hue =
domain dimensioﬁ)‘ high wavelength (R) red primary; medium
wavelength (G) green primary; and low. wavelength (B) blue .

primary.

In an N-dimensional color space where each .

dimension corresponds to a color primary, the resolution of
color space is determined by defining the number of values
for each primary (e.g., saturation = range resolution).
The-range of dimensional resolution is determined by one or
' more bits for each dimension. .The humber of bits specified
for each dimension may differ. Two bits of resolution
(e.g., four values) are specified for each primary in the
RGB color spaca generated below. o o :

' Value quantization can Be described as spectral

sampling:. In the prior art spectral sampling means -
feducing a spectral curve to a set of sample:values-for-
subbsequent color computations. Spectral samnling herein
- means reducing-a'spect:al'curve to a set of intensity
vz iues associated with logical names in a color space

(il
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generated by the method of the present inventxon(e d.,.
intensity value). _ :
Generation of a loglcal color space (e.g., a. space of

_color names) is performed as follows. The frame is a coded

representation of user-specified attribute descriptions for
a problem domain. 'In a color space each attribute

.corresponding to a pr;mary hue ‘is descrxbed by a hltfield
~in the frame. The first bit of each bitfield is always a

"log;cal one. Subsequent bits 1n a glven bitfield are

logical zeros. Each logical zero represents an additional -

_.'blt of resolution.

- In an illustrative color space a frame "010101" :

lgcomprxses three two-bit bitfields where: - the rightmost pair -
- of bits represents the red attribute; the center pair of
. bits represents the ‘green attribute, and the leftmost pair

of bits represents the blue attrxbute. The prlmary_
function of a frame is as an 1nterpreter which
dzstingulshes between the possxble meanlngs of an ob)ect
descriptor or an ob)ect selector. ' . .
In an illustratxve color space the object descrlptor

is the result of a transformation of a frame where the bits'

of each frame bitfield ‘are interleaved." when, for example,

the frame "010101* is interleaved the result is the object
descriptor "000111." The primary function of an object
descriptor is its role in generating N-dimensional object
spaces. Using the frame to distinguish dimensional bite

- from resolution bits, the object descriptor determines the
orthogonal generatlon of N-dlmenslonal ob)ect spaces._-

There are two notions of cycles' associated with the

. orthogonal generation of N-dimensional object spaces. The

first cycle is the order of 1nterpretat10n of the object

: descriptor. Object descr;ptor bits are logically grouped

into dimensional intervals, e. g., "000 111%. Each
dimensional interval is processed as a cycle beg;nning at
the spatial origin.
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A second cycle associated thh the orthogonal
generation of N—dxmensxonal object spaces is the order of
reflection for generating the logical selector names. The

~ steps of the reflection cycle may correspond to the four
.- orthogonal directions: _right,.up; left, and down. A o
counterclockwise I
rather than a clockwise cycle was arbitrarily chosen, but _
the chosen direction must be strictly adhered to. If the'
number of dimensions is greater than four, then the |
reflect;on _process continues in the next orthogonal _
-direction for each non-null position in an expanded form of
the object descriptor intervals.' The expanded form of an
B object descriptor inserts mull place holders: for attributes :
~ in .the. object descriptor whoso resolution is lols than
_others in a given interval. : -

A frame is a pos;tional notation which denotes the
‘number of attributes and the resolution of each attribute.
‘'Frame data are the-values or sense of each bit position in -
a given frame. Given the frame #010101" and frame data
‘%000010,* the rightmost bitfield of frame data 10"
'represents a value for a particular intensity of the red
attribute in a Golor" speclflcation. ‘The object selector is
a transformation of frame data where the frame data is |
interleaved. The result of interleaving frame data
7000010* is the object selector "001000." The name of each
location in an N-dimensional space corresponds to an object

 selector. ' : :

FIGS. 27-31 show an illustrative exanple of a color

' representation system in accordance with the method bf the
present invention. FIGS. 27A~-27C show how the name space
elements of a binary RGB color cube are projected onto a
plane in-accordsnce with the method of the present
invention. Each axis 2701- of the RGB color cube
corresponds to a color primary. Each node 2700, 2702 of
the RGB color cube corresponds to a particular color

—
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'Psensatlon or element 2703 in a loglcal color space. The

name of each color sensation of an RGB color space
corresponds .to a part;cular element location 2702 in a
1oglca1 color space. . FIG. 27C shows how the elements, name

I _space 1abels, of a blnary RGB color sSpace are labeled. The

vertical regions labeled "R"™ 2704 contain elements whose _
rightmost bit position is set. The horizontal reglon
labeled "G" 2705 contains elements vhose middle bit
position is set. The left half labeled "B" 2706 contain
‘elements vhose leftmost bit position is ‘set. = .

' FIGS. 28A-28C show the elements of a sixty-four ]
element RGB color. space. FIG. 28B shows how the elements

':}of a sixty-four element RGB color space are labeled.
_1PIG. 28c shows the object selectors of a sixty-four element _

RGB color space whxch correspond to the loglcal names of

. @each color sensatxon.'“ R

FIGS. 29A~-29C show the relatlonshlps between -

- three-dimensional spaces vith different resolutions. R..
Hall in, Illumipation and Color in Computer Geperated
Imagery, Springer-Verlag. NY, 1988, p. 48, plots the
intensities of the control lights required to match any

: wavelength as a- funct;on of wavelength.

_ FIG. 30 shows a graph of the resulting matching curves
for 445 mm, 535 nm. and 630 nm control sources. ‘

FIGS. 31A-31C show how percentages of spectral intensities
over a range of values for each primary are determinedpin a
gixty~-four element RGB color space, using the graph of

matching curves of FIG. 30.

 Manipulation of a loglcal color space is accomplished
by methods assoc;ated with a particular logical view, such

~ as: elements; relatlons; paths; regions; and subspaees.

Referencxng a particular color sensation as an element of a -
_logical color space may be accomplished in two ways:
refenence by value or reference by location.

| Reference by value means a user or an application
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-”prccess prov;des a description cf a particular color jf'
,sersation in terms of its component hues and their
'resaective intensities, typicallyas Frame data.- Recall
':tha ‘the frame is a pos;tional notation’ which denotes . the
?numher of attributes and the resolution of each attrihute..

Therefore, frame data correspond to the value or sense of

~j'.each bit position in a given frame." ror examplo, given the |

'010101" and - frame data "oooo1o" the rightmost
o ame'data "10“ represents a; value for: a’

'f;particular intens1ty of the red attribute in a color

R u_Re'erence by.location means a user or an appllcation-7"'

t “particular color sensation interms of
: lueithor indirectly by rndex (e g.} palette _
3 irectly by its selector._ Recall that the ob;ect:
is a?transformation of frame -data whero the: bits -

:i-of each: frame{data bitfield are 1nterleaved.. For: example,
afgiven ‘the frame "010101" and frame data: “000010" vhere the
;_fraae dara is interleaved the result is the obJect selector ;1

-"001000. . The name of each location in an N-dlmen51onal .

'spaﬁe corresponds to an ‘object’ selector. '

Referencing a set of. harmonious color sensations as
relations of a logical color space may be accomplished by

' geﬁsrating combinations of n—things taken k at a time,

wheze N’ is.the number of elements in a logical color space
[anér -is the number of selector bits. The elements of &
set. are said to - be neighbors or logically adjacent because
ong «can ‘be obtained from the other by sw;tching a “0" and a
"l' 1n a particular selector bit p051tion. The number of
elsments in. each logical relation corresponds to ‘the number
-of eelector bits. Referencing varlous sets in a. ‘logical
color space may be accomplisned selectively maskxng one or
necire selector bits. : '
r_ Generating a harmonious sequence of color sensations
as paths in a logical color space may be accomplished =

I\
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".beoausé the collecgion of element names describe a Gray

sequenoe,'wheré the Hamming distance hetween:successive

. elements is one.. The sequence of color sensations is said’
to oycle if its f1rst and last element’ codewords differ in
: only one quantum interval. otherw1se, the sequence ‘of color

sensations is known as a path. Given an initial element
codeword and a transition sequence the entire set of

 element. .codewords in a 1ogica1 color space can be
_ generated. '

Roferenc1ng var1ous regions of a logical color space

_.may be acoompl;shcd selootively by masking lowor-ordcr
. smelector bits. Referenclng various subspaces within a

1ogica1 color space may be accomplished by element scaling,

_ that is, the value of an element location is actually an
-object descrxptor rather than a color sensation. '

- . The process by whlch a logical color ‘frame is

-interpreted to, electronlcally produce color sensations is

referred to herein as reflected Gray code (RGC)

.demodulation. RGC demodulation may be generalized as a

novel form of digital to analog conversion. Theinverse of

- RGC demodulation is the conversion of analog information to
'a digital form (e.g.; quantization, spectral decomposition,

etc.) by the process of RGC modulation. The method of the
present invention represents a novel coding system. Object
descriptions have meaning, that is, they refer to or

- describe some system with certain: phys;cal or conceptual

propertles. For color graphics, the objects may be

_;part;cular color sensat;ons descrlbed in terms of _
attributes such as: red; green, blue; which define a- color

space. For'optical communications, the objects may_be a

' particular coherent light source described in terms of its
lightwave cowponents, which define a signal space.

_ “In a U.S. Patent referenced in the Description of the
Prior Art, Robinson and Sanford teach: “To convey

information on an optical wave, some property of that wave

—
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has to he modulated or changed in accordance with the
1nformat1on and adopted coding system." an aspect of the
present invention is its novel application as such a coding
_ system.- .Given an incident coherent: light source dispersed
5 o into its component wavelengths as inputs to optical _
couplers, such as those referenced in the Qggg;;g;igg;gg_
'th__E;;Q;_A;E above, the method of the present invention
- - may be' employed to modulate the light source as a pluralxty'
of wavesets, ‘which correspond to obJect frames, frame data,
object descrxptors, and object selectors.. ' :

When the method of the present inventzon may be
employed to modnlate the light source as a pluralzty of
‘wavesets, each clock xnterval in a pulse—coded modulatlon

- (PCM) scheme, for example, can contain "n" quantum 3 |
-intervals of information per pulse rather than a single
. quantum - interval, where "n" is the number ‘of - component
luavelengths Such an encoding scheme is called parallel,
‘pulse-coded modulation (PPCM). The ‘significant aspect of
system description is that the actual description is one
selacted from a set possible descriptions. The invention
is a general apparatus and method, designed to operate for
each possible problem. selectlon, ‘not just the one which
will actually be chosen_slnce this is unknown at the time
of design;

It will be apparent to those skilled in the art that
varxous-modif;catlons can be made to the apparatus and .
method for vzsuallzlng mixed-resolution, N-dxmensional
object space of the instant invention without gepartrng
from the scope or spirit of the invention, and it is _
tntended that the present invention cover modifications and
variations of the apparatus and method for visualizing
mixed-resolution, N-dimensional object space provided they
come within the scope of the appended cla1ms and thelr
equivalents. :
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WE CLAIM:

. A process for visuaiizing N-dimehsional—ohject
space u51ng a computing device such as a computer, the

'_computing devxce of the type compr151ng means_for storing

data. and commands, and - frame - logic responsxve to the stored-

- data and commands for generating a V1rtua1 image :
_ representing the N-dimens;onal-ohject space, comprising the _
---steps, using said~ computing dev;ce, of. e o o

- inputting to Sald computing dev;ce a: set of

generating from the attributes. frame and frame..

'data for the R-dimen51ona1—ob3ect ‘space;

1nterleav1ng the frame to genarate an object

‘generating, from the frame and the object

B descriptor. dimensional-spatial locations ot saiq’
-N-dimensjonal-object space; '

generating, from the frame and the- object

'descriptor, an object selector for each dimensional-spatial

1ocation in said N-dinen51ona1-object spaee,'
generating from said dimensional-spatial

:locations and said object selectors a vzrtual image of the

N-dimensxonal-ob3ect space; and .
selecting a region of said v1rtua1 image.

2. The proceso as set forth in claim 1 further
comprising the steps, using said computing device, of:
' generating, from said frame and said object -

.descriptor, resolution-spatial locations for resolution

levels of each of the N dzmens;ons for a mixed—resolution.
N-dimensicnal*object space;

generating, from said frame and said object
_descriptor. an object selector for each resolution-spatial
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location in said mixed-resolution, N-dimensional-object
10 space; _ _ _ _ | _ l
o generatinc from said resolution-spatial
‘locations, said dxmenszonal-spatzal locations and said
" object selectors a virtual image of the
| N-dlmensional-object space; and .
15 I select;ng a regzon of sald v1rtua1 image.i

3. A process, usxng a computlng dev1ce hav;ng a
display device for vzsuallzing a mlxed—resclutzon._ﬁa '
iN—dimensional-object space, wherezn a user specifies a-

' frame and frame data for a set of attributes defining N

'5 = . -dimensions and definxng resolut;on levels in the object
o space, comprising the steps, using sald ccmputinq device,
. ‘ofs _ : : : :
| Lnterleavxng the frame to generate an oh]ect
descrxptor, : g o
10 . 'generating, from said frame and said object

descriptor, dlmensxonal-spatial locations for N d;mensions,
generating, from said frame and said object
descriptor, resolution-spatial locations’ for resolutlon
levels of each of the N dimensions of said
15 nixed-resolution, N dlmenSLOnal-obJect space;
| generating, for each spatial location, an. object
selector conforming to a prlmary form of a reflected binary
code,
- ~ generating a virtual image of said - -
20 N—dimens;onal-object space from the dlmensional-spetxal
locations, resolution spatial locations and object
selectors; and
selectzng a reglon of sa1d v1rtua1 image.
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4. ihe.process'as set forth in claim 1, 2 or 3
further;compriSing the step, using said computing device.
of: '

' displaying the selected region of the virtual o
S : image on said display device. : :

- 5. The'process as set forth in claim 1, 2 or 3 _
. wherein the step of - selecting using said. computing device,:
‘includes:. -
_ chaining bits in a particular sequence forming a.
5 'path for a selected path of said virtual image.

6. The process as set forth in claim i, 2 or 3
'wherein the step of selecting, using said computing device,.
.includes. _ oo ' :
_ suppressing particular bits of" said virtual image'
:5 for generating a subspace. -

7. The process as set forth in claim 1, 2 or 3,
further compriSing the step for generating an N~dimensiona1
color space, of: '

encoding a plurality of lightwave components as
s the set of attributes.

8. An-apparatus for visualizing a mixed-resolution,
;“N-dimensional-object space, wherein an object descriptor
for a set of attributes defining dimensions and resolution
levels in the object space is specified, comprising-
S . . means for inputting to said apparatus the set of
attributes;
means for generating from the set of attributes,
frame and frame data for the N—dimensional-object space,
means for interleaving the frame to generate an

e
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object descrlptor,
means responsive to the frame and the object
deécriptor for generating dxmensxonal-spatial locat;qns_of '
said N—dimens;onal-object space; | | R o |
. ' means responszve ‘to the frame data for generating
an object selector for each d;menslona1~spat1a1 locatxon in
_ sald N-dxmensional-object space; .

_-means responsive to sa1d dimensional-spatial
locatzons and said object selectors for generatxng a
vzrtual image of the N—d;mensional-object space; and
| : neani for selecting a reg;on of said virtual
image.

9. The apparatus as set forth in cla;m 8 further
-comprlsing° E S T :
' § means responslve to said frame and said object
.'descrzptor for generat1ng resolution-spat1a1 locations for
. resolution levels of each of the N dimensions. fpr a

mixed—resolut;on, N—dimen51onal-ob3ect space; |
means responsive to said frame data for
-generatxng an object selector for each resolutlonospatxal
location in said mixed-resolut;on, N—dimenszonal-object
space; _
means, respbnsive to said resolution—spatial
locations, said dimensional-spatial locations and said
object selectors, for generating a v1rtua1 1mage of the
N-dimensional-object space; and -
means for selecting a region of said virtual -
image_. . . . ®

E 10. . The apparatus as set forth 1n c1a1m 8 or 9
further comprising: '
means for displayzng the selected reglon of the

—_—
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,_virtual imaqe of the N-dxmensxonal—ob)ect space.

11. The process as set forth in claim 8 or 9. wherexn

the said select;ng means further includes-
T ' - means for chaining bits in a particular sequence
' izforming a path for the selected path of said virtual 1mage.

_ 12. “The process as set forth in claxm 8 or 9 whereln
the sazd selecting means further 1nc1ude=-

e means for' suppressxng particular b;ts of sa;d
v;rtual image for generatlng a subspace. -

_ '-. 13.' An apparatus for generatxng a mxxed-resolution,-
' N-d;nenoional object space - using computing device,

ﬂcomprising. : . . _
' means for storzng data and commands ;
s . means responsive to the stored data and commands

'for generatlng a logical representatxon of the
'_=N—d1men51ona1, object space;
' ~ display logic responsive to the stored data and
. commands for generating a v;rtual imaqo of the
10 - N-d;mens;onal, object space;
display means for displayxng a visible
' representation of the virtual image.

-14. An apparatus for visualizing'a'ﬁixedaresolutioh,
N—dimensional—object'space, wherein-a speeified-frame and
frame data and semantic expreSSLcns for a particular set of
attributes definxng dimensions and resolution levels in the

_5 _ _object space,. comprlslng. .
' input means for 1nputt1ng the frame and frame
data for - the N-dimensional-ob:ect space;
frame logic responsive to said frame, for

"*—‘*;‘——-~——_~_*ﬁ
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'1nt¢r1eav1ng the frame to generate an object descrlptor,

10 for .generating, from said frame and said object descriptor,

15

dimensional-spatial locations for N dimensions, for
_'generating, for each d1mensiona1—spat1a1 locatxon and’ uslng
_f"frame data, an object selector, and for qeneratlng from
said dimenslonal—spatlal locations and said ocbject
selectors a virtual. 1mage of the N~d1mensiona1~object
. space; and o .
regxon loglc for selectxng a reg;on of said
virtual image. S ' ' -

,"15. The apparatus as set forth in claim 14 wheroin-
- ' ‘said frame logic generates, from said-frame and
said object descr;ptor. resolution—spat1a1 locations for.
. resolution levels of each of the N dimensions for a .
__nixndrresolution, N d;mensional—object space.

16. The apparatus as set forth in claim 14 or 15
further comprising: : s
memory means for storlng the selected regzon of
_ said virtual image; and ' :
5 ' ' display means for dzsplaying the selected region
of said mixed-resolution, N-dimensional~object space.

17. 1In a computing device, a memory having a v1rtua1
lmage-of an N-dimensional, object space, 1nc1ud1ng at leact'
dimensional-spatial locations, and means for select;ng a
region of the virtual image. " _ «

18. The computing device as set forth in claim 17
wherein said memory further 1ncludes having a vxrtual 1magef
of an N-dimensional, object space including
‘resolution-spatial locations.

——————
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19. The computing device as set forth in claim 17
further including means for'encoding:a plﬁfality of signal
components for defin;ng the dimensional-spatial location of

~*  the virtual 1mage. : :

20. The computing device as set forth in claim 18
further including means for encoding a plurality of
lightwave components for defining the dinens;onal-spat;al

. locations and the resolution-spat1a1 1ocatxons of the
5. . virtual image. ' '

21. A comput;ng dev1ce compr;sing' '
a memory; - R ' . :
‘frame logic for generat;ng a virtual image of an
_ :.N-dxmensional, object space in sa;d memory, - including at
5 . least dimens;onal-spatlal locatlons, and

_ region 1ogic for selectlng a regxon of said
v1rtua1 1maqe.

22. -The cqmputinqidevice as set forth in claim 21
wherein: B
o said frame loglc generates the virtual image with
resolution~spatial locations.

23. The computing device as set forth in claim 2i or
22 further including; |
means for encodlng a plural;ty of signal
component for defining dimensional-spatial locatlons of the
5 .:virtual image.

24. The computing device as set forth in claim 21 or
22 further including region logic for selecting a regien of

““i\i\\\\\\\\\\\\\\i\‘iﬁ\‘iﬁ“’
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said virtuai image. -

25. A process for:visualizing N-dimensional~color

.Space using a computing device such'as a computer,-the
'.fcomputing device-of'the'type”comprising means fcr‘stcring"
" data and commands, and frame logic respon51ve to the stored
' data and commands for generating a virtual image '
| representing the Nbdzmens;onal—color space, comprising the

'steps, using said computing device, of:

-~ inputting to said -computing device a: set of -
attributes including at least red, green and blue hnes,

generating from the attributes, frame and frame
data for the N-dimens;onal-color space; '
interleaving the frame to’ generate a color

generatzng, from the frame and the color

. descriptor, dlmensional—spatial locations of said

N-dimens;onal-color space,
~ generating, from the frame and the color _ |
descriptor, an color selector for each dlmeﬂs;onal-spatial

ﬁlocation in said N-dimensional-color space;

generating from said d1mensiona1-spatia1 ,
locations and said color selectors a virtual image of the
N-dimensjonal~color space; and

selecting a region of said virtual image.

26. The process as set forth in claim 25 further

._-ccmprising the steps, using said computing device,: of.-

' generating, from said frame and said color
descriptor, resolution-spatial locations for resolution
levels of each of the N dimens1°ns for a mixed-resolution,
N-dimensional-color space;.

generating, from said frame and said color
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descriptor, an colcriselector for each resolution~spafia1-
location in'said'mixed-resoluticn, N-dimensional-color
10 .space; | | | o
generating from saiad resolution-spatial _
locations, said dimen51ona1—spat1a1 locations and said
color selectors a virtual image of the N-dimensional—color
h space; and | ' o |
15 R selecting a region of said virtual image.-

_'27. ‘The process as set forth in claim 25 or 26 ,
: further comprising the step, using said computing device,
displaying the selected region of the v;rtual
5 - ci_ﬂimage on’ said display deVice.-h” L
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