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MIXED RESOLUTION, N-DIMENSIONAL OBJECT SPACE

enouun _INVE o
g This invention relates to an apparatus and method for

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

transformation of logical object descriptors or eensed
This invention also relates to an

| -apparatua and nethod for visualizing mixed-resolution, -

10

“N-dimensional obJect spaces, by projecting a

bit-interleaved object descriptor onto a plane;gnﬁbre

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

method for encoding spatial locations with a novel k—ary

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

'“v1sualization methods, the Hicroelectronics and Computer

COnsortium (McC) characterized the field of abetract

'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 v1sualization, as descrihed herein, also
means the mapping of sensed physical phenomena into a
logical space. For applications like exploring
high~-dimensional multivariate data ﬂ...vxsualization of

.concrete things iz not as important .as visualization 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
Visualization have solutions which are not arithmetic in
nature. Furthermore, the explanation of 'a particular
result is as important to an appropriate solution as the
result itself. 1Ideally, the method employed for solving
such problems should enable abstract_visualization of the
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appar at UWQ8188thod for visualizing nixed- resol ution, N-di nRGEUSIIOBES cct
spaces, mby ptoj ecting a b|t-|nterleaved objec% descrlptor onto a -pl ane.
Mor.e-particul arly, this inventton relates-to an apj

ercodi ng spatial |ocations ¥ rh a novel kﬁhry refr
OF THE RELEVANT ART | nassurvey of research. _:rebtions related to

vi sual i zati on net hods, the :‘M-.croel-ectronics and Conputer,: Cbnsortlun1(hKID

char act er i z @F e 1881¥iRg élﬁﬂ‘-?%ﬁﬁ ikseid - zé"c"ﬁ%ﬁ%@]&%%ﬁf‘(ﬁ 1 ogi cal
obj ect rel aBodleanifundticd Sipressionsdd ntpdriRRANGSSy dialT-Kridwn t he

Aot ract vi SHAMELR [, SuaR gl ¥ hor ci n. al 5o moans. he napping of
sensed physi cal ﬁhmiMnappnaaqhQ§ to devising a mechanical procedure
s .-for improving circuit design included a "chart method"
- developed by the Harvard Un;versity -Computation Laboratory,
" which is descrihed in a book edited by H. H. Aiken

'Ed code. DESCRI PTI ON

.'-,entltled, esis of Electro utir nd Cont ol
T uits, Harvard Unlverslty Press, 1951. In the article
10_3_1'f-“sketch for an Algebra for Relay and Contact Circults,? -

f*-;antqomerle suggests a graphzcal apprcach for reduc;ng
_”1‘flogic equations. uontgomerze Iy approach was developed and
_'fffextended by E. W. ve;tch 1n YA Chart Hethod for s;nplifylng
S C:fﬁ'Truth Functions, " :
15':1*141_gggg_;ng_uggn;gL;x Richard Rzmbach Assoczates, -
. pittsburgh,1952, pp. 127-133, and. later by Maurice xarnaugh"
in "Tha Map Method of 8yntheeis of cOmbinational Logic
Circuits,” A;EE_I:anggg;;ggg, Part I, Vol. 72, November
_ 1953, pp. 593-599. :
20 . - Karnaugh describes a method for'napping abstract
representations of circuit inmputs into visual space. The -

. Karnaugh map, often called a k-map, 1sfa widely known
technique for visualizing logical expressions based on a
two~valued Bdolean algebra. Entries'reptesenting circuit

25 - inputs correspond L
' ”to a position in a k-map derived from visualizing 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 '
30 . - 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,
3s that is, one bit position in the case of binary Gray
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nulst i vari W@ WAB . i sual.i zat.i-on of concret e things is ndfC'GBJS”/WHS
ifportant as V|suaI|zat|on .of-abstract entitiés:" Ln such applications

% .... the problem of what .9, represent and hom1t deliver the :
representation are the key whi l e photoreahzﬁnls not as inportant. A
significant class of problens’related to abstract Visualization have

sol utions which are not - nmetic in nature. FEutthernmore, the explanation

of a particul §odessul B GXaf Godpritmaid th Ao T s Hirst andslast
result .itself'soldtirds diTE et iiP bt ohe Guatit i | MUK va'E) PERELITBe it

shouid enable -abstract. visualization of the
describes a path. Each consecutive codeword in a binary
S Gzay code can be represented o _
. 5 " |y the bit position that_changes; Given an initial
L codeword and a transition'sequence the entire set of
codewords can be generated. U.S. Pat. No. 2, 632 058 1ssued .
" {o Frank Gray distinguishes between a primary form and
secondary Var1ants of . the reflected brnary code.
10 . - "' Because this code in its primary form may be built up
. %" from the conventional binary code by sort of a. o
reflection process and because other. forms msy in turn
be built up from the pr;mary form 1n similar fashion,
o the code in question. which ‘has as- yet no. recognlzed
_15?3'3f7 " name, is designated in thls spec;ficatron and 1n the
o L 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
20 'f"blnary 3~-cube onto a plane as.a k-map, described by Clare
o in Designing ngjs_ezs_em_LLms_s__s_uggem_e_s_, 1973, |
"3'ncsraw-11.~.11, NY, pp. 14-15. : '
FIG. 2 is a prior art representation of binary n-cubes
.ae.k-maps, show;ng a O-cube k-map 200, a l-cube k-map 201,
25 - a 2-cube K-map 202, a 2-cube k-map 203, a 3-cube k-map 204,
,and a 4-cube k-map 205. ' The 2<cube’ k-maps 202, 203 are
~ different representations for a tWo-var1ab1e k~-map shown by -
.Kernauqh in the article referenced above. Such alternate
{ - spatial representations are inconsistent with each other.
30 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
35 oi FIG. 3A correspond to the grid cells 301 of FIG. 3B.

This Sheet Has Been -RTlaced '

T




r i LS

W6-FEB-1936 ©9:31 FROM  MAGUIRES i I puouaennues
- 2- prqpb%g%llgl ng process: itself. The si npl_i ficat I.on -of POIWBS!IZIGDZIS
funeti on expressions is a pantlcularly mell-knomn exanple of such~probl ens.
Early approaches to devisi-ag a nmechani cal procedure for inproving circuit
design included a "chart nethod" devel opedgby the: Har vard University
Conmput ati on Laboratory, which is described in a book edited by H H A ken
entitled, Synthesis of Electronlc Conput i ng and Control. Circuits,. Harvard

Uni versity Fﬁﬁéslaggiingtﬁé ] 'abtlFte."Sbeﬁshafaumpﬁlﬁhgahmanfot Rbeay and
Contact CerUIéﬁod of FIG 3 . Grid cells 301 1n FiG. 3B are
.dlstingulshed by regzon identifiers 302. -Grid cells 301 1n
FIG. 3B wlthln a particular reglon 302 have a 1091ca1 value
5 . of one for the bit position in corresponding map cell 300
names of FIG. 3A. :
' FIGS.: 4AP4B are a prior art method of vxsualizzng the -
' binary 5-cube and the bxnary 6-cube as kdmaps. Clare, in
the reference c;ted above, shows the 5-cube 400 and the '
10 'G-cube 402 copied and translated to the right 401 and
’ Ldownward 403, respect1vely. o L
"FIG. 5 shows a dev1ce proposed hy Karnaugh to
visual;ze the synthelis of a network of six variables:
. [Tha th:ee-dimensional cube] ...consists of four : |
15 : | :G-anh plex;glass sheets supported at 1—1/2-1nch _
o  1nterva1s by rods.... In using it we employ movable
" markers.... The extension to. seven varxables is:
probably best accomplished by placing two cubes side
. by side.... Eight variables can be handled with a set
20 -~ of four cubes, and nine variables 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
25 formidable.
' The applxcation of k-maps for problems of more-than
four variables has been described in the llterature_as
tedious; therefore, the k-map's utility is generally.
limited to the_int:oductien of ideas about logic circuits
30 and their synthesis. An article written by J.P. Roth and
entitled, "The 5yntheSLs of sw;tchlng Systems I.,"
1:ggsact;ogs of_the American Mathematical Society, Vbl. 88, _
No. 2, July 1958, pp- 301-327, describes an alternate '
topological representation of Boolean functions called the
35 cubic notation. Although Roth's approach is an improvement
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Mynt gomer WeOIXigEa3sI s a graphi cal’ approach for- redum ng | ogi c EEE!APP‘%%(B“"‘
Mynt-goferi e''s approach. mas_developed and extended by E.°W Veitch in "A
Chart Method for Si mpl i-fyi ng. Trut h "Functi ons; ™ Proceedlngs of~t he

Associ ation for Conputing.-Nachinery, RIChaPH-RIWbaCh Associ at es, . '
Pittsburgh, 1952, pp. 127-133, .and later by Maur i cé. Karnaugh in- " The Map
Met hod of SyntheS|s of. Cbnbrnatlonal Lagic Ci rcuitsy Al EE E anﬁ ctlons

Part 1, Vol. &ler\Eaenaugh n3thgpmesbaniggtion °fK§PH gan

met hod for o repropaahat beNmort thatiiat fuwpmﬂahkemmal
space. The Eggﬁé gﬁggék?agftgﬁgcalled a k-map, is.a mndely known. t echni que

for V|sual|Z|mgtIB§hé&V3§%&reSS|ons based on a t\io-val ued ‘Bool ean al gebr a.
Entries representi gg girtdeile prm and @potcaldworkssiktisoNetvwerk- nap

?gf:;%d from uisyall ZhA0sbhe ApHIicAt gL hrkdiniHohd GHAr Rariibughmap
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 afsoiplines. The_"virtuel planar representation" ‘of a
0 '-.tnree-dinensional k=map is used to study "celldwork |
| - topology" from a network polnt of view, other przor art ,_'*
ahstract v1sual1zatxon methods include mapplngs of .
'.hkgh-dinensional multlvariate functlons, presentxng a
. uwo-dimensional view of - a function of many variables. In an.;.
15 farticle by Patrick et. al., “Happing Hultid;mencional sPace‘
) . ho-One Dimension for Computer Output D1sp1ay," ;Egg_ S
o - ' Voi. C-17 No. 19, 1968, p. 949,3-
the following problem is - presented‘ Lo :
- o *Consider ‘the problem of displeying a real-valued _
20 : o funct;on £(x1, %2 ..., x(n]) of [n] real var;ablee on
- a computer output dlsplay. ceo 1f [n]---1, it is . .
“;clear ‘how f(x[{n}) can be prooessed for dxsplay on a
.two-dimenslonal screen; but zf [n] > 1, the requxred -
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._f
'~ 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._ srihar1 in his art1cle.
"“erresentat1on of Three-Dxmensxonal Images,l ggmgg;;ggf
' Surveys, Vol. 13, No. 4, ‘December 1981, pPP- 401 & 405,
35 dascribes symmetric recursive indexing as a method of
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t wo= di nengl resentation of_this space mapped. ont o the g&, :
ne’ P‘é‘gg?)%é,ﬁo gr awn r om

pl ane by each axis with a binary Gay code-—lnferences

this visual Tepresentati.on of Ioglc expressions ‘uswal ly result in a
reducti on of the canonical expression A wel | - known aspect common to
all Gay codes is that consecutive, codewords differ in only one quantum
interval, that is, one bi t- p03|t|on in the case of blnary G ay

-3- partitioning a¥dglume
Images thatﬁare produced by sensxng objeots through a
form of . radiant energy, for example, .-sare lnherently

, oontinuous. Computer. representation of_3p inages
5 .~ requires a sampling of the volume to extract a °
' ' discrete'set of values.... .The cubic space is |
'-_fsubdzvzded into eight subcubes (ootents) ‘of equal
' volume. .Each of these octants will either be . |
- lhomogeneous (e g., unzform attenuat;on) or have sane__{“
10 SR _nohuniformity. . The heterogeneous octants are furthor;'
o 3"'ivided'into 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
15 : . representation and visual expression of . object
' relationships. 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
20 | representation of objects on the screen of a numerxoally
. 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
25 '...a process for controlling a display device to
" represent a three-dimensional object such as a
' workpiece, wherein the representation is based upon
" ‘data and ‘commands stored in a computing device guch as
‘a computer. B |
30 ) As machine and process operations beoome more
specialized, controllers that are capable of adapting to
changes'due'to,unforeseen application requiremeénts or |
-further sp_eciél_i.z_ation become necessary. Federico and _
Webster in U.S. Patent No. 4,475,156, entitled “"Virtual
35 . Machine Control," teach that "...a totally hardware
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codes. A Gray code is said to cycle if its flrst and | ast codewords differ
i n zonl y ZorWORMIA i nterval, otherwise it describes a path. PEIHUS92/00218
consecutive codeword-in a blnary Gray code-can be. represented by the bit
posi tion that changes: G ven.an initial codemord'a d a transition sequence
the ‘entire set of codewords:ean be generated= U.S:iPat. No. 2,632,058
i ssued to Frank Gray distinguishes between a prlnary for m and secondary

variants of the reflected binary code: Because-this code in its
primary form@epteelder| to,provides thesenfeatures: 18, af temn prphiRitiRe sort
of a ref inglegiblegcand mmgcauaeobubﬁ\e aths prdpr Aaritlidontrolde

questi on. v PhEFade £ kel oF abprcirugte A8ty anl® i 'Y, 11y
spec|f|Cat.onsqﬁglcﬁentemechanxsms to support appropriate modularity in
« 5§ ~ the firmware. Other prior art controls require a detailed
-knowledge of the operation of the control kernel for
'uusage._ Further problems with pr;or art controllers include
__-ja general lack of appropriate mechan;sms for accomplishlng
l_rthe special;zed objectives. ' '

10 R Heath in an article "The Hyperoube- A Tutorial"'

- 'overvj.ew. Bmmmumwgrs_l_s_' SI_A!_*I.' o
'?Phlladelphla, 1986, pp. 7-10, teaches: S
.'”"...1n a hypercube (also variously called the binary
_ o N-cube, cosmic cube, homogcneoul ensomblo machine,_
lsf o . etc ), 2N processors are consecutxvely numbered (or
e e e tagged)_hy 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 ; d Topologically, this arrangement places processors at
L .. the vertices (corners) of an N—dimensional cube. In-
'practlce, 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 Cosmic Cube," Communications of
30 : the ACM, Vol.28, No. 1, January 1985,'p; 22, describes 64
. . computers'";..connected by a_ network of-communication-

' .channels in the plan of a binary 6-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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clalns as the 'reflected binary code.' Sone forns of thetﬂﬁﬂﬂﬂﬂﬂé&_
binary @5382 ”EE speci al advant agés over others for-particular

applications. - . FIGS. 1A 1E show a prior art nethod of unfol ding a

bicnary 3-cube onto a plane as; a k-map, dggcribed by.C are in Designing
Logi c Systeniuslng State Machi'hes, 1973, G aw Hi*ll ;. NY, pp. 14-15.

FIG 2 is a prior art representaflon of binary n- cubes as k-maps, showi ng a
0- cube k-nmap 200Q €, w04 dfagratbskaniipuzodinendiona k- map
203, a 3-cube k- %%20%82 188 Bfod 4 dfade

205 202, 203
are d|ffEHEhUPeE$MthnG§119ﬂsafBinéx¥mﬁ'€§£?ablE %ﬂnﬁﬁéﬁ% naps

Karnaugh in
the articleptgf ejenced pbgegredutd abtarnade 3pA0kal T epﬂéyéﬁF&Ppﬁng ar e

i 2o IRncAakc e FeRppeBH BT Cotheintng St 207
i ncgnsi stenyoedth The bingrgn#ocubneig ghewn( PAES 153 ed 004 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
.10 | " cube of "each dinens;on is obtained by replicating the one
o :of next 1ower dinension, then connecting corresponding
. nodes. The node. nanes resulting from such hypercube-[i
.3interconnection schemes correspond to prior art
'two—dimensional recursive indexing methods, sxmilar to the |
15 f. :method described by. Srihari in his article referenced
' " above. Recursive indexing has been independently :
discovered by practitioners in diverse fields. Recursive
‘indexing is not extendable to generalized. N-dimensionai
resolution, where the resolution of each dimension is
20 _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
25 _. 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

30 N Diagram: A Graphical Approach to Logic Design", IEEE
| ' 'I:EnéésEQSEEiJﬂlJ§2§2!E§£§. Vol. 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
3s coordinates of a hypercube onto a plane. The H diagram
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FIG "3A shows a four-variable Karnaugh map encoded by |abeling each axis
wit B a bi naW 93/43330ode. Map cells 300 of FI G 3A correspond tlacrmssgvmns
cells 30L.of FIG 3B. . - L=

F‘: -

10

20

25

30

35

1T S : : T 4-

_?9*'

netho@foffuieualiainc 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_g_

;and cnossbar 1nterconnect switches on a grid with parallel
. .decoders around the chip perimeter as a simpler alternative-l
"'fto a hierarchical decoder. sivilotti also refers to :
'"_ﬁndirect element name (switch address) transformation as -
" the -...mapping 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
5'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 .

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

. 1980,pp. 254-261, in relation to reproduction of color on a
'tﬂleVI?IOH 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.
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The I'abeling method of FIG 3B is a sinplification of the ngﬁﬁ@QF@

3A. G i gV §h g1 in FIG 3B .are.distingui shed by Tegion identi ygpg#g%z.
Gidcells 301 in FIG 3B mnthln a particular region 302 have a | ogi-eal
val ue of one for the bit p03|t|on in corrfapondlng map cell 300 nanes of

FIG 3A : FI GS. 4A-4B ar€“a prior art met hod of visualizing the binary °
5-cube and the binary 6-cube-as kimaps. Clare, in the reference cited.

above, shows the,5:cu 0 :andy qﬁﬂﬁi qua t th
ri ght 481band do@ﬁ\ﬁa %%3%8’ J'rq’gs é‘hllve gﬁt :g:lgl &%ﬁﬁ %Q;VJIS;%—O ©
propose y Compiybexh Graphiias ASEGCRARH ‘ ra ’

vari abl es: descr[i.ﬂ%% elee MY Qs Ol¥dtuttdicion,. avE Jslve)OThdseone,

6.1 neh Prex fisse Sl Q! Al sl B1al6l o wnddl * 0 el 700

In using it
5 « white point is a hexagon with vertices representing the -

colors at the vertices of the color cube.

- - D.F. Rogers in his book, gggggggra;_glgmgggg_gg;;
i_gggg;g;_g;gphigg, Hcsrawbaill, NY, 1985, pp. 403-404,
_descrxbes the HSL (hue, saturatxon, and 11ghtness) double
10 -~ hexcone. This color system is similar to the HSV hexcone _
: with the exception that the full colors are represented
. with a value of 0.5 instead of being equal to white._f;"'"
' Joblove and Greenburg in their paper, wCcolorx Spaces -
. for Computer Graphics, : ' (SIGGRAPH o
15 78), Vol. 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 -
_ same paper Joblove and Greenburg describe the HSL cylinder,
o which. expands the base and top of the double cone 1nto
20  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
25 their article referenced above make- the follow;ng
' observation: . _
...A problem inherent with any color organization such -
as The Munsell Bopk of Color thatuuses_a-cylindrical
coordinate system is that the spacing between colors
30 , changes as two radial lines are followed outwards from
the center of the cylinder. ...The idea is to define a
color system in which an equal perceptual distance
separates all of the colors. For example, the
grayscale of the system should provide a smooth

35 - transition between black white...such an ideal system.'
ThlS She ’
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mar Ker's. . wUlf718393ensi on to seven variables is pr obabl y PEEUS92/00218
aqcﬁnpllshed.by pl aci ng two _cubes side by side.... Eight variabl es can
be handled with a set . .of four cubes, and nine variables regquire eight
cubes. In the latter case it is conveni ent-ip=nake- . them spo as to stack
easily into two |ayers of four each. Beyond nine vari abl es, the nental
gymastics reqU|red for synthesis will, in general, be

f or m dabl e. Thasa u<ﬁﬁ|b§1ﬁﬂhﬂdJ&¢m for problens of nore than four

vari abl es has been S ef

k-map's utility |s‘rg‘? gdﬁ) ]10'):m<{]fbc# ei{tﬁéeslglrﬂ:[ u%%% o#%as&é oﬁtﬂ13
| ogi ¢ ci rcui t monddtorhgni MQEﬁSs ongqnacl @’Wﬁ-t t Fheycolers ckhat snge
entitled, "Thg Eplfag%% e On %ﬂé %ﬂ&&ﬁ%ﬁm;tnin msame opgoR (bheo.

Qggg}%ﬁgsygﬁhﬁnﬁ OCIety’ e nedtgwi aﬁ;gLH a EﬁiaéghafPll
from the black poxnt (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 fash;on as three-dimensional
‘geometry.. o _ _
. COlor representations used in computer graphics are
closely 1inked to both ‘the color reproduct;on device and to-
a nethod of color. select;on. 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 exanplc, require uniform colors spaces to select color
scales.  In the prior art.color systems referred to above
- | ,.'the plgment gamut used to derive color spaces is generally
26; emaller than the gamut of a color monitor and the pxgment
' .gamut is irregular. According to Meyer and Greenburg,
‘referenced above (p. 260), "...this makes it difficult to
f£ind color scales that incorporate the most brilliant
monltor colors."
25 S Rlchard Perez, in his book Electrgg;g Dlsg;az Dev1ces,
' .. TAB Professional and Reference Books, Blue Rldge 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.(compcunds'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
This Sheet 1y
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t opol pgi O RNéEA3E3ent ati on of Bool ean functions called the cPOTCUSHEVBOZBN.

Al t hough—Rot h' s approach is an inprovenent. . .. over Karnaugh in the
mechani~zati on of Bool ean functions, visualization of problens of nore that

a feM/varlabIes i s not achlevable ‘12'

10

15

20

25

30

35

“capable of 255 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 eye is not
-capable of discr;mlnating many of the small changes in
.color so that the viewable palette has many fewer colors.
-In a chapter ent;tled, *Color Dzsplays and Color Sclence,

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
different 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 Lndustry experzmented with four -

or five primaries but concluded’ that the-improvement

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

\

This Sheet
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An-articl egyhy d Fu, "Cellwork, Its Network:Duals, and So

Appl_J cat i ons -- #%fj;e "Di mensi onal Karnaugh Map and Its Vi rtual pﬁm"“’m
Representation,” Information Science, Vol. 24, 1981 .pPp. 93-109, is
representative of various attenpts to generq¢|ze K-‘map met hods to ot her

di sci plines. The "virtual pl anar representéT:%n":of a theee-di nensional -
k-map is used to-study "cell-work topol ogy” from‘a networ oi nt .of view.

ah i o - g
o e or T RERRG7 b1 8U8kLA L ORoUBRIOUL) A° LISECIIRN I e cxom,
of a function Eheniﬂyutafihﬁregoolﬁnﬂnfapﬂscﬁvesyfpstﬂa&klsmgtﬁs intﬂhgtng

Mil ti di mensi orebeéaﬁﬁﬂ bAt6NL i be¥BNINOB i&heserfa%ﬁs» %bn%g;sD iﬁh@’eﬁ- =1y =

Transacti ons on

problemis pre¥ °u£phtﬁoH§FﬁeFe?ﬁ€‘BFObgbﬁl araﬁwm aﬁlng"’&‘lrcb&"maimgd
functi%®n f(xl, the five u@nt;engthe]702&b06aintblessdngle output at the

top fiber 700.
' In the artlcle “Integrated Optics," 4n gpg__g_gggr_g_
g_g& S. Parker, ed., Mccraw-ﬂill, NY, 1988, PP- 287-291,
g “streifer describes: light transmission in planar waveguidesﬂ
10 -  based on "...d:electric structures that confine the -
propagating light to a region with one or two very small
__*fd;mensions, on the order of the optical wavelength. .
f‘-FIG. '8 shows prior art prism input coupling 800 and grating
. ‘output coupling 803 of an external light beam 801 into a
185 __Vgthin-rilm wvaveguide soz. By reversing the incident 801 and
- output 804 beam d;rections the rolés of thé prism 800 and -
-e“gratxng 803 couplers are interchanged. Streifer further
describes optical lntegrated cxrcult (OIC) sw1tching and
modulation. appl;catlons.- - ‘ _ :
20 Both lithium niobate -and gall;um arsenide belong to
h 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
25 small voltages to the electrodes w111 ‘cause the
' ' transfer of optrcal power from one .waveguide to its
neighbor with high efficiency and little re51dua1
‘power in the initial guide.'i ' : .
FIG. 9 shows a prxor art "4 by 4" dzrect;onal coupler
30 '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-epaced
vaveguides 903. Such an optical integrated circuit serves

35 to intexconnect four computers through optical fibers.
This Sheey '
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a conput display. ... If [n] =1, it is cl earpep}ﬁ t
can be pg&%g#!for display on a ~ t wo- di nensi onal ._scr een; %997405 n]">
1,. the required processing is not as obvious. .. Patrick's approach

to~di splaying a two-di mensional view of ?I mensional functions for n > 1
est abl i shes a one-to-one correspondence b&fVeen t he N-di mensi onal domain if

"f" is bounded, that is, statically predetermned. ~'Prior art methods
ci ted above UEEL Py digs Vi qsﬁ [ € s,gga fq
| ogi cal obj esgh O\I\é\% e'.u'tphe rﬁggﬁ“ ar%ﬁﬁ' SO tea eosf erréektcﬁ ‘?oreﬁﬂ is

| ogi cal replaemsorﬁbfwm%amm%?ﬂ 43 AnGoded (Arte an pptical
" Repr esent akjava .Of ABYG I | SRl 1 f e 0 afeferariced | diSovel) ey s, Pidse 13,
N e ree et b DTt Sfipty U5 TSRS 6 SGRMCSLERS' 0o N0
as a net hod
5 - 1ight wave in a manner intelligible to a rece:.ver. By
transferrlng 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 sw:ltch acts as
a 'nodulator. _ Aocord:.nqu, the forego:.ng disousslon
10 - of the pr:.or art. is representat:l.ve of the problem of
: ' represent:mg mixed-resolution, N-dimensxonal objects and
_spaces A long felt need has ex:.sted for a solution to

th:.s problem.

s An object of the i.nvent:l.on J.s to mecham.ze the
qeneration of m.xed-resolut:wn, N-dimensional objoct spaoes
. related to complex problems with a large number' ‘af '
Varz.ables, where the number of variables is not 1im.ted by
the method. _ : -
20 . ‘Another object of the 1n\rentlon :.s to generate
' -content-addressable object spaces. .

Another object of the invention is the product:.on,
interpretat:.on, and manipulation of a novel form of a
reflected Gray code referred to herein as the k-ary

25 . reflected Gray code. '
A further object of the invent:.on is to ropresont '
sensed physzcal phenomena loqically. . . |

An additional object of the invention is to mechanize
the visualization of mixed-resolution,' N-dimensional object_

30 | spaces related to complex problems with a large nmnber of
' variables, where the number of var:.ables is not lmz.ted by
the method. -

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

e
. ———————
-
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partl | ONI NOwigy 9P EI81B: | mages -t hat are produced by sensi ng pi/e8H2/00218
thrdugh'a_ ° formof radiant energy, for exanple, ...are inherently

cont i nuaus. Conput er representatlon of 3D i mages requires a sanpling
of- {the volume to extract a .- discrete set_g§- values.... The cubic space
S . subdivided into elght subcubes (octant’s) of equal vol une. Each

of these octants will either be
: specifications and visual color sensations.

A further object of the invention is concurrent
control of a plurality of views of one or more ob:ect
h spaces. : : :
S';'_ o A still further object of" the invention is an
: apparatus described herein as the. kernel of a modular
- object description system.- . _
An object of the 1nvention is to dynamically control
e the logical representation and the visual expression of
10, object descriptions in an object ‘space. o
' . Another object of the inventlon is. concurrent control
of a pluralzty of trans1tion paths in an object space..
'An. object of the invention is concurront control of a
_ _' plurality of element relations 1n an object space.
15 ‘A further object of the invention is concurrent
o control of .a plurality of regions in an object gspace.
. An additlonal object of the 1nvention -is concurrent
| control of a plurality of object spaces. ' '
- "~ An object of the invention is to. control various types
20 of machines such as processors and memory, and to control
' related processors. ' f
- . Another object cf the invention is to control various
types of processes such as optical modulation and
demodulation.

25  SUMMARY O TON .
' ' | 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
- 30 visualization 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 1ndependence and device
transparency.

[

Sheet Has Been Reflaced
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hormgeneqvos(zmgls uni form attenuati on) or. have sone - nowgI/iSsTicny18
The heterogeneous ‘octants are further_ divided into~ suboctants. This . __
procedure is repeated as long.as necessary until we obtain blocks -
(possi bly " single voxels) of uniformgpigperties.- O her prior art

met hods seek to control the logical representation and_visual expressi on of
object relationships. US. Patent No. 4,721,952 entitled, "Apparatus and
Process for G aphBcsokgiiRgptes dine memmm@ahsomqm and.

Two- D ensi 0Baoadh 95 Hckd e Ber B! iah P oketisd 202 o geRlerafa M TasRECt i Ve
representation of szects on the s en unerlcally Qntrolled nachi ne
tool'. The obJésualizipg,mixed-xes "géﬂ“es Fﬂ?&ﬁ JESS SRAGES are
represent ed agingsai ¢omputing @dvdee sduchals |anmpwwrh¢s)ly:w:.déw.ber '

Idlmsfg?’;;/ogef/: @bm& aRp! %).r %’ vritceomay be of %hpe Q‘.%es Jo%rpn.sr}.t ro'n{e'aq?s a-

for storing data and commands, means for generatzng a
logical representatzon of the N—dimens1ona1 ohject space 1n_-
-~response to the stored Qata and commands, d;splay logic: for -
' generating a virtual. mage represent:.ng the N-dmens:.onal
10 -f ' object space in response to the stored data and,eommands
‘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 computxng dev;ce the
15 - .. ‘attributes and the computing device generating from the '
attributes a frame for the thimensional ohject spaco. . The .
bits of the frame are then interleaved to generate an R
_ -object descriptor.. 'Brom the frame and the object
- descrlptor, the computing device generates :
20 'dlmensional-spatlal locatzons of the N;dlmens1onal object
'space. The computxng devxce also generatas object selectors
" which correspond to interleaved frame data for each
dimensional-spatial location in the N-dimensional object
ﬂspace. The computing device generates a virtual image of
25 the N-dimensional object space from the d1mensxona1—spat1a1 _
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
30 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
35 object space. Subsequently an object selector is generated

g*ﬁ—\

—_—
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r epf-esenfgcpeisfg- di mensi onal obj ect such as a morkpiqugnnﬁﬁnﬁhngghe
representation I's based upon .data and commands stored .i-h—a conputi ng
devi te such as “aTconputer. - As machine and process-operations

becone nore speC|aI|zed controllers that 19Le capabl e . of adapting to
changes due to. unf.oreseen appllcatlon reqU|renents or’ further
speci al i zati on become necessary. Federico and Wbster. in U.S. Patent hb

4,475, 156, %&bht e 'M&ﬂawmﬂ%@tﬂs&oiutmpiiﬁai logatdbnl l:.h
hardmare  the mxxed—resolution, N-dimensional object spaoe.-va
'svirtual 1mage of the N-d;mensxonal ob)eot space. is
?”generated from the resolution-spat1a1 locations and the s.
5 '_,j'dxnensional—spatial 1ocations._ A user or an applicat1on
o :;procednre selects a reg:on of the v1rtna1 image._ The_ o
'process may xnclude usxng the computing device for ]"n" L
- dxsplaying the selected reg;on of the virtua1 image of the n'
}-mixed-resolution, N-dzmens;onal obJeot space on the d;splay
10 : ~\'means. SRR . Coee .. L : SRR
o ‘* Tho present invention alternat:vsly msy be embodied as
~ an apparatus for. gensratzon and v;sualization o! ' ,
'fmixed-resolutxon, N—d;menszonal obgect spacss. In ths ease'
_ of user object descrxptxon, a’‘user speclfies a partzcular o
15 "-_set of attributes defining. dimensions and resolutzon -
< "levels.  In the case of an appliostion—driwen objeot
'description, an applxoat;on procedure spec1f1es a
 particular set of attributes defining dimensions and
resolution levels. -In the case of sensed physical
20 phenomena, such as electromagnetlc sxgnals, the apparatus
. transforms analog signals into a digital form which
specifies a part;cular set of sttr;butes dsf;n;ng
dimensions and resolution levels.
" The apparatus includes means for generating a frame
25 .  ¢from the specified attributes for the_u-dimensional object
space. Means for 1nter1eaving”hits-generstes.sn'objeot
~ descriptor which corresponds to interleaved fram;'data.
- Using the frame and the objact descriptor the present
invention uses means for gene:ating dimensional-spatial
30 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 cbject
saelectors are used_to generate a virtual image of the
35 'N-dimensional object space. A region of the virtual;image

This Sheet Has Been Replaced
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-7+ controller to provide these features is often prohibitive,
i nfl exi bl e, WOP2H0MB| y. " Problems with prior art contr ol RCTYURSRAGERS o I_ack of
appropriate nodularity and a Lack of sufficient mechani sns to suppart '
appropriate nodularity in t hefirnmnare. her prior art controls require a
detail ed knowl edge of the operati.on of A& control kernel for usage.
Further problens with prior art controllers include a general |ack of
appropriate mec heRedastadhr Dismlompheans mey e bpe the | sededtesh pegidnyes.
Heath in an art bf|the" Fhetul) piicrebef the THHdINRAS oDk obij@vt "sgdgper cube

Mul ti processors 198&1,93#%3{&3 b2 deleD P ésent OBkrenlion audfeidndlLyes:
°  may include means for generating resolution~spatial’
5 locations for I:Hsu'l,ul..l.un lavels of each of the N dimanecions
“ Zor a mixed-resolution, N-dimensional ovbject space using
the frame and the ob‘ject descriptor. The frame and ohject
descriptor | : : 3 o
are used to gonera'u an object coleotor for each
10 ~ resolution-spatial lgca‘;zo_n in the mixed~resolution,
N-dimensional object space. Using resolution-spatial
locations, the dimensional-spatial locationms, called objact
eeclcootors, a virtual .'unage of the N~du|ens:.ona1 object _
_ o space s goneratod, and: neans is prov:.dcd for selecting a -
15 region of the vi.rtual ‘image. Frame ‘data’ for a particular |
object are used to qlnoratc a Hinglo object selector to
Teference a particular locat.iun in thn mixad-msolution,
- Wedimensional ebject spnce. - ’
_ an iuu:u-ativa exampla of the present i.nvent:.en ,
20 rvelaves to. color perception, color specz.f:.catxon, and col.ar
_ spacern; and, in particu‘lar, to t'he production and
- o visualizatian ol uniform: colaor spaces. - A color naming
method for controlling RGB values hy imh.rm,ux specifying
BGD signal voltages and v:.sual:.z:.ng the ‘resulting
25 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 :.nvent:.cn, is the process by which the name of a
3U particular color experience is encoded for both the purpasa
of uniform color selaction and the purpose of reproduction
on an electrxonic display. The system of colox
representation used to form a uniform color. Space is to.
name colors in terms of the additive relationz of rea,
3s - green and blue. The resultant RGD system specifies a trio

—_—
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-.1n a.hyper cvd8/(B1x0 variously called the binary RCTAUS2R/002t8 11 C
cube honogeneous ensenbl e nachi ne, ~ etc.), 2N processers are
consecutively nunbered (or tagged) by binary integers (e.g., bit
strings of |l ength N) from O t hrough 2T Each processor is
connected to all of the other processors whose binary - tags. di ffer from
its own by exact!| pfordubstranging fEOpOs @i Lot PR tdilDoRITANgEMERE Ph@CES
processors at thidte prindriees (TR’ 86Tdy) réfatiBndhifs ot eaal1tC¥hem I N

practice, the actyakunedyOitie RE ntéﬁeEﬁ%essomnhsaﬁa amec# hgﬁé’éucirgénge”e”t
pirlnge “ ard. the

in a card cage.oryg. Rl -ARMn of § LOSTBR o0 ?t

cube onnect | on W'Ir es condu

backpl ane. 5 18;"%[‘)’ afs %‘iiggr%‘fﬁ? o’F"’ﬁ"‘EFha‘g\? tel ‘buﬁb“éﬁ’@ﬁded in
accordance with pFP?ﬁif&Ff sploghdineshly da rexpenef Hehes el@irigal n the arti cI e,

"The Cosnic Cube, actdyrityntiatt tbespetification will induce. In the .
. reference by Murch, c¢ited in the pesgriptian og_:hg_zzint_
_ ‘Act, the dittieul.ty of speclfying add:ltivc colorx '
10 relat:lonshlps is discusseds :
- ~ eesFor znd:viduals unaeretand:.nq the nuanues ofr
A .additive eolos.- mixture, the RGB Syetenm is eomfortable,
. «se BEven tor those individuals with a claar ;"- _
'undarstanding of additive color, the location lnd
s propetr specification of colors within tha :lntertor ot
' the cube, when .some real value for all three priuarlesf
is . required. pzuves aifﬂ.cult. Inagine selection: of a
. 'ned:.um b:oun. for exanpl-a.  The greatest dlff.i.cultr is .
N . encounterad when a eolor of proper hue and brightnecs i
20 .. has been locutasd and a shift in saturatxon is '
' ‘desired. -Such a shitt would require a .
, _ disproportionatc change in all three values.~ _
— : : The novel method for qeneraf:mg, controlling and
_ visualizing the distribution of perceivable colote in a RGD
25 color mpace is described below. - A primary aspcct of the
S me.thod disclosed herein ie that ‘the encoded paLl:ern of bits
which spcczfxes (phys;ca1) RGB s;gnal voltngos also
{loyically) names a particular location in a displavable
_ _uniform ocolor space. another aspect of the method
30 disclosed herein is that the logical naming method of
_,anenfion iliustrated by the color space example may be
generalized to include a novel method for optical

modulation. :
_ Additional eb'jects nnd advantages of the invention m
35 =et forth in part in the descrx.pt:.on which follows, and in

il
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. connect ed by'a netmnrk of communi cation channels in the .plan of a ™~
The interconnection pat%grn of FIG-6A is simlar to that

b|nary 6- cube. *
used by Seit z.

Each node of. FI G _6Bis

- . part ARE obvious from the deccription, or may ba- learned by

1

: 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 drawings, which are incorporated in

aha cons'titutn a part of the specification, illustrate

10

-

x _k-aps;

'prrererred embodiments of the invention, and toqether with
. the. desc.r;ption. serve to explain the pr.u:ciples of :ne
inventian.
FIGS. 1A=1E are diagrams or the hinary s-nuhe
"unfold.ed" An accordam.e with prior art: methods;
FIG. 2 _1:, a prior art representgtion of n-cuhes_ as

FIGg 3A-3B arc a prlor art represen:atzons of

-,;four-varinbla Karnaugh map;

20

25

30

o FIGS. 4A=4B are a prior art represenl:ation or a binary _
' 3.5-cube and & binary &=cube; .

FIG. 5 shows a 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:unonrional recursive
indexing methods; - :

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

FIG. 8 shows prior art prism input eeupl;ng 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
ﬂui'l:ch, o :

FIGS. 1oa-mn are prior art dzagrams of a
fuur—dimensionul hypercuhc;

‘FIGS. 1u—11c chow an intuitive procedure ‘for

R
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FLGS. 10A-| 0B WRA¥1313i agr am of a four-di mensi onal hyper c FS8/USSYMNRY o

bi ndry. 4-cube. Each el ement of FIG 10A is-feferred to as a node 1000. The
di mensi ons of FIG |0OA are represented as—g | ink 1001 connecti ng nodes
1000. The bi nary 4-cube is shown partitjon ¥ 1004.-in FIG 10B as two
subspaces: subspace OCBA 1002 and subspace 1CBA 1003. ' Hyper cubes of
arbi trary di mensi genarating cpacks ugbakiad elevent hﬂ*angemﬂtﬂvhlmnt!}onnectl ng
wires (FIG 2). Thaumebprefecess ontorepaanss i s obtai ned by replicating the
one of next lower di mpagi G2 1kNeR160NAREEI G R IBSRK vaerNdeseikhe node
names resul ting f&&?ﬁ%%b RAREE WhRGs ﬁ:&eﬁ? sc(f,ﬁ]taness‘.{me o0 espond to

prior-art two-di nensigna rec rsive i ods, simlar to the nethod

descri bed By Srihari Fﬁchl:'? F@T’éﬁ‘é?%géd 8 AFI "M cur si ve i ndexi ng

has been independent| Fi@- 14 show; cxpressions of a one-d:unensimlal, obJec
* - Spacey '
PIG. 15 shows expteseianc pf a tvb“dimensional, objact.
space; o R S
10 - -FIG. 16 sﬁows_expzessidné of & tnraoédigensibnal,
| objoot space; . T T
. 'F1G. 17 ehows exprossions of a four-dimensional, =~
.object space; A - T
R | HPIG..18'shqws-axp:essiqn; 6fia five-dimensional,

- 18- object space; L S -
o - B :FIG; 19 shcﬁs prressions u:_a'signdinenelonal,'quect
‘space; T S

' FIGS. 20A-20C are diagrams of a X-ary one-dimensivnal, =
S obdcct space; . I -
200 - . . FIGS. 21A-2iB a:i di'agzims'¢.e',_4_-din&is_.i.oha1 objact
L .ﬂpaee.; o _ : . o
'FIGS. 22A~323B arc diagrams of a nixed-resoluonn,;

- . B ~ 4-dimensional object space der:ved from a binary.
o 4-dimensional object space;
rE R ' " 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. 28 shows a tunctional module ot an obJeet
3¢ description system; :
PIG. 26A-26H shovw tha ohjoct space configuratione
formed by the 4-bit frame logic module;
FIGS. 27A-27C are dingrams of an eight-element. RGR
. onlor space. : s : . ' :
35 PIGS. 28A-28C are d1agrnms of a sixty-tour-element "RCB

—_—
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di scQvered bwomassidtioners in diverse fields. Recursiveari#axMdRis not
extendabl e to general i zed N- di nensi onal resolution,. where the resol ution
of each di-nension is permtted to differ, A hypercube when projected onto -
a plane usi ng the nethod of recursive |na%X|ng is‘routinely referred to in
prior art literature as a binary n-cube. This binary space partitioning
procedure, howeweler apaesgl |y describes an k-ary 2-cube, that is,.a
t wo- di nensi onal spaggeWdsh-ké2 dhbl raahrigmakpd irerwéaenr each di mensi on, whose

fel errfntts ar teh' ”%ﬁ%@ﬂﬂﬁélg‘idn@f abAfa.wh Qz%&gbﬁgtslimlh@%}lﬁg' cal anbi ?uity
rustrates the mec ‘%lzal n_Qh. L gg%'l'ﬁ" B si ona
spaces. I\/arlhugﬂéé'n ﬁ%% t iei'r A adram A -
G aphi cal® Appr o#gh W %l‘@oﬁ%l"@ﬂ ol pR¥FORPh A%t i ons on Corputers, Vol .

C-20, No. 20, CctobdTC8oBIA-PIS @m@ormeewms. pt spegt¥Adet ri ¢ nodel which
is intended to ihtdnzlitjodiovet e rangd i valubs bioxangch lpn-a.haqnuaThel r

. detenuinad in a B:I.xty-faur element RGB color space.

10 ' Reference will now be made in deta:.l to the present
a prefer:ed enmbodiments. of thae. invant:.on, examples Of which
are illustrated in the accumpanying drawings, vharein like
reference numeu.—ale- indicate 11ke elents throughout the -
L several views. - ' :
15 Given the ini:el.'leetual process cf system descrwi:ion.
. the present invention mechanizos a novel roprocontation of
that gystem's daccription. oaject descripcj.onc have
_meaning, ‘that is, they refer to or describe some syst-mn
. with certain physical or conceptual proparties. '

20 ' -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 ocbjects may be _a'.pa_r'ticular coherent
light cource described’ in terms of its lightwave :
25 . components, which defina a signal spaca. The significant
' aspect of sysbtem 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

30 one which will actually be chosan sinca this is unknown at

the time of design. - '
The process aof the present invention enables
' representing sensed theJ_-cal phenonena logically and.
.1o§ica1 objects visually. Moet of the prior art methods

This Sheet Has Been Replaced
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met hod i:s bas@eg@paslgonetrically transformng the coordl mmessmnas
hypetr cube onto a plane. The-H di agram

-O- met had of visualizi-ag the coordinates of a binary hypercube by

t ransf or ni ng its coordinates onto a pl an&3¥s not extendabl e to general i zed
N-di nensi onal space, where the

relerred to in Description of the prior Art scught to -
- visualize some aspect of a probl em-solving process by
. ©  mapping logical objects onte visual space.
" Most prier art methods assume visual space to be the '

S cartesian space, in that, logical objects are mapped onto
the real line, the plane, or thea cubic space.: aAn object_:"g
location in visual space, accordingly, is metrically o
determined relative to one or more coordinate axes. Werein.
‘lies the principal departure of the present inVenﬁion from
10 . these prlor art methode: the method and appatntus of the _

: presant invantinn dnfinn A novel form of object space, oueh-_
that, object location in this objacl space is laglcally. Y
.rathor than maetrically, determined. Other prior art P
o 'methods reforred to in Description of the Prior Art sought . -
1S .. -to visualize soma aspect of the problem-golving process by
' recursive indexing on some variant thereof. Such prior. art_j'
" ‘methods, howaver, :Int.nl:mima 1ocat.|.on= by deconpoaing a '
'donain. o : : : o
. ' _ The process uh;eh £orms an obnect space is directed hy'-.'
20 object . descriptions in. aceordanee with the method of the .

' ‘present - invention. oObjact expressions are reprosentad by a’
unique binary-coded name which directly correspond to a
position in the object space of the present invention. The
present invention is first described as the method of .

25 reﬁlecting ‘binary N-dimensianal cb)ect spaces. Then the
present invention is described ac "tho qeneralized method of
raflecting mi.xed—resolut.i_on, N-dimencional object epaces.

The process of the present invention results in an
. interleaving of the N-dimensions. Bit interleaving_ is

30 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.

35 ' data base of multidimensional point data dynamically.

This Sheet Has Been Re; ﬁ
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resol.ution ofweeaetis@di mension is pernitted to differ. Si VircToiido2/0n118 2 paper,
"A Dynam call'y Configurable Architect ure For Prototyping Asalog Circuits,

i n Advanced Research in VLSI, Proceedings of the Fifth M-T Conference,
1988, M T, p. 248, describes a binary H®f2e hierarchical interconnect
structure used to physically placé | eaf cells and crossbar interconnect
switches on a grid wit hestny &bl Rigageaader soi-aide] UbPelGohpage sedRdler as a
sinmpler alternative §18q2;da8! arghissad ﬂegq}g;,baé‘g,wimral $¥3rt€fers-to

i ndi rect el enent nane (svm tch ég%r ﬁgs)th“;_q’rﬁ g?tm; & ‘pin%d‘% Qx%t" . mappi ng

bet ween hi er ar chi cal®¥ P8 r1x coord] na ™F Cartesian
coor di nat es perfornﬁf"ﬁ?”'t%°€?ﬂ?é&ﬁ?’r¥ OB FTRFRt computerse, S ety is a
percept u#® science wiemphexityddepends Prathe Hist:al trymar Al Pithdm ¥ human
visual system perceikegs-col or. This study of perception has resulted in

various-systems of Qricisd QRESERALALIRARIAARE of 1RAGAGcled dataCR
essential to the visualization procass deuc:ihcd herein, an
enbodincnt of the invention is describad as an apparatus

- 10 . with a virtual conpcnent. Before describing am eubodment
' ' of the invention in detail the follouing terninology is
dei’:med--- - :

1. Object: a structural and/or behav:.oral expressien
_ ;. c£ some realdworld or imaginary phcnemcrion. - - .
15 - B :Ohjeet descripror: . ‘a collectiocn of attributes which .
' describes ‘a schema for a particular kind of - objact '
e:cpression descr.l.hing the uhjact space... :
. '3. object selector: a cvllection of attribute values
. ~ associated with the descriptor of a specific object
20 expression, defining a location in tha objcot space.
4. Object space: a bit-intcrluved upruentation ot
an objsct desariptor.
5. Ohject name: a bmary-encoded representation of an
ubject selector in an ob:ect space. .
25 6. Visual space: a space of object nanea projected o
’ onto a plane. :
7. Dimension: each attribute of an objcce descoriptor
‘oorreeponds to a dimaension in both object space and visual
spaca. S ' .
30 8. Dimensional resolution: the range of values
' associated with each attribute of an object descripter.
9. Quantization: aseigning a logical digital code to a
range of values.

10. Frame: describes the format of an cbjact Y
3s descriptor, where each attribute (dimension) is denoted by
-—
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prob] ems assodiuaismi th subj ective color selection and rBgfOIENTBn.  six
color syst—ems often used in association wth cenputer-related information
di spl ay-include: the Minsell color systegg HSV hexcone, HSL doubl e
hexcone, HSL doubl e cone, HSL cylinder, and the RGB color cube.

Munsel | col or systemis described in an article_by n ee burg
entitled, "PercebtBdl febicyed ;L€ F&P’?ﬁ?ﬁbf%r%%xggnﬁ gé% fg
G aphi cs, Vol . I1xesoletidh. 1980, pp.. 254-261, in relation to reproduction of
color on a televisi Oﬁhéﬁﬁ‘ﬂa&ﬂﬁt mvent'ioaep&asbimge whpeseddsnget | renot ati on
ﬁgh?{iraged ey jﬁﬁ bl-&némsm?aﬂmsnjeee drncl ﬁénﬁuuc&w@mgf t)heh o
o r ave
"hapecaarige i U8 Gupbiid. e commting S AP Res

| rregul ar Shapes an ype mpt:.s:.ng means %or storing da
'neans for generating a logical repres_antat;on of the -
‘Nedimensional object space in reasponse to the stored data
and commands, frame logic for generating a v:.rtual image
10 representing the ll—dinens:l.onal. obje!:t space In response to’
' © the stored data and commands, and display means for ,
displaya.ng a vxsible rcprcsentat:.on of the vittual image.
The process uses the computing dev.'lce. : '
. FIGS. 11A-11C show an 'Intui.tive procedure tor - :
15  reflecting a mixed-resolution, 4-dimensional, objact space
 onto a plane. Referring to FIG. 12, a flow chart showing
' _tha case for user-specztied attnbutes. the process starts
vith the step of i.nputti.ng the attr.lbutes 1201 to the
_ ;;omputing device. The attrl.butos dascri.be the prohlen. A
20 color display, for example, may hava thm attributes of .
- three primary color’s"‘ red;. green.' .and ‘blue. - Each .
attribute eorrupondc to a dimonsion of the problem., For
- : tha color display, each of the threa prlmary ‘colore may be
considered a dimension, givirg a dimension of three N =
25 3). The computer generates 1202, from the user speciﬂed
" attributes, a frame for .the. N-_dmensional object space.
The frame is a coded i:epr'eééntation of attribule
descriptions for a part:eular problem domain. In a oolor
spaca aach attribute corresponding to a primary hue is
30 described by a bitfield in the frame. The first bit of
each bitfield 1s always a luyical one. Subsequent bits in
a given bitfield are logical geros. - Bach logical zero
represente an additional bit of resolution. .
_ As a first oxamplae, a threo-aimonuonal objact space,
35 : with tun hits resniution on sach dimension would have a

e
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sat_ uration,

Pr ocedur al

10

15

20

‘2%

30

35

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 dimensions
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 ‘bits of

resolution on the th:.rd duxensicn, would have the frame:
(0, 3, 1, 0, 0, 1). or color s paees the ngnt 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 C

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

represent four levels of resoluti.on or caturation of the -

bl.ue attribute. :
As = third exanple, for a three dmnm.onal, ohiect
space with ona bit rasolution 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

: descripter is (1, 1, 1) £or the frame (1, 1, 1). The -

conmputing davice yenerates 1204 from the frame and the
object deacriptor, dimensional-spatial locations. of the
N-dimansional object space. For each J.-hit from the ohjact

____"————————————'——"———.
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Addv@msth in "Col or Ganut Tr ansformatlon Parmussznmnmorrputer
VOL. 12, No. 3, pp.--12-19, describes the HSV (hue,
and val ue) hexcone, which used a neutral axis fromblack to
white. At the white point is a hexagon Wih vertices representing the

colors at the vertices of the color cube. - D.F. Rogers in his book,
El entrae fOr 1, 0, 1, 0, 1)  Each i1-bit represents mach

F.lu/19



15—FEB—1996 ¥s:isS8  FROM MALUIRES t (I7] YUDYUIZHI4UDE .14/ 4D

Conput'eér - G'aphi Y& 2® aw- H 11, Nv, 1985, pp. 403-404, des T HRERE® LS|
(hue saturation, and |ight ness) —doubl e hexcone. This color system:is—
simlar to the HSV hexcone with the exceptign that the full colors-are
represented with a value of~0.5 instead of being equal to white. '

Jobl ove and Greenb t hei er. ."Col or aces for hics, "
ACM Conput er rﬁj‘fg’f%? éﬁp'fg')' putipy eféupl)%em?t C@@) ’e'°'He clrol be a
vari ant of the HSL%B%*@’HEﬁmlc%ﬂanb“%e 'FR‘&B%‘Eﬁié’“E'bTPé’“é\hbse
cross-section i s ciocatieons cortwspondizte kb agbnibutesnof thesprablpmper Jobl ove
and G eenburg describeridis HPlenaphnder 11mEteite nPaasts pibfedtdss aid top of
the. doubl e gone infQ bhagk avd, \A@bﬁ&a&t.\’-oﬂuﬁﬁmumzmﬁm 9&:&%‘2— col Or

representati on sys ems I’TEJIt Ioned. aeé)sv e SOgE‘e val,l " ? r ?g
coor di nat e -system ?ﬁ’é—"f’ocat | on pa I c’tﬁ 3 8 sensat i-on

in their respect | v“b‘ °§}3 t@#“ﬁ/ﬁ@ﬂarﬁf'@%ﬁ‘oﬂ%

posxtiVe integer. 1t should be noted’ that each of the .
_ - ¥TGS. 13 through 19 show three azprmxsums of. n-cube
10 . element configurations. . o -

' ' The nrcube of FIG. 13 is referred to herein as a -
_0-dimencional object epace. FIG. 13 shous that an object
space with & dimension of zero (n — 0) has only one

P alemant; that i<, one dtmnnstnnal-spatlal 1ocation.
15 ' ' The binary 1—cubé of FIG. 14 .is referrad to harain as

' . a 1-dinnnuaona1 ‘objact space with one bit of resolution, -
‘F1G. 14 showe that an abject space vith a dimension of one

(n=1}) has two nlﬂmnnrs, that is, two dinensional-spetial
_ locations. The 1-d, 1=bit: ohjm.l. spave of FIG. 14 can be g
.20 ..v1suallzed as a 11near region comprzsing two elements ' '

"~ "named”™ 10g1ca1 gero and logical one,. respectively. The
- linear region of FIG. 14 is gonoratad by reflecting a firet

- o-dimensional object spaca named "0" to the right.

_ © Therehy, a second o-dim-msmtm] ohject space named "1% is

2s produced. The nane of a d;menszonal—spatlal location is

' called an object selector. '

FIGS. 15 through 19 show the progressive projectxcn of

refleoted binary n-oubec, where N varies from two to six.
In FIGS. 15-19, each dimengional-spatial location is

30 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

35 ‘object salentor bits in a recond (reflected) o

—————‘—_—————____—'_—_—'_‘ R
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thelrvarLJcIewnaLemﬂmced above nake the follomnng observacrmusszones .. A
probl eminherent with any cotor organization such as The Munsel | Book
of .Col or that uses a cylindrical .coordi nate systemis-that-the spacing
bet ween col ors changes- as' two radi aT®87ines are fol | owed outwards from
the center of the cylinder. ... The"idea is to define a col or systemin
whi ch an equal peasgientaind tﬂt&‘aaaces ‘the n-depigramest anject selectanml ors. For

exanpl e, the

bite 87 Wl SordlechbRaingSHYFCE Nelledr P Virikn dofipiFEveha

transition betwegn. Rl agdielhi. %, -whetdCR A thd GRlnnsY YtCBits in an

10

objact selector). It should be further noted that the

value of the leftmost object selector bit of a €irst region |

is always a 1ogica1 zero, and the leftmost salector bit of
a second region is always a logical one. :

The kbinary Z-cube of FIG. 15 is ralerred to herein as
a ﬁ-_-d:mens_ional object. space with one bit of resplution._ _

FIG. 13 shows that an cbject space with a dimeneion of two

(n = 2) has four elements) that ic, dihehsional-'epati'ai :
locations. The 2-dimeneional, 3-bit object space of

FIG. 15 can be visua.l.i.zed as two linsar ragians comprising - -
four elcments "namd" in accordance with a reflected bularyi

cray code (e q., an, a1, 11,10]. The object space of

- FIG. 18 is ganerated by reflect:.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 . region. - Tt should ba noted that the correspondmg

-abject selectors 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. c

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 Cighé |
elements arm named in accordance with a roflected binary
Gray code (e.g., 000, 001, 0il, 010, 110, 111, 101, 100).
The object space of FIG. 16 is generated by raeflecting a *
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_has yet .to bewtyandsis. The RGB col or. cube represents SNE T ed] green, _

and bl ue nonitor pri marl es as orthogonal axes. The col ofs that are . .

di spl-ayabl e on-the nonitor are. within thg,gube from(e- 0, 0).to (1, 1, 1).

The neutral axis is a (di agohal ) 1ine fromthe bl ack
oi nt O 0, 0) t
whi-te point (1,71, 1). . The col or. cube has been referlro \ ) to the

0.
I'i t-erature -as a' Hﬂwsa!hé‘recnelihm&@@ré-ﬁ!%@% slgmer *e‘hg"@%'h %e three
col or conponent SpR&:AbYE P Bdcond Ggasro(rholEsted) m#mﬂﬁ@”% min the
sare faShl On as Ebrm W%b@i&iltnsemmt V3lues af the: tuo 'r'ightmost

ohjeet R actor bits. in Lhe second . (reﬂected) ‘square .
5 _ .ragmn are the same as the two r:.ghtnost hits of the _
o corresponding ob:ect selectors. wh;oh oonpr:.se the fi.rst -
. sguare region. 'rhe valuc of the Loftmoet objeot solootor '
- bit of tho first . equaro region is a :l.ogioal zero. 'l‘he b
o _,'fvalue of the leftmost objecl’ salactar bit of the Becond
a 10 - -nirquuara rag;on is a logical one, T S
R - The" bulnry l-oube o£ FIG. i7 iv referred o horoi.n as
oA 4-dinonei.ona‘.l. oh:oot space’ uith one hl.t of resolution.
fﬁfmFIG. 17 ‘chows that an object space with a dimension of four: )
o "w(n = 4) has sixteen elemenfs,_fhat is, dl-ensiunal-spatlal
E .15_9”-'.flocatxons._ The . 4-dinensiona1. 1-bit object spaee of
B -";' !‘IG. '17.can be visualized as ‘two reotongulor reo!.one, eaoh
oomprisi.ng oi.ght elenontu. Those :ixtoon olmcnto are
- naned in aooordanoe wi.th a rorlooted b!.nary Gray code. ‘The
_ '-"-objoct spaoo °£ FIG. 17 1w gormrﬂ!‘mi hy ‘raf 'lacting a: first
- 20 - .+ rectangular regmn ‘éomprising eight elements dwmmrd. B
B .'fthereby. a second reetangnlar (reflected) reqion ;e e
L produced. : : : ' B
S The b:.nary 5~cube of FiG. 18 i reterred to herein as
o jfa 5-diuonsiona1 object space with one bit ‘nf reeo1ution. _
~.25ri _FIG. 13 shnws that an. ubJect space u;th a d:mension of fzve
... . (n=25) has thirty -twe elements; that is,
. dimensional-spatial locantions. The s-dmenei.onal, :|.-b1t
‘object cpace of FLG. 18 can be visua:.ized astwvo square
" regions, each comprising sixteen elemanfe- Thase
30 thirty-tvo elements are pameil AR aeerrubed above in
: 'aconrdance with a reflected binary Gtay code. .The object
. space of FIG. 18 is generated by refleotihq a first cquare
e region oonpri.ning gixtean elements to the right. '.L'horoby,_
~a second. sguare . (retloctod) ragion is pruduced. '

35 . The hlnary s-uube is FIG. 19 is referred to herezn a= .
This Sheet Ha
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Col or repr esenM@ROA¥Iused i n conput er graphics are cl osel¥-try3vee o both
the tol or reproduction device and to a nethod of color selection._Uniform
col ar spaces can be used To decide at what,|evel of resolution_the color
i nformation shoul d be encoded.. Two-di nensional data plots, for exanpl e, -
requi re uniformcol ors spaces. to 'sel ect color scales. In the prior art
color systenms- refefriddensionbdabient spagaatithgansbitsefd reerlurdePye col or
spaces is general Fyasiuel siswst titar bheomfanttsppbeavidhl ardiveneian ofmeix he .
pi gment ganut is kﬁr-eitl)”ﬁi- siﬁ&;ﬁ-%dirﬂﬂ.eh@nd\ﬁyeﬁaﬁﬁ.d Greenburg, referenced
above (p.. 26g) d h badbiibha ¢ culriet@.dfihggglgggp(rj %Qﬂes thaL
i ncorporate the r| |an or.s r erez; in his
book EI ect rom C Df’éi) simAgﬁaof essvl"'q“a]fueddg?%rence Books, Bl ue
Ri dge Summict, PA, r&%'!“b?f' 1'8911'!'9 e3fhe SEPRTS %Ie"t"‘gFF%cF"Be%Jc’F"FBF‘FDn of CRT
el ectroni c di spl ayhehaa/sdrtx-efohno#‘l@gyntfrhw mamigérirpfaccordance with 'a

reflected b;nary Gray code as described above. The obaect
o space of FIG. 19 is generated by xeflecting a rirst ’
10 reatangu:l.a.r region conpt.is.tng thirty-two elemsnu uwnrd.

' mraby. a second receangular (reflected) reg:.on is :
proﬂuced. ' : .
7 The process ot namxng ‘spatial elenents for apy
-d;nensional space is intuitively unde:stood as a_

.15 'tundt;on"of reflecting its subspaces.. The space '

' genoration mnthnd illustrated by FIGS. 13 through 19, unen
projectad anto & plan., results in a two-dimensional visual
representat;on of re:lected N-dimensional: gpaces. - Tha

. novel method of the’ present invention can be usad far
: 20 e visualizing prugressive space qenerat;on fax any
' ‘N-dimensional, object £pace. - L
The dlmanszonnl-spatial 1ocations can be produced by
reflecting.cells right, up, laft, down, right, up, left,
domi, etc.,. in what is considered a _e'ountar'-'_éloclcwis_a S
25 ~  direction. Alternativaiy, the dimcneional-spatial locations’
a can be prnducad by reflectzng cells to the left, upu tiqht,,
-down, left, up, rzght, down, .etc., in what is cons;dered a
clockvise d;rect;on. The dimensional-spatial locations may
be reflected in a clockwise or counter-clockwise
20  direction. Furthar, the dimensional-spatial locations can

' ' be .produced by raflecting cells in a single directian or
selected direction. For illustrative purposes the
counter-clockwise embodiment for producing .
'dimeqsluha1¥spatia1~ioc;tions is used throughout thie -

35 disclosure, with the understanding that the altermative
This Sheet Has
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colo%%F?%at camvevpesduced on a CRT display, for exanpl e, PEUNERIOIY,  he
nunber of steps of gray |evel obt ai nabl e for each ‘phosphor (conpounds t hat
emt |ight when bonbarded by el ectrons). I|f,the ef"ectron gun can be stepped
aver four levels (2 bits), the resulting paﬁette has sixty-four col ors.

Sone systens currently avail able are capabl e of 1024 steps of gray from
each gun (10 bit spmbodimentgproduce eguivalent dimens1ona]~spat;a1 -12-

. Incatlons.
- . Referring to FIG. 12, when all. the d;nensional-sparial
_ ~ -locations are generated 1205 represent ing all the
s : dinenszons of the problem, then the computing device qets
- 1206 the first attribule bitfield in the frame. From this
e hitfiald, the computing device determines 1207 whether
resalution-spatial locations need to be generated.from thie
.- bitfield. If no rosolution-spatial locations are to bwm
9 qenerated, then the computing device determines 1306
| whether this is the last bitfiocld of the frame. If yes,
then the computing device checks 1211 if there ave any
~addit:nna1 resolution—spat;al lacatione to be qenerated for
S - any bitrield-. If no resolution levels are required, then:
' 15 ~ the eonput:ng ‘Qevice _generates 1212 an. objeet selector -
: ;.;which carresponds Lo interleaved 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
'.:o“ - 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
o generates 1214 a virtual image of the N-@imensional, - nbjectf
25 space from the dimensional—spatzal locadtione and the object
o . selectors. A user or application prucedure may gelect 1215
a region of the virlual image for machine control, display,
ar other application-drivem function. The process further
. may include uging the éomputing.device for displaying the
30  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
as " of the N 4imensione for a m1xed~resolut;on, —dimenbiunal
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capabl e of wWo6s3eps of gray fromeach gun (8 bits) are nore commn,
however. -Such systens can produce a palette.of-over 16 nillion unique
conbi nations. The eye is not capabl e ofszdi scrimnating many of the snall
changes in color so that the viewable palette has many fewer colors. In-a

chapter entitled, "Color D splays and Col or Sci ence," Col or. and the
Corrputer Ac adsiyiiect ¥p@s9; Boston, 1987

"Visual Display Deprgs.phavae Sﬂ:k\tmﬁ"%@'r%ﬂ'ﬁ' Tvb? %%ﬂggqlei'oﬂn?_l@n; l)]t : g\(/im g
observati on: _ resolutididpitial Lamiciound petarsing 4, FIG- 3P« B8 {hree
m, l ' on di Scrl?‘m&gg %QL:Q&&;CEW De-prpducask i determineg by ¥n %ispl ay: that
S ors tha e%}gn mutmncﬂsf hepcak ohemopl #O8d adj acent to one
anot her 3 The " iaft 3 QQ.{&t p#QP Qs WasarGelaw Bakocat ed at
di fferent screewmieasa rfﬂ‘é’t'y I at rﬁ%ogm.zﬁdms of as different
from.one &not hesur eledérasbeed H'abP e"‘IYeﬁ"T'“

tesolutlon has eight elemants. when alements of k-ary
| i~-cubes are reflected lxnearly as shown in FIGS. 20A-20C,
e gl ghie element transit:.on ‘sequences correspond to the pr:l.na:y
o form of the raflected hinary code. bpt_may _be- inta:p;ate |
k= code.."' o _
5_‘ :;;Te:z;?shpzzya binazy 13cﬁbe raeferred to herein as a’
zl-axnenszonal obiect space- witn ane bit ‘of resolution. Tne'
) 18  .1-d:mens1ona1, 1-bzc object space ‘of FIG. 20A - conprxses Vo
o object selectors named 0% and "1" respectively. The |
object selectors of a 1-dime:sionai; 1-b1t obJect space
1-spatial loca ons.
We:':-: ::E::;:::rat:s a 1-dinansl.ena1 objrct spacf ‘?’J,‘l'.h
‘. . '20' o .‘two b;ts of resolut:.on. “¥n tlus- .case, the original .-

7 . gimensional-spatial locations 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

26 °  wraeflection which generated the d:mens;on. The abject

S salactors of the original dimonslonal-spatlal locations
| have a 0-bit placed in front of thn-, .and the newlv
generated rocolution=spal.ial locations have ‘the original |
object selectors reflected therein with a 1-bit placed in-
10 1Y

30' tront!:Z.tZ:c shows. a l-dlnenslonal object space with three
bits of resolution, which has been generated from the
1~dimensional, 2=pit object =pace of F1G. 20B. In thie
case objoct selectors from the l—d;menszonal, 2-bit object

35 spago (3-ary 1=cuba), have a 0-bit placad in front of them,
This Sheet H
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of. sé?_uFrEgtvi on for additively-m xed colors can be - exteﬁg"éjs%'m“
i ncreasing the nunber of.primaries.... -~ The color televisi®n |ndustry
experinented with four - or five prinmar+ms but concluded that the
I-Apr ovenent in color di:d not offset the increase.in the expenses

of production of h, I | 0 the | ead.

I n FJ S. Pat ent Nosyﬁ E%&%@{ %el%./t{:éogg %?Qwiwbﬂelﬁhfﬂ &gl ce _

Robi nson and Sanf dr- if lRfed i, fxonk, ?mﬁbrnatldﬁsbﬁlénzﬁbfWEal wave, sone

property.of that \ﬂaogrmufo‘ﬁs’émmna%eqmeﬁtcﬁmnged Fif. s2oebowra with the

information and adepimehsiodah@idyst epate \Wikh dreotviiLior ragontions e devi ces

which rely on variraes firehéws @ph-didlensidiRlnbbjieti Sitlce QIt1AGAUSHLEOPL i Cal

properties of mat girl AbsoruRiodPAN! &ddndiRdraSbh OMBANE I chSd [ ia@bedtaves in the

fﬁte' gﬁL ;ﬁg:,vg”i Of Jelleratifg! Lﬁﬂot the aiwsiiioki %&Eﬁ“%@?zf&'ﬂpi [$ne! 1 ke
L four dimensians, the resolutlon—spatia1 locationg ire

_ | generated, Accordingly, the cixteen dimensional-gpatial

10 - locations for the four dimensions are reflected initially
to the right to generate tws levels of resolution for tha
tirst dimension. At this stage, tnere are th;rty—tvo

'dimensional-spatial locations and resulution-epae;al
locations. To generate two levels of resoluntion in.the
18 - 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 . _

20 rasolution-spatial locations for the third dimension are

: generated by reflectan sixly-tour tesolution-spatia]
' locatiovns to tha left of the previnusly generated
sixty-four spat;al locations. The two level
' resolution-spatial locatione may be generated for the

25 fourth dimensiom by'reflecting 128 resolution-spatial
locations in a downward direction from the mixture of 128
wixed-rogolution spatial locatione frdm the firsL, racond,
and third dimensions. Accordingly, a total of 256 spatial

o locations ares generated for the 4d, 2-bit object space.

30 Object selecturs 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-dimencional object space derived from a binary,

35 - 4-dimensional object gpace. TIG. 22a again showe the

() SIS T M e adkil? bt
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FI G- -7, that are'gse'ﬁsmlve to wavel ength, so Ilght 700 can be di rect ed
along different paths 702-706. A di ffraction :

-13-- grating 701 i's used to spread out3& spectrum of Ilght fromthe i nput
fiber 700 and focus specific wavel engths in that spectrum onto fibers in a

linear array 702#&@115831'3!%@%'& 'spuce with one bit of resolution.

FIG.. 228 shows a m:.xed-resolution, 4-—d.|.mensional
objcct space. 1In a mixed-resolution objact space the
rumber af bilks of resolution for each dimension is .
5 .  permitted to differ. brior art methods for raming elemerits
o af. an ehject gpace can be charaetenzed 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 -
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 relative to
‘the qreatest nuaber. of bits required for any dimension.’
Theraby, an inafficient opatial represantation is created.
s The method of the present ‘invention ganerates leqicn_l
. abject spaces by a process which relies on a novel object -
deecription rather than a process' of =patial '
Qecomposition. 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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| f t%eF%But puts were ‘r&versed, the grating 701 woul d conbi ne’ CHES ue's
mavelengths 702-706 into a S|ngle out put at -the top fiber 700. In the
article "integrated Optics," in Qptics Sourg£ Book, S. ‘Parker, ed., -
MG aw H"I |, NY, 1988, pp. 287 291, Streifer describes Iight transm ssi on
I n pl anar maveQU|des based on ectri structur t confi-ne the
propagat i ng: | i ght dregtianyi (Ei‘lg%’t ﬂfcﬁﬁﬁﬁ?t f &&ﬁm ons,. on the
order of . the opti cedaikiondic bt pf repqiution HGV\Bhﬁ)rfliGPt a!ripem#csm i FiAR
coupling 800 and getapi sgeulitispis aC euqtangyldd)Jegliomicorprtising| thirgppttizeam 801
i nt oba th:jn film Wﬁ Q& gfe - sd&}bggtﬁﬂﬁéﬁtm hkziﬁnewmmﬁﬂheadonrt put
804 beam di gect | ONudoifiedd Sifia Unenlt RictBhoRA? PdchidH (Rpud oupl ers are
i nt erchanged, St r(}; er f|r|rt t}ﬁ ekgré.gegs_&q;[ | R%J Qt e rsag'edo‘%dﬁggﬁ (a0

swi-tching and nod |onap|ca
gal | i um ar'seni ‘de Ok olutjion. 'L'herefore, the rectanqular region

comp:xe;nq thirty-two elements is reflected in the next.
S ' orthogonal direction (left). Thereby a second (reflected)
' ld_, . rectangular region is produced.. The resulting first and -
-+ 'second (reflected) regions account for the sixty-four
{_elenents shown in the object space of FIG. 22B. _
) " Civen an.abject space deacliptinn uharc one or mores
.  aimensions have two ar more bits of resulution (e.g., &
g 1_'5' - k~ary u-cube) . the ob)ect selectore descr:.be a novegl form
T _fof reflected Gray code called the k-ary reflected Gray .
code. An object selactor is generated 1212. as illustrated
in ¥IG. 12, for each rosolut;en-spntial locltlen in the
o " mixed-ragolution, u-dimcnsionnl objch Rpace. - When 511
.20 object melectors are genmrated 1213, from tha '
- -teaolutiun—spatial locations, the dimcnsxonal-spatial
'.locntions 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 1nage
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; -

.ti'ansfoimat.ion' 2307; and execulion 2310. iIn the case of

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

ohject'uhich is egprgsse§.2301las-an'npject descriptiohi.
.35 = 2302. The object desrription is encoded.as a ect of

TOoTAL P.19
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the. fanil wob2Ahses ro-aptical ly active crystals. Wen anPETAISI2/00218
field is applied to these materials, theit- refractive indices are

modi fied. ....If the wavegui des are suitably designed, the .
appllcatlons of specific - small voltagag-to the el ectrodes will cause
the - transfer of optical power_fromone waveguide to its nelghbor
with high efficiency and little residual power in the initial guide.

FIG 9 shows sttrilutes: "Badly attxibuteisebéctedptorrespondsi ig avework in
phi ch each Olqd:filis{ 91 %'ﬁ-ﬁ’dméﬁ?f@ﬁél%é’bg%% CEpadb! Chetle! 8rdex ape of

four out put po nductln ect rodes osited on the surtace

of -a cryst alWikch the r%ﬁ%l'Mtﬁr are csPecliied cekeryings 2 (SequeBghi dbs
903. Such an ﬂﬁéﬁ:@&nl&fgé@.t%ﬁérfgléeﬁgfaﬁd to interconnect four -
fi

conpugers throughé%ﬁ'é%nge 5?%? of possible values ‘of each attribute is
encoded by a quantizat;on 2304 procedure '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
10 part of the attribute specxf;cation. COded attribite values
- rcorrespond to the ‘transition sequence of a reflected binary
'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,
15 ‘but consecutive codewords usually differ by more than one
‘bit positlon. Sone_forms of,the reflected binary code, -
referenced above in the neegriggigg of'thg Prior Agg,'offer
special advantages over others for particular .
‘applications. The max;mum number of hits required.to
20 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
25 2306. The format of a frame 2306 is a bit pattern read
from the right that represents a'contiguoue 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
30 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 2308 called a
35  descriptor 2309. The object descriptor represents the name
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-14- ' Switchés *dare’ in ef fect nodul ators. Prior art nDduIatlonP?g'%ég?g%ggs
i n"Whi ch i nformation s encoded onto an optical wave. Accoerding to
Streifer, referenced above, "...Pulse nodul ation results—sinply by

|ﬂterrupt|ng or connecting a. Ilght wave in~d’manner intelligible to a
receiver. By transferring Ilght I ntto or out of. a maveQU|de I n response to.

an el ect ric Slf%nal tatfo%: s etéffﬂg &Lf&éé OélfpréJEi%PUta collection 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 .
5 . 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
. unit n-cube is deflned in the first interval of the |
10 :expanded frame. Each subsequent interval extends the
dimensional resolut;on of the ‘object space 2311.. A blank
'.interval position in the expanded obgect descr;ptor 2309
::may be thought of as the termination of- the spatial control
o sequence for that particular dimension. '_ -
15 - '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 -
quickly exceed the feasxble limits of mental vxsualization _
- -and wanual procedures. Therefore,_an emhodiment of the
20 i. present 1nventlon is descrxbed as an electronlc .
" controller. It should be understood that the control of
‘various -types of machines and applicatxon processes are
' contemplated within ‘the scope of this lnvention. A frame
controller is the syntactic expression of a visual Bpacs.
25 A region controller is part virtual machine which
' determines semantic expression of an object space as a name
 space. - " ' :
- Given a user-speclfzed set of attr;butes deflnxng
dimensions and resolution levels in a particular cbject
30 ~ 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
35 embodiment of an object description system: modules of a
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optical’ WiV®HEPd#es nodul ated; that is the switch acts as a*Nddurator. ™
Accordingly, the foregoi-ng di scussion of the prior art |s-representat|ve of~
t he problem of reé&presenting.m xed- resolutly_i N- di menst+onal objects and
spaces. A long felt need has existed for a solution te this problem

OBJECTS OF THE | NVENTI ON . An ebject of the invention is to mechanize

the generati f dyert g@ghI@@ Q%Ergmgggg_ elated to
conpl ex probﬁgse cﬂkﬁﬁeiﬁgsat%hﬁﬁggfugf varlabl %Pere t he nunber of

vari abl es i scasPledntpemogi] Fﬁe°ﬁéﬁh dgst °°m9Rﬁ Y38t of the
invention is to gnagégk&ngombEGU£addmassabbomghmamg ﬁpadee.24oo ignot her

object of thepoimethellding' 3% Rrit*He¥lce 2401, a processor 2402,
5 . memory 2403, and a dzsplay device 2404. The input device
' | 2401, by way of example. may be a key board, computer port,
er an appl;catzon w;th1n a computer. “The processor 2402 is
_ coupled between the anut device 2401, memory 2403 and :
'_'display device 2404. S -
*ig o FEG. 245 shows ob;ect module 2405 having object frame
' fmodule 2406, object reglon module 2407, and object selector
'module 2408 operatzvely ooupled to the computing devioe
| 2400. Each ohject module 2405 comprises at least. one
. 'register devxce having at. least one storage oell, _
15 'eombinational logic devices which -relate to the registers,
- data. signal paths whioh link devioes 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
20 - operatively coupled to the input logic 2404 and the’object .
‘frame module 2406. The object 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
25 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
30 operatxvely 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 object descr;ptor. The frame logic 2407 aleo generates,
from the frame and the object descriptor,

35  dimensional-spatial locations for N dimensions. From the
_—
This Sheet .
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| At er pr et awige92/1333 mani pul ation of a novel form of a refl ect epCTAIR92¢80248
referred to-herein as the k-ary reflected Gray cede. A further object
of the invention is to represent sensed physical phenonena |ogically.

Ari additional object of the invention is toggechanize the visualization of
m xed-resol uti on, N-di nensional object spaces related to conpl ex problers

with a |arge nunber of variables, where the nunber of variables is not

limted by theramehatid the objectcidesiirdptonf, the ifremd ilvyic 2407 €present
Ioglcal ObJeC&én&tﬁ%@E'¥e§5ﬁ“ﬂ¥%ﬂ43$€E¥ f”¥d@stions for resolution

- levels of each of the N dimens;ons of the mixed-resolutxon,
N dimensional object space. h :
S « ' 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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-15%. . spwgﬁ,qgglgons and vi sual col or sensations. A fur tFeT/UShRA0L120f
the invéntion is concurrent control of a plurality of views of -one or nore
obj.ect spaces. - A still further object--of the invention is an apparatus,

described herein as the kernel of a nodul agpobject description system
An object of the invention is to dynamically control the |ogical '
representation and the visual. expression of object- descriptions in.an -
obj ect space. Various logical configurations of physical modules

implement the procedural behavior of an ohject descrlptlon
system. An abject descrzptxon system can be regarded as an
,  implementation of procedures that transforms ,
5 * mixed-resolution, N-dimensional object desor;ption into a =
' mechanxcal form which can be loglcally manipulated. An
ob)eot desor;pt1on system also can be regarded as an
j1mp1ementatlon of procedures that transforms

_ mixed-resolutzon, N-dimen51ona1 object descript1ons 1nto a

10 "'-perceptible form which can be presented as an zmage on a

- ' graphics display device.. -

'. . Referrlng to FIG. 25, these transformation procedures
= can be organized and - abstracted lnto a. functlonal model -
o _jdzsoo of an object descr;ption system._ The functzonal model
15 " of an. object descr1ption system comprises a pluralxty of
S : logical processors, which porform the correletive functions
corresponding°to the reference nnmerals of FIG. 12.' |
© '+ application znput processor 2501 (1201)
I . frame processor 2502 (1202) B
20 'descriptor processor 2503 (1203/1204)
dimenszon—locatxon”processor 2504 (1204/1205)
_resolution-location prooessor'zsos (1206-1211)
" gselector processor 2506 (1212/1213)
virtual image processor 2507'(1214/1215)

25 - 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.

30 '~ Alternatively, 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'manipulation of a

5 plurality of views of a particular object space
Tb s Been Replaced
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Anot her objwor92i3zipe i nvention is concurrent control _of a pl uRCE/UE92/00218
trafsition paths in an object space- An object of the invention is-—
concurrent control of a pIurallty-of el enent relations in an object space.
A*further object of the invention is concutyggat control of a plurality of
regions in an object space. - An additional object of the invention is
concurrent control-of a plurality of object spaces. An obj ect “of the
invention is tdesoiptionarious types of machines such as -processors and -

menory, and to con i& rfe gk %ﬁ@@?seﬁé o%%ecémgﬁ 174 BQhEE%PQLtPBQS

invention is to- contrd1 var i ous, types uch as
modul at i on ancfmlhhtﬁhﬁl 4-b IR\ @DM medelg ONEach object space

2602 shown in FIGS, 26A through 26H is assoe;ated with a
5 . diagram of its object frame selector 2600 and the.logicalu
names of their frame and interleaved frame 2603. The
1ogica1 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
- 10 ' 'spaces are in their . interleaved form.-

AN STRATIVE EMBODIMENT OF [N 10t | :
An example of an object space embod;ed as a unlform
- color space generated in accordance with the method ot the__
:_present invention . 1s now dosoribed to better understand how
1s to practice the invention.. The ‘discussion of prior art’
- . color models referred to in gegcglgt;gn of the Pr;og Ar
established a long felt need for a method of representing a
- . ' uniform color space, uch.that, specific oolor,sensations
|  could be algorithmically speoitied; In particular, this
20 - example demonstrates how a range of color sensations '
| ~ described by an RGB color cube can be uniformly projected
onto a plane. This example teaches. how to describe the"
attributee of an RGB color cube; how the perceptual
attributes of a color specification correspond directly to
25 ' the problem descriptxon process of the 1nvent1oh' 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 physical color space, is a
30 ' 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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Obj ect smwlﬁ.‘ﬁﬁr esenting very sinple object descriptions dAI/MSYZONGER
manual |y and, in a few instances, nmentally; howevér, description spaces of
act-ual systens quickly exceed-the feasible linits of rental vi sual.Lzation .
and manual procedures. Therefore, an il |l u&8rative enbodi ment of the present
invention is an apparatus that is.part virtual nmachine, providing an

appropriate |l evel_  of application independence _and device trans arenc
Pprop called thelﬁogxcal color J%ace. The system is a é) _y

representation systenm; the input is white 1ight, and the
respcnse is a color space generated in accordance with the
method of the present invention. . : .

5 - . ‘A color representation systenm 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

10 blue przmarles as orthogonalfaxes. The dxsplayable colors h
are within the cube from (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 zn the literature as a "natural®

15 o coordxnate system in the sense that the three color __' _

' a -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

20 section entitled, "Visual Display Descriptive Systens,™
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."

25 . Color specification means interactive visualization
and control of the’petceptual color gamuts (range of
producible colors) of color display devzces. An ideal

color model should accomplish 1ntu1t1ve addressabzl;ty,
uniformity; independent control of lightness and chromatic

30 contrast; display device characterization in perceptual
terms, and a basls is for naming color specifications.

Intu;tive addressability' is the specification of colcr
representations in perceptual terms. Perceptual
specifications may include, by way of example, hue,

-+ 35 saturotion and intensity.'Hue is the basic component of

—ﬁm'ﬁ%\_
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Accordi ng twO9MIIs@sent i nvention, as enhodi ed and broadly defQl/bS§82/00218
her€n, a process for generating and visualizing m xed-resol ation, =~
N- di mensi onal obj ect -spaces using a conputing device such as a conputer is
provi-ded. The conputing device may be of thgatype conprising neans for. :
storing data and commands, nmeans for generating a |ogical representation of
t he N-di nensi onal object space in response to the stored data and comands,
di splay logic dcirongeami ais rmr.’anaarxlmdesmh!a@rﬁeEM| spechfidl dolenrs) onal

obj ect space | th ds I neans
for dlsplayrng VI S| 3%re§%n §¥#IC)Ek¥F@ ?gaf Saﬁﬂgagiﬁﬁ ?‘ '
case of user-!}!ﬁﬁfqlélﬁ%lx r#%lﬁ’é%dt% %c@élsbgfa?fs"ﬁﬁ@hel‘lﬁﬁhﬁser . '
inputting to dunteABUEinYg €6\a (Gold¥ sensation. Saturation depends on

5 r'_ . 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
10 - in 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
o .'device characterization in perceptual terms chooses '
15 i:appropriato display reprosentations 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 descr;ptors. : .
-20. " 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

25 involve levels of computational indirection betweon_the

' specification of color in terms of its perceptual
attributes (e d., hue, saturation and intensity) and
. subsequent production of electronic color signals., The.

' process enables the description of a logical color space.

30 expressed in terms of perceptual color attributes to be
directly reelized 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.

35 ~ The domain description of a color representation

)
—

—————
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at t 1+ but SNOSRAIHAD conputing devi ce generating fromthe attrFhit¥& 2" Tane
for the N-di nensional. object space. The bits of the franme.are then

i nterl eaved to generate an object descriptor.. Fromthe frane and the -
obj ect descriptor, the conputing device géﬂerat es dinensional - spati al

| ocations of the N-di nensional object spacé. The corrputl ng device al so

gener ates o t _sel egtor e | fd ' “for

each di mensi %31“53& gﬂ rs“ nlgln.(\éllg#]f %d&%erfgg{ ot?i’ect spa:ggé The

conputing deertdogeeds dhes @mﬁnmgnsﬁgb snes#réawsn iGHibI®) ect

space from il g{h@ ”EE&#H@ gé{ﬁdﬂ 'ﬁﬁi’é’% %&ﬁ%ﬂljﬁéﬁlé%ﬂi@ﬁﬁonA
c

b1 0Gess may HEA B0 R GRIC Ay o THR HAHIRA e lor ok LR regfifs o
t he svi rt ual. ﬂmo afixthard\ol mmléﬁjﬁtdw wdvelengths . neans.
The processTEPr 'é Jgﬂéﬁgi f%ﬂ‘%hééﬁéfé&“&ﬁéfﬁlgiven control source
is & function of wavelengths. In R. Hall, ;llgg;ng~;gn__gg_
Q&*W SPringer-Verlaq. NY,
1988, pp. 47-52, the graph of intensity as afunction of . |
10 - wavelength is the spectral ourve for a gzven test color.
. This graph represents a schematic for determining oontrol
..'light intensities for a given test color spectral curve.
. Each control source spectral curve corresponds to a
- ;ﬂf_dimansxonal component of the color space . domain. cOlors_.
1s tf - mixed in-a fash;on irn which bands of wavelengths are added f
' %o one another is called an additive- color mixture.
Thc illustrativc.RsB color space is d;msnszonally
. described in terms of three color pr;maries (e.g., hue =
~ domain dimensioﬁ)‘ high wavelength (R) red primary; medium
20 :wavelength (G) green prlmary, and low. wavelength (B) blue '
primary. In an N-dimensional color space where each .
dimension corresponds to & color primary, the resolution of
color space is determined by defining the number of values
for each primary (e.g., saturation = range resolution).
25 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
RGCB color spaca generated below. ' BT
30 * Value gqguantization can e described as spectral
' sampling: In the prior art spectral saﬁpling means -
feducing a spectral curve to a set of sample:values-for-
subsequent color computations. Spectral samoling herein
- means reducing-a'spect:al'curve to a set of intensity
35 E vz iues associated with logical names in a color space
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devi ce gefieP ¥ "¥¥m the frame and the object descriptor, .  PCT/US92/00218
resoluti on- spatial locations for resolutiofn | evel s of each of the N

di mensions for a m xed-resol ution, N-dimensional object space.. Subsequently
ah obj ect selector is generated . ~45~ : _ N _ -17-
fromthe frane data . for .each resol ution- spatlal location in

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
5 .- 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 .
10 . logical zeros. Each loglcal zero represents an additional o
_.'blt of resolution. : : o S
- 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
15 . bits represents the green attribute, and the leftmost pair
of bits represents the blue attrxbute. The primary
function of a frame is as an 1nterpreter which
dzstingulshes between the possxble meanlngs of an ob)ect
- _ descriptor or an ob)ect selector. o . .
| 20 | 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
25 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
30 . orthogonal generation of N-dimensional object spaces. The
first cycle is the order of interpretation of the object
: descriptor. Object descriptor bits'arellogically-grouped
into dimensional intervals, e. g., "000 111%. Each
dimensional interval is processed as a cycle beg;nning at
35 - the spatial origin.
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the,nTerK?gggpﬁFLon N- di mensi onal obj ect space A virtual rﬁhdﬁ”ﬁﬁ”?

N-di nensi onal object space is generated fromthe resol ution-spati al S
| ocatirons and the di mensional -spati-al |ocations. A user or an application "
procedure sel ects a region of the virtual™ qmage The -process may include
usi ng the .conputing device for di-splaying the selected region of the

irtual irmge of Ngenbadoesal ukkansabad peen on8l opthegbnagace on he

di spl ay neans. FAvent T on erna ve € enbodi ed as
an apparatusg¢n$t§§hehaOfoN‘dhmenﬁseaﬁlzebﬂeﬁtoﬁpﬁpﬁédlﬁe puprder of

N-di mensi 0”aref’i’eéﬁioﬁpféfsgehérhtfnéatﬁeOiogieéloheiebtéésﬁhinas' ONppa User
specifies a particular, set 0

def I ni ng di nmensi nd resolutlon
level s. In t$eeRfseEt o?hﬁanSEFF &PPoﬁyﬁi?vﬂﬁyoﬁFgEFsHBQ gﬂth
appl$catiopn @ranodumelsaﬁrettﬁens-parlghutaupsemeﬁt.aahdluuwns dafunung

di mensi ons qagunterclockw1se
© rather than a clocszse cycle was arbitrarily chosen, but _
the chosen d;rection must be strictly adhered to. If the'
_ number of d1mens;ons is greater than fcur, then the o
-10.' ﬂ”' reflectzon process contlnues in the next orthcgonal o _
,-dxrection for each non-null position in an expanded form of
the object descr;ptor 1ntervals.' The expanded form of an
B object descriptor inserts mull place holders: for attributes :
- in .the object descriptor whose resolution is lels than
15 _others in a. given interval.
R K frame is a pos;tlonal notat;on which denotes the
‘number of attributes and the resolution of each attribute.
‘'Frame data are the~va1ues or sense of each bit positlon in -
a given frame. Given the frame #010101" and frame data
20 ‘%000010,* the rightmost bitfield of frame data 10"
: 'represents a value for a partlcular zntenszty 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

25 "000010" is the object selector "001000." The name of each
location in an N-dzmens1ona1 space corresponds to an object
 selector. ' : :

FIGS. 27-31 show an illustrative example of a color_
' representation system in accordance with the method bf the

30 present invention. FIGS. 27A-27C show how the name space

elements of a binary RGB color cube are projected onto a

plane in-acccrdence 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
35 the RGB color cube corresponds to a particular color

—
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resoliuti on I"#2#4213 n the case of sensed physical phenonena, SEHU$92/00218
el ectronagnetic signals, the apparatus transforns anal og signals—nto a
digital formwhich specifires a particular set of attributes defining
dirmensi ons and resolution levels. - The~&ppar at us i ncl udes.nmeans for
generating a frane fromthe specified attributes for the N- di nensi onal

obj ect’ space:. Means.for i-nterl eaying bits generates an._object. descr1ptor7
whi ch corr espﬁﬁﬂ§a§6°f‘n?€r S&V‘@Btf Pgﬁé c}&tg 19933 coYars APaGR: t Ehebj ect

descri pt or tkmameeofneachveﬁﬂ.ownsmatﬁ:omsaff Qm OB iotilior space

Gata s Uoed EOrEBEpbRA' 1S, BariEulal UM ) Rty SARE LS [0
| ocation in tJaegmailnsnapynspassj-e&‘ﬁmspaa@ Sﬂw%m&malmmtw nane
| ocat bons a”dspﬂéeohhﬁéisseBQCEOE&n§&9 %&d do oge E?kﬁkﬁa}é”faﬂﬁﬂednagfhgf
the N—d|nén5|0naL1ca&ereg acelaée |%§"057%Qecanta n efzients whose
rightmost bit position is set. The horizontal reglon
labeled "G" 2705 contalns elements whose middle bit
position is set.  The left half labeled "B" 2706 contain
10 ‘elements whose leftmost bit position is ‘set. =
' FIGS. 28A—28c show the elements of a slxty~four f
element RGB color. space. FIG. 28B shows how the elements
':}of a slxty-four element RGB color space are labeled.:
. FIG. 28C shows the object selectors of a sixty-four element _
1s  ReB color space whxch correspond to the loglcal names of '
- aach color sensatxon.'“ S : -
- FIGS. 29A~29C show the relatlonshlps between -
- three-dimensional spaces vith different resolutxons..R}.
- - Hall in, Illumination and_cColor in Computer Genegateg '

20 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. ‘

25 FIGS. 31A-31C show how percentages of spectral intensities
over a range of values for each primary are determined in a
gixty~-four element RGB color space, using the graph of'
matching curves of FIG. 30. | o

_ :  Manipulation of a logical color space is accomplished

30 by methods assoc;ated with a particular logical view, such

~ as: elements; relatlons; paths; regions; and subspaces.
Referencxng a particular color sensation as an element of a -
_logical color space may be accomplished in two ways:
reference by value or reference by location.

35 | Reference by value means a user or an application
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y means na dl S |a th 7 Mt PG as AL
i mage o /1 BLdlnenS|ona| obrect gpage e sel ect ed regi on" ¥t YHE ViTTua

~ The-appar at us of th
|nvent|on addi tional |y may include neans for generating resolutloﬁ Eggffgf

Iocatlons for resolutlon ievels of each-tﬂ'the N.dlﬁen5|ons
-”prccess proVides a description of 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
5'""ﬁ,;nnmher of attributes and.the resolution ‘of each’ attribute.'”
o Therefore, frame data correspond to the value or sense of
'.each bit position in a given frape.  For examplo, given the
;0010101" and frame data "000010" the rightmost '

. - ame'data "10“ represents a; value for-a’
'lﬁ]f;- Zaparticular intenSity of the red attribute in a color
' .ijspeszfication;fgf;, '

L Re'"rence by location means a user or an application-7"'
=8 ects a particular color sensation i”“terms of '
Lo 'ﬁeithcr indirectly by xndex (6:9:;. palette
3 iroctly by its selector._ Recall that the object
is a?transformation of frane -data whero the: bits -
ﬁi-of each frame{data bitfield are interleaved.. For:: example,
"'fafgiven ‘the frame "010101" and frame data: “000010" vhere the
o | frane dara is interleaved the result is the object selector ;1
20" -'-"001000. The name of each location 1n an N-dxmensional .
L 7Spa~e corresponds to an object gelector. - -
Referencing a set of. harmonious color sensations as

relations of a 1ogica1 color space may be accomplished by
' geﬁarating combinations of n—things taken k at a time,
25 ' whexe n is the number of elements in a logical color space
| | ﬁ_ane» -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
'"1' in a particular selector bit p051tion. The number of
- 30 . elsments in. each logical relation corresponds to ‘the number
-of ¢ elector bits. Referencing various sets in a. ‘logical
co*or space may be accomplished selectively masking one or
necire selector bits. '
]_ Generating a harmonious sequence of color sensations
35 as paths in a logical color space may be accomplished =

R e
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for. a m xce@ELHIXBi on, N-di nensi onal ObJECt space using the #VEW%EQﬁﬂw?"E

obj ect descri ptor. The“frane and obj ect descriptor are used—to generate an

obj ect selector for each resolution-spatial location in the

i xed-resol ution, N-di nensional object spad®- Using- resolution-spatial

| ocations, the dinensional - spatlal | ocations, called object selectors, a
i's

t ual f-the N di bj i d
brovi ded for BEFRUPRrbRS PBILBRESP™: RS GAPRRAF PAASS. SRRRTAHR. a0 GO o
particul ar obsequence,uvhdréot@enﬂaahang éusghacebpetveaﬂ«snnmessive
reference a pé‘iéﬁéﬂ% 08%' O“Th& 92 uErééd EeEB'm&-' gantdidi il 14

obj ect space lustrative ex e present Inventjon re 1ates
to col or perd@%t¢5ﬁ1°cbfoit§p€éF§tc&Pﬂo asinelepent gosevords,differ in

partigul ar,  tonljpconsoguahtan Aftexvalal Dtherwise!, the Feluetics SPSETor A
cof or naWIng sensations ig known as a path. Given an initial element
ccdsword and a transition sequence the entire set of
~ element. codewords in a 1ogica1 color space’ can be
. generated. _ . . : . L
10 _ R Rnferenc1ng var1ous regions of a logical color space
.may be accompl;shcd soloctively by masking lowor-ordcr

f.selectcr 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
i5 .object descrxptor ‘rather than a color sensation.

. The process by which a logical color frame is
-intorpreted to electronlcally produce color sensations is
referred to herein as reflected Gray code (RGC)

- . demodulation. RGC demodulation may be generalized as a
20 - 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-systeﬁ. Object
25 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
30 ' space. For'optical communications, the objects may_be a
' particular coherent light source described in terms of its
lightwave compononts, vhich define a signal space.
c "In a U.S. Patent referenced in the ngscgiggign of the
Prior Art, Robinson and Sanford teach: “To convey
'35 information on an optical wave, some property of that wave
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met hod f wO®asE3818 | i ng RGB val ues by indirectly specifying REETAISH2400218
vortages and V|suaI|z+ng t he resultlng di stribution of pereeivable colors
in the RG color space is presented in accordance wth the nethod disclosed
her ei n. The col or nam ng net hod used=-§@gw-accordance with the present :
invention; is the process by which the name of a particular color
experience i s encoded for both t he purpose of uniform col or selection and

t he purpose ha5rtprbeuupﬂuﬁa@#danrebaangedlanUBSMQ;ﬂanEhewiﬁhntheﬁ color

e o e aERICHonL R BalBLf oot sybnch 10 FHROLK S
syst em speci PFE€eq ipyention is its noveal appl cation as such a coding
~ gystem. Given an incident coherent: light source dispersed
5 o into its component wavelengths as inputs to optical _
couplexrs, such as those referenced in the pescription of
';n__g;;g;_A;§ 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,
10 | 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 AR
15 . intervals of. information per pulse rather than a single
' quuantum -interval, where "n" .is the number ‘of - component
‘wavelengths. Such an encoding scheme is called parallel,
‘pulse-coded modulation (PPCM). The significant aspect of
- B system deseription.is that the actual:aesgriptien'is-one'

20 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;

25 It will be apparent to those skilled in the art that
varxous-modif;catlons can be made to the apparatus and .
method for visualizing mixed-resclution, Nfdxmensional
object space of the instant invention without geparténg
from the scope or spirit of the invention,_and'it is _
intended that the present invention cover modifications and

30 variations of the apparatus and method for visualizing
mixed-resolution, N-dimensional object space provided they
come within the scope of the appended cla;ms and thelr
equivalents.
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-19- V@_h ghging fromO to 1 or 0%to 100% f or each of. §§WWZI$
prrnarles e co or rel ationships that resul+ forma ¢ system
is a.sinple and direct approach to the probtem of col or E‘mm i{tlon t hat

Lncorporates the principles of additive cql gét mi'xt ure; Ll"u?uwﬁm

specifies color directly in terns of the e[@Ctrical acti
speci fi cati on wi'll .induce. In the reference by Miurch, cited in t he
Description ohgﬂgigiﬁgn'/vt t he dlfflculty ‘of speC|fy|ng addltlve col or
1. A process for vxsual;zing Nfdxmensional—ohject
space using a computing device such as a cbmputer, the
_ _'_computing devxce of the type comprxslng means . for storzng
R data. and commands, and - frame - logxc responsxve to the stored-
5 . data and commands for generating a V1rtua1 1mage ‘ _
' _'representxng the N-dimens;onal-ohject space, compr151ng the _
--steps, using said~ computing dev;ce, of'“” e - ‘
- anutting to sazd comput;ng dev;ce a: set of
- 'attributes- ' . S
io . generat1ng from the attributes. frame and frame..
’ 'data for the R-d;men51ona1—ob3ect ‘space; _ :
1nterleav1ng the frame to genarate an objeet

evedescriptor, = :
4 1 generating, from the frame and the object
. 15 o descriptor. dimensional-spatial. locations ot said’

=N-dinensiona1-object space; - : .
generating, from the frame and the- object
- 'descriptor, an object selector for each dimensional-spatial
o 1ocation in said N-dlnen51ona1-object spaee,'
20 - L generating from said dlmenszonal-spatxal
| locations and said object selectors a vzrtual image of the
N-dimensxonal-ob3ect space; and o
selectlng a region of said v1rtua1 image.

2. The ptecesg as set forth in claim 1 further
comprising the steps, using said computing device, of:
_ generating, from said frame and said object -
.descrzptor, resolution-spatial locatlons for resolution
s 1eve15 of each of the N dzmens;ons for a m1xed—resolut10n.
. N-dimenslonal*object space; '
generating, from said frame and said object
_descfiptor. an object selector for each resolution-spatial
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relationgpbga, glscussed: ... For individual s under st al E?%? g?
nuances o *335 ditive color mxture, the RGB Systemis co 6§ @0218

..~ Even for those individuals with a ctear - under st andi ng of additive
col or, the location and proper speci fgzcat ion of col o "m"m "Iﬂsl”“l '
interior of - the cube, when sone real Value for al

is required, proves difficult. Inaglne sel ection of a nedlun1bromn

for exanple. tPbRakfisbatlil higell¥ekal enga SBE r of
proger hue a%ébﬁrggﬁtﬁgsga Lhﬁas ﬁgg ugég?edﬁaﬁ Eoﬁﬁi g%ﬁfatlon
desi PB8®@Buch a shift would require a- dlsproportlonate change

in all three val ues. eneIhezﬂgvzkoﬁeean i—eEoueaebﬁt-sﬁanaqntrol l'ing and
LStri utL erce ol or pace is

descri be belSGREISHEr En)SaeTmeBsERaY2onBE R "apeaatun Rutorn L ha
the encoded phjectnselettors 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—resolutzon._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, : s '
T 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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whi.ch speci# ##¢*{physi cal ) RGB signal vol tages_al so (logicall mﬁyﬁsyosm

particul ar | ocation in a di spl ayabl e uni form col or spac aspec
the nethod di sclosed herein is that the |ogical nanming ne

iM lustrated by the col or .space exanpl e may-33e general i zed“mmm“mmmm
novel method for optical nodul ati on. Addi tional objeetscand * s

advant ages of the 4 nvent) 0 A58 al oLl FOrR" L' GabS 587 hon whi cf

further comprising the step, using said computing dev1ce.

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:. '
o 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 oxr 3,
a 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 inputt:ng to said apparatus the set of
attributes;
. means for generating from the set of attributes,
frame and frame data for the Nédimensional-object_space;
means for interleaving the frame to generate'an

e
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-20- _ pawb9dAB3ppvi ous fromthe descriptign, or may be | ear peu/{S92208218i Ce
of the invention. The objects and advantages of the inventi-on—also may be

realized and-attai ned by nmeans of the instrunentalities an
particularly pointed.out in the appended-s4ai ns. BRI
DRAW NGS. The acconpanyi ng draw ngs, which are inc

constitute a part of -the specification, illustrate prefé?réd e

i

t hao nvent i objeatddesgatipdoryi t h the description, serve to explain the
prInCIp|eS of the | "Vigknd responsive to the frame and the object
deserzptor for generating dxmensxonal-spatial locatlons of

said N-dimensional-object space;

e ' means responszve ‘to the frame data for generating

15 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-objeot space; and
20 - - " means for selecting a reg;on of said’ virtual

image.

9. The apparatus as set forth in cla;m 8 further

-comprzsing*

means responslve to said frame and said object

.'descrzptor for generat1ng resolution-spat1a1 locations for
5 : resolutxon levels of each of the N dimensions. for a

mixed—resolutlon, 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-objeot

10 space;

means, responsive 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

15 _ 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 solected reglon of the

—_—
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16-FEB-
Fl GS. | A- I WwOe927188139r ams _of the binary 3-cube "unfol ded” i N ageErANYe oo h
prior art netheds; FIG 2is a prior art representation of n-cubes as

k- maps; -—FIGS. 3A-3B are a prior art representations of a four-variable
Karnaugh map; = FIGS. 4A-4B are a priot.sat represeum“!jmmu!!luwumry
5-cube and a binary 6-cubej: FIG 5 shows a prior

extendi ng the binary 6-cubé to visualize higher. order spaces; FI GS.

6A- 6D are a driattual Drhage bof aklye ONedimensional-ohjectospgasec with prior
art two-di nensional recursive indexing nethods; | FIG 7 shows prior art
di stribution .of nmultiple wavelengths to segarate fibers; -  FIG 8 shows
pricor art prismirklt CEhelP¥ecess asasehg Ontbu%ﬂc9b§imng er anwbﬁmsnnal
||9ht beamllﬁﬁéftaid selecting means further includes:

.m'. : ' . means for chaining bits in a particular sequence
]'forming a path for the selected path of said virtual 1mage.

_ 12. “The process as set forth in claim 8 or 9 wherein
the said selecting means further 1nc1udes-

e means for' suppresSing particular bits of said
v;rtual image for generating a subspace. -

_ '-. 13.: An apparatus for generating a mixed-resolution,-
' N-dinensional object space - using computing device,

comprising. : . _
S means for storing data and commands ;
s . means responsive to the stored data and commands

'for generating a logical representation of the
- '_=N—dimen510na1, object space;
' ~ display logic responsive to the stored data and
. ccmmands for generating a Virtual imaqe of the
10 - N-dimensional, object space;
display means for displaying a visible
representation of the virtual image.

-14. An apparatus for Visualizing a mixed-resolution,
N-dimensional-object space, wherein a specified frame and
frame data and semantic expreSSLcns for a particular set of

_ attributes defining dimensions and resolution levels in the
_5 _ _object space,. comprising. '
' ~ input means for 1nputting the frame and frame
data for the N-dimensional-ob:ect space; :
frame logic responsive to said frame, for

"*—‘*;‘——-~——_~_*ﬁ
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t hi n= W sle; FIG 9 shows a prior art "4 by 4" gicrpagssxvosis
coupl er “swi-t ch; FIGS. 10A-10B are prior art— d|agre$§T££~jL____,———~—~'
fvour-dl mensi onal hyper cube; CFIGs. 11A-11C sho.w anTntuitive ﬁ{ﬁ“ﬂﬁ“\
s o |11

'1nt¢r1eav1ng the frame to generate an object descrlptor,
10 for .generating, from said frame and said object descriptor,
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 dimenszonal—spatxal locations and said ocbject
15 - selectors a virtual. 1mage of the N~d1mensiona1~object
. space; and . )
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.
5 __mixsdrresolution, N d;mensional—obgect space. '

16. The apparatus as set forth in claim 14 or 15
- . o further comprising: ' s
T 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 1n claim 17
wherein said memory further 1ncludes having a v1rtual magef
of an N-dimensional, object space including
‘resolution-spatial locations.

e ————
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generatlngvmygmﬂggtﬁpatlaI el ement |inkage, and a binary 4-cubpepjgs 3
onto a pl ane; FIG 12 is a flow<ehart for the case of user-specitied—

attributes which shows the process-of the invention; —“*f%f}—4£¥4ﬂuxML__

expressi ons of a zero-cube; FI G 14 shaws expreSS|
one-di mensi onal , object space; - FIG 15 shows expre ,ﬁ"’ﬂm””m
t wo- di nensi onal , obj ect space; - _FIG 16 shows : ‘expr essi ons 0

t hr ee- di nensi onal , obj ect space; " FIG 17 shows expressions of a

f our -'di mensi onal , j ec pace; 18 sho xpressions of a
fi ve-di mensi onal , ggrec%ﬂ' 58@"’““"9 ﬁF&lcfga%&\\%g' Eoptds dirp Rl adm 17

Si X~ d|nen5|on§nrtbe¥eincluding means for encoding a plura11ty of signal
components for definlng 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; j ' MR ' . :
| ‘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 computing device as set forth in claim 21
wherein: - |
' 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 region of

i x\ii\i\i\\\\\\\\\\\‘iii\‘ii“



space; . WOPBRG3PO0A-20C are diagrans of a k ary one-di rrensuwanusnmms
space; FI GS. 21A-21B are di.agrans of 4- dlnen3|onal obj ect

FI.GS. 22A-22B are di agrans -of a~m xed-resol uti on, |nen5|onal .
space derived froma binary, 4- dlnen3|onalsmbject spa ‘“““““ “ Eﬁ is a
functional “diragram.of the object description process; “

16-FEB-199%6 18:32 FROM

show bl ock di agrans of physical nodules in an. abjeéct dé%cflp |on systen1
FIG 25 showssaid viirtuad| imegel e of an object description system .
FI G 26A-26H show t he obj ect space configurations fornmed by the 4-bit

frame | ogic nodul e

RGB

10

15

20

:descriptor,

35. A process for visdaf11A8 R18:Rbn2loRal ba o ™"

. Space using a_computing device such'as a computer, the
'.fcomputing device-of'the'type”comprising means for‘storing"
" data and commands, and frame logic respon51ve to the stored
- data and commands for generating a virtual image

| representing the N-dimensional-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

._-comprising 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 dlmenSLOHS for a mixed-resolution,
N-dimensional-color space;.

generating, from said frame and said color

- This Sheet Has Been.Replaced
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col or spa FI GS. 28A-28C are diagranms of a sixty-four_
S22 Ic‘gp 936!3&,3@ --FI G 29A-29C show rel ati onshi ps bet megﬁr?ﬂgﬁmm
three-dlnen5|onal spaces with different resolutlons

S O O O

descriptor, an colcriselector for each resolution~spat1al-
location in said mixed-resolution, N-dimensional-color
10 .space; '

generating from said resolﬁticn-spatial _
locaticns,'said dimensicnal—spatial locations and said
color selectors a virtual image of the N-dimensional—colcr
. -space, and ' ' ' _

15 R selecting a regicn 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
J 5ﬂ7 p..ﬂimage on said display deVice.-h” L :

This Sheet Has Been Re
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FLGS 30 5’3%2 aph of mat ching curves for 445 nm 535 nm _and 630 nm
control ‘sources; 3ﬂ3 FI GS. 31A-31C show how per cent ages- o GLSPH/AP218
intensities over ‘a range of values for each ppinary are deternined in a

stxty-four el ement, RGB col or space. DETAI DESCRI PTI ON OF THE PREFERRED
EVMBODI MENTS Reference will now be nade”in detail to the present
preferred enbodi nents of the invention, exanples of which are illustrated
in the accaonpanying draw ngs, wherein like reference nunerals indicate Iike
el ements thr oughout the several views. G ven the intellectual process
of system dede pt‘lAp, t he presenFlgm B on nechani z gr e

representati % system s de | pt lon. Object des®riptlons have

meani ng, .that Rﬁ'h@; refer to oP ARBe sone syst dARIOR ART

;‘. :
D.~o _

~_ > ':

@ 1
._.5_

Fig.1lD ~ Fg.1E
PRIORART . PRIOR ART

ISy |
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wWrth cert ajyh H4)34Kal or conceptual properties. For col or_ graphics,
t he obj ects nay)‘%%ﬁpart I cul ar col or sensations-described in té’rcgrgﬂgwwzw

gttributes such.vas: red; green; blue; whighaefine a color space. For
opti*cal communi cations, the objects may «f<particul.ar coherent |ight
source described in.terns of -its |lightwave conponent's, which define a

si gnal sm@g‘p?he 'significant aspect of systemdescription is that the -
4 I

DTN -

actual des on'is one selected froma set possible descriptions. The
i nventi onpi ral apparatus and nethod, designed to operate for each
possi-b‘lte probl em-Sel ection, not just the one which wil] actually be chosen
since ft bpg i s Uppown atyhhe time ofdesign. The_proocess of the o
present PE Nt i on abl ezs&ﬂ’ resent %Rg nsed physi cafl ggnonena | ogical ly
and | dgi cal ' b 4. . ) f tRepwior art nethods .
d 1 qai cat Oboaske \M bl Y\ P b ,3.&,; 206 Lcube
(A 1Al | AT \ 1A
B 1 'E/ -
_ 203 l" B l—_ T C
. | A oy D —
| _ ' 207 - i
B ' ' 1B 1
- Fig. 3A -
“ PRIOR ART
e | @ f @ | e | @ | e o
iy 00 0 1" 10 300 Fig. 3B
@ oo | oooo | ooot |-oms | ooip |7 =~ FRIORART
_ (RBED) | (RBED)  { (RBCO) (ABCD) ' '
0100 .DI 302
(AB) o1 L. 01 0111 D11D , :
(rethH) | (ascu.) (RBCD) | (RBCD) 301, 1o
(AB) 11 1100 "191 I vy | oo _ —
ARBLD) 1 (ABCD) | (ABCO) .| - (RBCD) . | |
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-23-.  refwoeghinsin Description of the Prior Art sought to pcIvekoZ/eosse
aspect—of a probl em sol ving process by mapping | ogi cal objects onto visual

space. Most prior art methods ass ~vi sual space to be the Cartesian
spaCe, in that, |ogical objects are na ® onto the real line, the pl ane,

or the cubic space ‘AN object's location-in vi sual spate, accordingly, is

metrically
Fig. 4A

PRIOR ART
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- PRIOR ART T
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det er m nedwiped 4 to one or nore coordinate axes. Herein |i
princi pa"l deﬁa??:l?fig of-t he present 'invention fromthese pri m%?nﬁ%%’ﬁg%}g:
the nethod and apparatus of the prese i nvention define a novel form of
obj éct space, such.that, object |ocat in this object .space is.logically,
rather than netrically, determined. Oher prior art nmethods referred to in
Description of the Prior Art sought to visualize some aspect of the
probl em sol vi ng process by recursive indexing on sone variant thereof. Such
prior art nethods, however, deternine |ocations by deconposing a donain.
The process which forns an object space is directed by object descriptions
in.accordance with the nmethod of the present: invention. Cbject expressions
are repFesensed by a uni que binary-coded name which directly correspond. to
a posit 4+ ® t he obj ect space of the present invention. The present =~
i nvent i PRIOR ARrst descri bed as the method of. '
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reflectlng blnari N- di nensi onal
generalized nmet hod of

i s ‘descri b¥@
N di mensi onal ebj ect spaces.

I n structurlng “Br;
Sanet in his -—{Yhe
1989, Addi so N
It possible:

MAGUIRES |

obj ect ‘spaces.

The process
i an interl eaving of t he N-'di mensi ons.

-as- part
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dpt

dynam cal ly.

Bit

S
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Then the present inventiaon

ecting m xed- r e PETIUSH2Y00218
He present invention results

interteaving is often enpl oyed

a representation itself.

Fig.6C
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-24-, “ﬂ#%&)g s to logarithmc insertion, deletion and search

al géri t hns d have drawbacks; however. First, and RSt/ USaR/00218
hs that bit interleaving is not- perfq%%gg%eff|ciently on generak—
conputers. Its coaneX|ty depends on otal nunmber of bits in.the.

keys. Because eff.icient ‘interleaving of binary- coded data is essential
to the visualization process descri bed herein, an enbodi ment of the
invention is described as an apparatus with a‘virtual conponent. Before
descri bi ng an enbodi nment of the invention in deta|I t he follow ng
tern1no|ogy IS S

Flg 7 . .
Pnor Art

// B
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defi ped:; w(},}%gﬁnect: a structural - and/ or behavi oral expression of sone

real’-worl d of ary phenenenon. 2. bject descriptor P@’é@”&mmn
of attributes which descrihes.a schema for a particular kind of--object
eXpressi on describing the object space. 7 2 O0j ect selectar: a
collection of attribute values -associated the descriptor of a speci fi c
obj-ect expression, defining a location in the obj ect space. 4. (bject
space: a bit-i nterl eaved representation of an object descriptor. ' 5.

hj ect na? gnary encoded representation of an object selector in an

obj ect spacd{. 6. Visual space: a space of object nanes projected onto
a plane. nsi on' ~ €T At ricbute ~of -an~ ebfeet -~ desesd plor.. -
cor-r_espon(']grlgra&fﬂgnm oninb o#® obj ect” space and vi sual 804 -

803 -

'Fig.9 | | |
PriorArt_' o  s0s

9804

-.éaa N ]/
'_902/ e

903
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16-FEB-1996 18:34 FROM  MAGUIRES | TO oabUSeAI4UDE My ler a4
space. . WO@x3mpnsignal resolution: the range of val ues as§ ﬂ?oﬂlgh
each-attri but e of an object descriptor. -- 9. Quantization: aSSI gni ng
l.ogi cal digital code to a range of val uegs c‘ﬁé 10. Frane: describes the
forfrat of an Obj ect descriptor, where ea ??trl bute (dinmension) is denoted.

-25- .
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PRIOR ART
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_ WO 92/13313 - .. W 006832434862  p. 4.
t he. case, for user-specified attributes, the process starts with the step of -
inputting theattrijbutes 1201 to the conputing d&jfe. The attri but eBCT/US92/09;
describe the problgm A Fj@r \splay, for exampl€, y have the attributes"
of three primary cplors: 1 een; and blue. Each attribute- corresponds
to a dinmension of Jthe problem For the color display, each of the three
primary colors may be considered a di mensiogn, giving a dinension of .thrge
' e 1@ specj feed, att rl butes, a

! ¢ i arre_lsl. _cod ] € I
representation offattri . - Caw P A [particul gr pr '
Inpa col or space fJeach at. .»'»;(‘:/-‘fl?ﬁ"am."""‘l@ ! 0 '

e : LT N S ST NN AT prif 1
by a bitfield in]Jthe .J"'»K“!’!,‘;»ﬂu}!ﬁ::n-* ..J;"'f h bi t$ L ysfal [ 1—

e

O .a primgr sgdefcrfi bgd ]

- Wy, A
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As a fi rStWG@%m_?,; a three-di nensional object space, with tV\FCP)ﬁS%ZIoozIs
-resyl ution on each di nensi on woul d have a o A
~26- frame (O, 1, O, 1, 0, 1). Each 1-bit represents each dinmension, and

£he *0- bi t pl aced before the correspondl ng/‘%)ﬁ_ i ndi cates a second bit -of
resol ut fon. For the color _ _

Flg_.,20A
| 1"7"1 |
| | 01
Fig.20B ', A o w
- : : |A IA IA AII
oo.'-t:n- 10} 11
1 [T
_'_Fig. zoc | S A" - A"
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di splay, resol ution.on each of three dinmensions njqght
_wgptndw@oﬁ{g%lgl evel s of intensity for each of the primar V312400218

As & second exanple, a three«dlnen5|oddr, OD] €Ct_space wththree orreof
‘resael ution on the first dinension, one bit of resolution on the second

di mensi on, __and two bits of. resolutlon on the third di nension, would have

t he frane: WR) 2/13313 0, 0, 1). For col or space, the right thrMDSQZMQt&
represent eight levels of resolution or sa »on of the red attribute;
the center bit mght represent two levels reselution or saturation of the
green attrlbuF§ zg!kge left two bits mght represent four |evels of
resol uti Slxj n of the ue attribute. Aa:althlrd exanpl e,
for a thriee di mensional, ":mnth one bit resolution on each

ObJ "o
dinensron Each bit, frun1r|ght td lgeft, mght

- DF —
_ . B
1 AL I
€t gcley oy
D B
- - .Bl
- B
D
: B
D —
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D ep—
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A A
B
This Sheet Has Replaced

LT



28-FEB-1996 18:37 FROM  MAGUIRES - { TO YgbusZas5aubs P U2s83 00

re'p_r esent-mgz{rlgﬁ_;attri bu{g, the green attribute and the bl ueE/USIRIDEIS
respectively. ‘The frame is a positional notation which denotes the nunber
of>attri butes and the resofution of each at 'E:te. ‘The frame data are the
varues or sense of each bit position in a 5? frame. - Referring to
FIG 12, the bi f eaframe are interleaved 1203 10 generate an object
descri pt ory "Fo"r'ﬁié- fiﬂ t.he obj ect descli ?p:to? is (0, O, O, 1, 1,
1) for the frame (0, 1, 0, 1, ). For the secong—exappie—the object
descriptor]is (0, 0, 0, 1, 1} Pthe frame (O, Ll 1l d._0.B1). For the
third exanpl e; the object g&; is (1, 1, 1) for thelfrgme (1, 1, 1).
The conputf ng devi ce gener.'?a_x-' 4Xrom t he frane]ana {na ] ect o

descri ptor| di mensi onal - £pat; _ns of the DNaHrehsi C'H'-F! object
space. For]-each 1-bit f _ . L B

A A -

At

s s
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-27- eWd o) g the conputing device generates a di nensi Qa~pj
drﬁen3|0nalsspaﬁ?g? l.ocations. The di nensional -spati al Ioeatlonslg§F#§?b%nd

to the attributes of the problem FIGS. 13 through 19 illustrate
n-clibe projection in accordance wi th met hod the invention now furt her
described as a process to nechani ze and vi % refl-ected . .
N- di mensi onal - obj-ect spaces for any N, where N is a positive integer. |t
shoul d be noted that each of the .. : .

Fig.23

- input-, S procedur_e-'_ o output

" domain

expression : object descnptton

2300 .

coded object description

2303

: '_int'erl'eéi;edt frame

2306 o 07" 2308

" descriptor

- execution object space -

2305 280”7 2311
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16-FEB-1996 18:45 FROM  MAGUIRES _
how t hree expressions of n-cube el enent

FI-GS. 13t higny Ell%?ljs
conflguratlons The n-cube of FIG 13 is referred to her eiRCHUS92/00218
O-di-mensi onal"~obj ect space. FIG 13 shows that an: ebj ect space with a
di"menisi on of- zero 0) has onl'y .one el enentsgz i's, one
di mensi onal - s_pat|é|g The binary 1 cfs%e of FIG 14 is referred
to herein as a 1-difensi onal Obj ect space with one bit of resol ution. FIG
14 'shows that an object space with a dinension of one (n = 1) has two

two di nensional -spatial |ocations. The 1-d, 1-bit object

el ements; that. i s,..L)
space of FI G- 14 4can be-virsuattzed-as- “gr-ti-Reas--£Lgi-an conprising two
respeciti vel y. The |inear

el ements ' 2‘?@ Iogl cal zero and | ogical one,
reflecting a first {O- di nensi onal obj ect

regi on of I s gengeatead . _
space nangd. " to the i ght. TRereby, a second O dinensional object space.
named "1" is prodiuced T egﬁjﬁﬁ} _ a—cH-FBRSI onal - spatsial |ocation is

2404 |

ladely LT PP IR S
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cal lgd an el ector. FIGS. 15 through 19 show t he 'progressive
pr of ect i*onag#sijé#'éct ed binary n-cubes, where N varies from t\ bS82/00218+

FI GS: 15-19, each di nensional - spat+ al | ocat | is represented as a cell ;-
wWhi ¢h is drawn as a-square. N di nensi onal/%z;ct spaces are reflected as
regions in an orthogonal direction deternified by control signals from an
apparat us descri bed bel ow. Referri ng to FIGS. 15 through 19, it should be

noted that the val ues of the n-1 right rmst obj ect selector bits in a second

(reflected) n -2

“Fig. 25

_2501

2500

* virtyal
image -
processor

Ams .
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16-FEB-1996 18:45 FROM  MAGUIRES | TO BEEE32434862 P.21/24
-28-. reg @r the sane as the n-1 rightnost object selector bits of the
cor r‘espond+"ﬂ§9 Bsgc‘t sel ect or s—whi ch conpri se first region (HCT@!USMMISI\I
is the nunber of bits in an object selector )@ shoul d be further noted
that*the va of 6 | ef t nost .obj ect selector bit of a first region is
al ways a | ogi g , and the Ieftzaaz sel ect or b|t of a second region is

al ways a logical one. °

lf 1 B .Flg..ZGB
D ﬁs |
- AT A AR
AV A JTHE
gsq_a/ o | | HiH®
| AN | PH ! ms
Fig. 26C s
Sk Sas — ousom
_Hig:E Fig. 26D —
TAT A o o CaC
- 101> 011 S E =
Flg 26E SHils
'.__ 100190011
D : 18 » E i
A IA . ' Flg 26G
- . ouisour | o
Fig. 26F |
1C
°m.s d rrme |
Ar 1A o . o n =
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The binary 2-cube of FIG 15 is referred to herein as a 2-di nensional _
obj ect - space v ne bit of resolution. FIG 15 shews that a j ce
W th _a di ﬁ@ﬁsﬁzhﬁd two (n = 2) has four el e%t?s-;-— that is, Bc‘i'pbgﬁmﬁﬂi
df mgpsi onal - spatial |ocations. The 2-di mens?/PR | - bit obj ect space of

FIG “15 bgy=vigsual i zed as t i regi ons conpri sige ement s
"naned" Fﬁ&mszz nce wth a _rré\i)deg??bi nary Gay code Egdfé‘] 01, -
11,10). The object space of FIG 15 is rated by reflecting a first
| i near region upward. Thereby, pr odquecond (reflected) i :
regi on. The resulting o@?8@t space ﬁ be visualized as a square-region. 'é
shoul d be not el th-at'yf_e correspondlrng obj ect ctors in eagzi'near- .. 2703
regi on havg tj@ksand val ue in the®@ight My${ ,b_'.l(t _p‘o-si.t'i'on;_'_llo verl the

val ues di f fGE | eft nost  bjgt >

v pon. The | eft nost HOily¢1Fhsd RRold15 3t
| i near regig ect selectors gi cal -zero. Tb/li fmcf—FL ng t he
second (refl 23 . | near region o001 2705 . jrot 100-_000 001
4 | | 7~ T B Rl IR
B R T A L/—
Fig.28A° - Fig.28B

R‘ ) . . R'
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oBLect sel a logical one. - .- The bipary 3-cube of El '
‘gar]@z}jﬂsas a 3- | mensi onal _dbj ea&ce w th -ene bﬁﬁépé&/bans -

referred t

'bT‘é'L“I.’ space with a dinension of three (n

resol ution. FIG 16 shov
= 3) has eight |§§ | aensi onal -spatial .1 ocations. TRE
3-di mensi ongl , ace bf FIG 16 can be visualized as t|w
square regiong 'hg_-'-gou el enents. - These -ei ght el enments[C
named in accor [ 1&2t pd binary Gray code (e.g., 000,
010, 110, ¥+, objert spage of FIG 16 is generated
reflecting a - ' S
S 88
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-29,. first square region conprising four elements to the le {,QE’J# &% a
second sqmg“z(q'r-’@ﬁect ed) region is produced. It:should be no 2{ %
val tres of the two rightnost object selector bitg in the second (reflected)
squére region are the sane as the two ri ghtm;é‘g/ii.ts_; of the corresponding
obj ect sel ectors, which conprise the first square r'égi on. The value of the
| ef t nost obj-ect sel ector bit of the first square region is a |logical zero.
The val ue of the leftnost object selector bit of the second square region
Is a |logical one. .The binary 4-cube of FIG 17 is referred to her ei n
as a 4-di nmensi onal obj ect . space with one bit of resol utlon _

~ Fig.30

'.-'1'.5
S 7 \
Clintensity . T At —R—1
08 4 o
0.0 — A

'wavele'ngth.-(l)__' 400nm Soohm .'_GOIOn'm' '

is Sheet Has Been Replaced

“THm B




16-FEB~1996 18:46 FROM MAGUIRES | T0 YbUSLasadogd .24/ 24
FIL.G™ 17 sowd/f33a8 an obj ect space with a dimension of four (’h‘wi‘j"ﬁ“a‘s“’
si'xsgen & erre'hts that is, -di-mensional -spatial |ocations. The ——

4- digrensi onal , 1-bit obj ect space of FIG 17 can be visualized- a5 two

r éct angul ar regions, each corrprr sing eight elenmengs. These sixteen el enents
are named.in. accordance wi'th+a refl ected bi nan’y? .ﬁy code. .The obj ect: space
of" FI G 17 i-s generated by .reflecting a first. rectangul ar ..r.egi on- conpri si ng
ei ght el enFug; M\A{va ?hG-eb'y—-—a—s-ec-oﬁd‘-r-ect-a-n-gul ar (ref |'ect ed) region

i s produced. The br ary 5-cube of FIG 18 is referred to herein-as a
5- di mensi onal obj ect. spafe3wd dimensionit of resol u Q@] &' G. 18 shows that
an object space with a d nﬂ:lsed)ue))f five (n =5) hpas tnirty-two elenents;
that is, . dinmensional-gpafial-locations.. The 5 di.ngnsj a.I 1-bit object
space--of FI-G 18-ca.n.1 e Jrsuaigged W eTE(i = @435 o Ming -
si’xt een -el'ements. Thege 3 S ' 59% ((425-380)--65)

ot A | ‘:_ 61%-((420—330)4-65)
00 e N %, - s
: loo=380nm ‘—3. 42°nm1"-425nm 10
-_"_1-°_'.j ] toone(sasamn r155nm)'-
..11': . f\ 1 86%-((513-380).;155)
B I ] 4 \ i 74%= ((495-380)+155)
00 b B E— |
‘A,..=380nm - ' A =530
: F'g 310 ) “1st drmens:on . = value .
T e (redhue) o
. | R /\ i 100%=(uo-330) (250nm)
s o on Y . ] S _-80%=((580—380)+2501 |
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DATE OF RECEIPT ..
MIXED RESOLUTION =DIMENSIONAL_OBJECT SPACE

GRO o) E [0) _ ,
This invention relates to an apparatus and method for

. genérating mixed-resolution, N-dimensional object spaces by
transformation of logical object descriptors or sensed
physical phenomena. This invention also relates to an
apparatus and method for visualizing mixed-resolution,
N-dimensional object spaces, by projecting a
bit-interleaved object descriptor onto a plane: More
particularly, this invention relates to an apparatus and

method for encoding spatial locations with a novel k-ary
reflected code. ' '

S ON_ OF LEV T
In a survey of research directiohs related to

visualization methods, the Micrqélectronics and Computer
Consortium (MCC) characterized the field of abstract
visualization as a mapping of logical object relations into
visual space "...so that inferences drawn from the visual
representation can be carriédfback in£0nthe-abstract.
domain." Abstract viéualization, as described herein, also
means the mapping of sensed physical phenomena into-a
logical space. For épplications like exploring
high-dimensional multivariate data "...visualization of
concrete things is not as important as visualization of
abstract entities." 1In such applications "...the problem
of what to represent and how to deliver the representation

. are the key, while photorealism is notaas important." :

| A significant class of problems related to abstract
‘visualization have solutions which are not arithmetic in

2 nature. yFurthermore, the explanation of'a particuiér

result is as i pqxtant "to ‘an. approprigte solution’ ‘as the
resuit itself: 4 Ideéllyﬁ theﬁmeﬁhog,gyployed for solving
such problems should enable abstract visualization of the
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a 6 dlnen5|onal object space with one bit of resolution. FIG 19 shows that
an object space with a dinension of six (n = 6) has sixty-four elenents;
that s, dimensional-spatial |ocations. The 6-di mensional, 1-bit object
space of FIG 19 can be visualized as two rectangul ar regi ons, each
conprising thirty-two el enents. These sixty-four elenents are nanmed in
accordance with a reflected binary C?ay'ﬁ%ﬁe as described above. The

obj ect space of FIG 19 is generated. by reflecting a first rectangul ar

regi on conpri _thi el S T 2 ¢ ectangul ar
(reflect eg% 29182% S J&%V‘%oﬁe@?ﬁ li e pr %élgsrsée"'“ﬁﬁrllafrﬁ%naéagbgg% al elenents
for any N mq@eamrfaincsqam axpriegsiiansydisy aupdertsiodaerdy aeXirknown" of

reflecting generation nmethod illustrated by FIGS
13 t hrough e?%%p\}%b%%%h g}%ﬁm

Early approaches to devising a mechanical procedure
for improving circuit design included a "chart method"
developed by the Harvard University Computation Laboratory,
which is described in a book edited by H. H. Aiken
entitled, Synthesis of Electronic Computing and Control
‘Circuits, Harvard University Press, 1951. In the article
‘#"sketch for an Algebra for Relay and Contact Circuits,™
Montgomerie suggests a graphical approach for reducing
logic equationé. Montgomerie's approach was developed and
extended by E. W. Veitch in “A Chart Method for Simplifying
Truth Functions," Proceedings of the Association for
Computing Machinery, Richard Rimbach Associates, :
Pittsburgh,1952, pp. 127-133, and later by Maurice Karnaugh .
in "The Map Method of Synthesis of Combinational Logic
Circuits," AIEE Transactions, Part I, Vol. 72, November
1953, pp. 593-599. ' _

Karnaugh describes a method for mapping abstract
representations of circuit xnputs into visual space. The
Karnaugh map, often called a k-map, is a w1de1y 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 visualizing 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 labeling each axis with a binary
Gray code. Inferences drawn from this visual
representation of logic -expressions usually result in a
reductlon of the canonical expression.
R well-known aspect common to all Gray codes is that
consecutlve codewords differ: in: only one quantum interval,
i that is, one bit position in the case of binary Gray
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prOJected onto a plane results in a two-di mensional visual representation
of reflected N-dinensional spaces. The novel nethod of the present
i nventi on -can be used for vi sual i zi ng progressive space generation for any

N-di mensi onal , object space. The di nensi onal -spatial |ocations can be
produced by reflectlng cells right, up, left, down, right, up, left, down,
etc., in what is considered a counter-cld@kMAse dlrectlon Alternatlvely

the di mensi onal - spatial |ocations can be produced by reflecting cells to
the left

consi derédugbépﬁg{:t sgg\gﬁ}rg L;&su%?%dd%r?eﬁycgﬁallép@ﬁ a‘%&%@aﬁ'ﬂ%n&aﬁﬁy be

refl ected i podeabgaswade fer dmummawkdn!ﬂquantuhrxntemva1f%wtﬁmrwi$éeit

Singl'e direBERE 1Besc & Bl (AR Come Y i PR I Skt

count er - cl o6kalys eodebcainmbet rfepresesdtesd ng . ' .

- by 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 issued
to Frank Gray distinguishes between a primary-form and
secondary variants 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 proéess and because other forms may in turn
be built up from the primary form in similar fashion,
the code in question, which has as yet no recognized
name, is designated in this specification and in the
claims as the 'reflected binary code.'!
' Some forms of the reflected binary code offer special
. advantageé over others. for particular applications.
FIGS. I1A-1E show a prior art method of unfolding a
'binary 3=cube onto a plane as a k-map, described by Clare

in Designing Logic System Using State Maghiges, 1973,
McGraw-Hill, NY, pp. 14-1S5.

_ FIG. 2 is a prior art representation of binary n-cubes
as k-maps, showing a 0-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,

.and a 4-cube k-map 205. The 2-cube k-maps 202, 203 are
different representations for a two-variable k-map shown by
Karnaugh in the article referenced above. Such alternate
T, 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 ﬁanner
inconsistent with the diagram 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
of FIG. 3A correspond to the grid cells 301 of FIG.
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di mensi onal -spatial |ocations is used -t-hroughout this dlsclosure with the
understanding that the alternative . - - 31-

enbodi ments produce equival ent di mensional -spatial |ocations. Ref erri ng
to FIG 12, when all -the di nensional -spatial |ocations are generated 1205
representing all the dinensions of the prgblem then the conputing device

gets
The labeling method of FIG. 3B is a simplification of the
method of FIG. 3A. Grid cells 301 in FIG. 3B are
distinguished by regibn_identifiers 302. Grid cells 301 in
FIG. 3B within a particular region 302 have a logical value
of one for the bit position in corresponding map cell 300
‘names of FIG. 3A. _

FIGS. 4A-4B are a prior art method of visualizing the
binary S-cube and the binary 6-cube as k-maps. - Clare, in
the reference cited above, shows the 5-cube 400 and the
6-cube 402 copied and translated to the right 401 and
downward 403, respectively. |

FIG. 5 shows a device proposed by Karnaugh, to
visualize the synthesié of a network of six variables:

[The three-d1mens1onal cube] ...consists of four

6-inch plexiglass sheets supported at 1-1/2-1nch

intervals by 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 variables 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 variables, the mental gymnastics
required for synthesis will, in general, be
formidable.

The application of k-maps for problems of more than
four variables has been described in the literature as
tedious; therefore, the k-map's utility is generally
limited to the introduction of ideas about logic circuits
and their synthesis. An article written by J.P. Roth and
entitled, "The Synthesis of Switching Systems I.,"
Transactions 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

L



1206 the first attribute bitfield inthe frame. Fromthis bitfield, . the
conputing device determ nes 1207 whether resolution-spatial |ocations need
to be-generated fromthis bitfield. If no resolution-spatial |ocations are
to be generated, then the conputing device determ nes 1206 whether this is
the last bitfield of the frame. If yes, then the conputing device checks
1211 i f there are any additional resolutiﬁﬁ?spatial | ocations to be

generated for any bitfield. If no resolution levels are required, then the
conputing device generates, 1212 an ' lectqQr i C e3h s to
i nterl eaved ‘?‘Fea’f’relg%ﬁ?%\u?lari%a ed}“ﬁegﬁéﬁg'%glﬁ'gg‘at%%a c])%anl g%hl n Q‘E‘%’

N- di mensi onatisug ktzatpenecof Throbbemst ofcmoreothadr @ fiow veadabdesd is

bitfield of 8. The object selectors define a location in the
cells repreggﬁ?f%% gﬁegg%nénsional-spatial | ocat.i ons.. | f all object

sel ectors have bedm ashiciechy1diy pyd v, ("Feldvwarksi Jkg Nekwark

| ocations fQudi®, and Some Applications -- Three-Dimensional Karnaugh
Map and Its Virtual Planar Representation," Information
Science, Vol. 24, 1§81,.pp. 93-109, is representative of
various attempts to generalize.k-map methods to other
disciplines. The "virtual planar representation" of a
three-dimensional k-map is used to study "cell-work
topology" from a network point of view. Other prior art
abstract visualization methods include mappings of
high-dimensional multivariate functions, presenting a
two~-dimensional view of a function of many variables. In an
article by Patrick et.'al., "Mapping Multidimensional Space
to One Dimension for Computer Output Display," IEEE
Iggnggg;iggs_gn_ggmpggggg, Vol. C-17, No. 19,_1968, p. 949,
the following problem ié'presented: _ i e
" consider the problem of dispiaying.a real-valued
function f£(x1, x2 ..., x[n]) of [n] real variables on

a computer output display. ... If [n] =1, it is

.clear how f(x[n]) can be processed for display'on a

two-dimensional screen; but if [n] > 1, the required

processing is not as obvious. _ '

Patrick's approach to displaying a two-dimensional
view of N-dimensional functions for n > 1 establishes a
one-to-one correspondence between the N-dimensiohal domain
if "f" is bounded, that is, statically predetermined.

Prior art methods cited above primarily are concerned
with the visual representation of logical objects; however,
the prior art also teaches methods for the logical
representation of visual objects. Srihari in his article,
"Representation of Three-Dimensional Images," Comguting
Surveys, Vol. 13, No. 4, December 1981, pp. 401 & 405,
describes symmetric recursive indexing as a method of
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N—dlnen5|onal object space t hen the conputlng devi ce generates 1214 a
virtual imge of the N-dinensional, object space fromthe

di mensi onal - spatial |ocations and t he obj ect selectors. A user or
appl i cation procedure may sel'ect 1215 a region of the virtual image for
machi ne control, display, or other application-driven function. The process
further nay_inCIude using the conputing depice for displaying the selected
region of the virtual imge of the N-dinmensional, object space on the

di spl ay neans. The process additionally may use the conputing device for
generati ng taddrolilen tHwe drovidlerthdde fdntatesessr often, prohibitive,

resol uti on- ?.B‘Fl'e?!xﬂl%gata!ﬁ“%Jéth} Qs%dtﬁﬁf’&né e&f&ﬁ BL162°Aref cbierlis

di nensi ons m Xxed- resol ut
‘ include a lack of appropriate modularity and a lack of

sufficient mechanisms to support appropriate modularity in

. the firmware. Other prior art controls require a detailed
knowledge of the operation of the control kernel for
usage. Further problems with pfior art controllers include -
a general lack of appropriate mechanisms for accomplishlng
the specialized objectives.

Heath in an article "The Hypercube: A Tutorial
Overview, " gzge;éube Multiprocessors 1986, SIAM,
Philadelphia, 1986, pp. 7-10, teaches:

«..in a hypercube (also variously called the binary

N-cube, cosmic cube, homogeneous ensemble machine,

"etc.), 2N processors are consecutively numbered (or

tagged) by binary integers (e.g., bit strings of

length N) from O through 2n-1. - Each processor is
connected to all of the other-procéssors:whose‘binary
tags differ from its own by exactly one bit.

Topologically, this arrangement places processors at

the vertices (corners) of an N-dimensional cube. In

practice, the actual layout of the processors is a

linear arrangement in a card cage or a planar

arfangement.on a printed circuit board; the cube

connections are made by wires, conducting layers, or a

backplane.

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 Cosmic Cube," Communications of
the ACM, Vol.28, No. 1, January 1985, p. 22, describes 64

. computers "...connected by a network'of communication
channels in the plan of a binary 6-cube." The
interconnection pattern of FIG. 6A is similar to that used
by Seitz. Each node of FIG. 6B is linked by arcs to six
other nodes.
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FIGS. 10A-10B show a diagram of a four-dimensional
hypercube, called a binary 4-cube. Each element of

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

FIG. 10A are represented as a link 1001 connecting nodes
1000. The binary 4-cube is shown partitioned 1004 in
FIG. 10B as two subspaces: subspace OéBA 1002 and subspace
1CBA 1003.

Hypercubes of arbitrary dimension can be made using a
linear arrangement with connecting wires (FIG. 2). The

cube of each dimension is obtained by replicating the one

of next lower dimension, then connecting corresponding
nodes. The node names resulting from such hypercube
interconnection schemes correspond to prior art
two-dimensional recursive indexing methods, similar to the
method described by Srihari in his article referenced
above. Recursive indexing has been independently
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, when projected onto a
plane using the method of recursive indexing is routinely
referred to in prior art 11terature as a binary n-cube.
This binary space partitioning procedure, however, actually
describes an k-ary 2-cube, that is, a two-dimensional 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
Transactions on Computers, Vol. C-20, No. 20, October 1971,
pPp. 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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~#¥87E T 0ob) ect space. ‘FI GS. 20 22 |Ilustrat|vely show t he generation of
resol ution-spatial locations. Referring to FIG 20, the nunber of elenents
in a-k-ary 1l-cube is determ ned by the nunber of bits of resolution as a
power of two. For exanple, a 4-ary 1l-cube with two bits of resolution has
four elenents and an 8-ary 1-cube with three bits of resolution has eight
el enents. Wen elenents of k-ary 1l-cubes gge reflected linearly as shown in
FI GS. 20A-20C, the elenent transition sequences correspond to the primry
formof the reflected binary code, but nmay be interpreted as a reflected

k-ary code. potnod'dt AKuSTYEnd OhdEIotafHRELChE 4o 1 hArYehEbR
by transforming its coordinates onto a plane is not
extendable to generalized N-dimensional space, where the
resolution of each dimension is permitted to differ. :
Sivilotti in a paper, "A Dynamically Configurable
Architecture For Prototyping Analog Circuits," in Advanced
Research in VLSI, Proceedings of the Fifth MIT Conference,
1988, MIT, b. 248, describes a binary H-tree hierarchical
interconnect structure used to physically place leaf cells
and crossbar interconnect switches omr a grid with parallel
.decoders around the chip perimeter as a simpler alternative
to a hierarchical decoder. Sivilotti also refers to
indirect element name (switch address) transformation as
the "...mapping between hierarchical interconnect matrix
coordinates and flat Cartesian coordlnates performed by the
‘embedding compiler.™

Colorimetry is a perceptual science which studies and
attempts to quantify how the human visual system perceives
color. This study of perception has resulted in various
systems of color representation, each intending to reduce
problems associated with subjective color selection and
reproduction. Six color systems often used in associatlon-
with computer-related information display include: the
Munsell color system, HSV hexcone, HSL double hexcone, HSL
double cone, HSL cylinder, and the RGB color cube.

The Munsell color system is described in am article by
Meyer and Greenburg entitled, "Perceptual Color Spaces for
Computer Graphics," Computer Graphics, Vol. 14, No.'3,
1980,pp. 254-261, in relation to reproduction of color on a
television 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 o
intersection is not well defined. REPQA‘f’”*““"

s £ ot




ERRANATH IR NI

l-dinensional object space wi th one b|t of resol uti on. The 1-di nensional,
1-bit object space of FIG 20A conprises two object selectors named "0" and
"1™ respectively. The object selectors of a 1-dinensional, 1-bit object
space represent dinensional-spatial |ocations. FIG 20Billustrates a
1-di nensi onal object space with two bits of resolution. In this case, the .
ori gi nal dinensional -spatial |ocations oflft+G 20A have been reflected to
the right to increase the resolution in the direction of the first

di mensi on. Note hrgi t he reflectlon for increased resolution is in the sane

direction as the | SBLER, ifhi "GP IGh Gamutd Trrasfiormadiion Paisselj aaM
sel ectors oCompeter Graphids " SIGERAPH [¥a&)i,alvoIRCcaki,0ng.hayepp 01ll ool aced

i tions have
! LOnL, of bR R ehie S chyde LASALE0! U030 BBzl o1
front of thwhich used a neutral ax1s from black to white. At the

white point is a hexagon with vertices representing the

colors at the vertices of the color cube. -

D.F. Rogers in his book, Procedural Elements for
Computer Graphics, McGraw-Hill, NY, 1985, pp. 403-404,
describes the HSL (hue, saturation, and lightness) double
hexcone. This color system is similar to the HSV hexcone
with the exception that the full colors are represented
with a value of 0.5 instead of being equal to white.

Joblove and Greenburg in their paper, "Color Spaces
for Computer Graphics," ACM Computer Graphics (SIGGRAPH
78), Vol. 12, No. 3, pp. 20-25, describe a variant of the
HSL double hexcone called the HSL double cone, whose
cross-section is circular rather than hexagonal. In the
‘'same paper Joblove and Greenburg describe the HSL cylinder,
which expands the base and top of the double cone into
black and white circles.

Each of the color representation systems mentiongd
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 following
observation:

...A problem inherent with any color organization such
as The Munsell Book of Color that uses a cylindrical
coordinate system is that the spacing between colors
changes as two radial lines are followed outwards from
the center of the cylindér. ...The idea is to define a
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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FI G 20C shows a 1-di nensional object space with three bits of resol ution,
whi ch has been generated fromthe 1-dinensional, 2-bit object space of FIG
20B. I'n this case object selectors fromthe 1-dinmensional, 2-bit object
space (2-ary 1-cube), have a O-bit placed in front of them

- 33- and the object selectors generated gy reflection have a
- ) _1_ . .

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,
0) to (1, 1, 1). The neutral axis is a (diagonal) 1line h
from the black point (0, 0, 0) to the white peint (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 into an orthogonal
coordinate system in the same fashion as three-dimensional
geometry.

Color representations used in computer graphics are
closely linked to both the color reproduction device and to
a method of color selection. Uniform color spaces can be
used to decide at what level of resolution the color _
information should be encoded. Two-dimensional data plots,
for example, require uniform colors spaces to select color
scales. In the prior art color systems referred to above
the pigment gamut used. to deriver color spaces is generally

- smaller than the gamut of a color monitor and the pigment
.gamut is irregular. According to Meyer and Greenbufg,
referenced above (p. 260), "...this makes it difficult to

find color scales that incorporate the most brilliant
monitor colors."

Richard Perez, in his book Electronic Display Devices,
TAB Professional and Reference Books, Blue Ridge Summit,
PA, 1988, pp. 69-129, presents a detailed description of
CRT electronic display device technology. The number of
colors that can be produced on a CRT display, for example,
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. Some systems currently available are capable
of 1024 steps of gray from each gun'(lo bits). Systems

0.10CT %%
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1 b|t placed in front of then1 FI GS. 21A-21B are diagranms of

4-di nensi onal object spaces. FIG 21A shows a 4-di nensi onal object space
with one bit of resolution.” FIG 21B shows a 4-di nensi onal object space
with two bits of resolution, in each dinmension. In this case, after
generating all of the dinensional-spati_gl,_|ocations-for.the four

di nensi ons, the resolution-spatial |ocations are generated. Accordingly,
the sixteen dinensional -spatial 1ocations for the four dinensions are

reflected ¢ bfé'é!fté’sé hﬁélsgmft "B hCeh¥h lgaﬁel(s Bitsgsakution for

the first dimnension. S stage; ere are thirty-t
d|nen5|ondm°§9a59@m°moc%ﬁW%M%randSFﬁgo§M§FBHssﬁ§P| F°ﬁB€§tFoH§le?Gegenerate
two :e;/el sof)fo{reﬁoisltmmtnmxtmléeegedm?ggaﬁbaa,. t trhet ;yé\rA]@snnot .
eeolutt on2gabl l ol OGRLL o ey el G e Lhash bl fl iU S
resol ut i onespat i sb thaatthasv1ébableepelatteahastabngffewer colors. -
In a chapter entitled, "Color Displays and Color Science,™
Color and the Computer, Academic Press, Boston, 1987, p.
13, the section entitled, "Visual Display Descriptive
Systems," Gerald Murch makes the following observation:
...Under optimal conditions, a total of about three
million discriminable colors can be produced in a
visual display; that is, colors that are recognizably
different when placed adjacent to one another. The
palette shrinks to about 7000 when colors located at
different screen areas must be immediately recognized
as different from one another. ...Theobtainable level
of saturation for additively-mixed colors can be
extended by increasing the number of primaries..,.
The color television industry experimented with four
or five primaries but concluded that the improvement
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 entitled, "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
information and adopted coding system." Well known in the
art are devices which rely on various electro-optical,
thermo-optical, qf acousto~optical properties of materials
for modulating electromagnetic carrier waves in the optical
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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SRt YT ST spatial | ocations. The two |evel resolution-spatial |ocations
for the third dinension are generated by reflecting sixty-four

resol ution-spatial |ocations to the |left of the previously generated
sixty-four spatial |locations. The two | evel resolution-spatial |ocations
may be generated for the fourth dinension by reflecting 128

resol ution-spatial |ocations in a downwacgsdi rection fromthe m xture of
128 m xed-resol ution spatial |locations fromthe first, second, and third

di mensions. Accordingly, a total of 256 spatial |ocations are generated for
the 4d, 2-bigradingCt7oapder uddy &g “pRtead 0bst ai espectramedfi highti Wirloar

FGs 22h 2 eeéli&“i*!%ﬁ%es”fed S SO TG
space deriva@dbtnumadntuﬂﬁibebshinwmlIin&anbaer&yspﬁﬂe?OGFlGon?&&sgyy
shows the 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," in 0O _g;igg_ggg;gg_
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
dimensions, 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
thin-film waveguide 802. By reversing the incident 801 and
output 804 beam directions the roles of the prism 800 and
grating 803 couplers are interchanged. Streifer further
describes optical integrated circuit (oIc) switchinq 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 voltages to the electrodes will cause the
transfer of optical power from one waveguide to its
neighbor with high efficiency and little residual
power in the initial guide. ' |

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

RERLACGENT SHEET]




- 34- 4-di nensi onal object space with one bit of resolution. FIG 22B
shows a m xed-resol ution, 4-dinensional object space. In a m xed-resolution
obj ect” space the nunber of bits of resolution for each dinension is
permtted to differ. Prior art nethods for nam ng el enents of an object
space can be characterized as

-14-

Switches are in effect modulators. Prior art modulation is
a process in which information is encoded onto an optical
wave. According to Streifer, referenced above, "“...Pulse
modulation results simply by interrupting or connecting a
light wave in ‘a manner intelligible to a receiver. By -
transferring light into or out of a waveguide in response
to an electric signal at a sw1tch1ng electrode, the output
optical wave becomes modulated; that is the switch acts as
a modulator." Accordingly, the foregoing discussion
of the prior art is representative of the problem of
representing mixed-resolution, N-dimensional objects and

spaces. A long felt need has existed for a solutioh to
this problen.

o S _OF E INVENTION

_' An object of the invention is to mechanize the

' ' generatioﬁ of mixed-resolutien, N-dimensional object spaces
related to complex problems with a large number of
variables, where the number of variables is not ILimited by
the method.

Another object of the invention is to generate

_content-addressable object spaces. i

Another object of the invention is the productlon,
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 represent
sensed physical phenomena logically.

An additional object of the invention is to mechanlze
the visualization of mixed-resclution, N-dimensional object
spaces related to complex problems with a large number 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

— gt B s 9.
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'contalner-orlented in t hat the nunber of addressable el ement |ocations are
a function of the container's extent. Alternatively, the nmethod di scl osed
herein is characterized as content-addressable, in that, the extent and
configuration of an object space is a function of its contents. In the

obj ect space of FIG 22B the first and third di.nensions each have two bits
of resolution and the second and fourth diTE}si ons have only one bit of
resolution. Therefore, the object selectors for the object space of FIG

22B have a total Si b|ts e h I f bits in an object
sel ector, vaﬁP?ﬁigie °3§ Bﬂg %SFLF& %5&52 ﬁgggi Siunber of el enents
in a given object.kpﬁnnthéheobﬁec& oth@hsbﬁauengﬁameisfansunngytxnmwlses

sixty-four el S1 of a"py héaagtg bedvildk B Ohellr HeH ons- of

hi gher - di mensi onal spaces picafll I Xx the resolution | mensi on
relative to tSpaGRRatest nunber of bits required for any dinmension

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

An cbject 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 transition 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
control of a plurality of regions in an object space.

~ An additional object of the invention is concurrent
contral. of a plurality of object spaces.

An object of the invention is to control varfous 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
demodulation.

S o E _INVENTION

Object spaces representing very simple object
descriptions can be formed manually and, in a few
instances, mentally; however, description spaces of actual
systems quickly exceed the feasible limits of mental
visualization 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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Thereby, an inefficient spatial representation is created. The nethod of
the present invention generates |ogical object spaces by a process which .
relies on a novel object description rather than a process of spati al
deconposition. In the case of FIG 22B, the dinensional -spatial |ocations

for one bit of resolution in each of the_igyr di mensi ons are gener at ed.
Then, the resolution-spatial |ocations for the first and the third
di mrensi ons are generated. Sixteen dinensional-spatial |ocations conprise a

first square regi.\&g%ré‘imlgrga ‘Eﬂuagﬁeg‘éﬂitoQn@fen“tii)&tne,e‘gsekﬁ%ati%di anef | ected

o e O Y Sl cP S04 habetn; 2 botess For Jensisting S
’

visualizing mixed-resolution, N-dimensional object spaces

using a computing device such as a computer is provided.

The computing device may be of the éype comprising means

for storing data and commands, means for generating a

logical representation of the N-dimensional object space in

response to the stored data and commands, display logic for

generating a virtual image representing the N-dimensional

object space in response to the stored data and commands,

and display means for displaying a visible representation

of the virtual image.

In the case of user-specified attributes the process
starts with the user inputting to the computing device the
attributes and the computing device generating from the
attributes a frame for.the N-dimensional object space. The
bits of the frame are then interleaved to generate an
object descriptor. From the frame and the object
descriptor, the computing device generates
‘dimensional-spatial locations of the N-dimensional object
space. The computing device also generates object selectors
which correspond to interleaved frame data for each
dimensional-spatial location in the N-dimensional object
space. The computing device generates a virtual image of
the N-dimensional object space from the dimensional-spatial
locations and the object selectors. A user or an
application procedure selects a region of the virtual
image. The process may further include the sﬁep of
displaying the selected region of the virtual image of 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 resolution levels of each
of the N dimensions for a mixed-resolution, N-dimensional
object space. Subsequently an object selector is generated -
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-35w d|rect|on (rlght) o% reflectlon S detern1ned by the addi tional bit
of resolution in the first dinension. This step results in a rectangul ar
regi on conprising thirty-two el ements. The second di nensi on has no
additional bits of resolution and thenext orthogonal direction (upward) is
bypassed. The third di mensi on, however, has an additional bit of
resolution. Therefore, the rectangul ar reffen conprising thirty-two
elenments is reflected in the next orthogonal direction (left). Thereby a

second (reflects&; rectangul ar region is produced. The resulting first and
second (reffeeme er%ﬁ?ﬁﬁsda§éoﬁﬁF pach; gesqlutiqnygpatial location in

the mixed-resolution, N-dimensional object space. A
virtual image of the N-dimensional object space is
‘generated from the resolution-spatial locations and the
dimensional-spatial locations. A user or an application h
_procedure selects a region of the virtual image. The
process may include using the computing device for
displaying the selected region of the virtual image of the
mixed-resolution, N-dimensional object space on the display
means. , ;o _
The present invention alternatively may be embodied as

an apparatus for generation and visualization of
mixed-resolution, N-dimensional object spaces. In the case

- of user object description, a user specifies a particular
set of attributes defining dimensions and resolution
levels. In the case of an applicstion—driven'object

" description, an application procedure specifies a
particular set of attributes defining dimensions and
resolution levels. In the case of sensed physical
phenomena, such as electromagnetic signals, the apparatus
transforms analog signals into a digital form which
specifies a particular set of attributes defining
dimensions and resolution levels.

" The apparatus includes means for generating a frame
from the specified attributes for the N-dimensional object
space. Means for interleaving bits generates an object
descriptor which corresponds to interleaved fram; data.
Using the frame and the object descriptor the present
invention uses means for generating dimensional-spatial
locations of the N-dimehsional object space. The frame data
is used to generate an object selector for each
dimensional-spatial location in the N-dimensional object
space. The dimensional-spatial locations and the object
selectors are used to generate a virtual image of the
N-dimensional object space. A region of the virtual image

e
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elenents shomn I n the object space of FIG 22B. G ven an object space
description where one or nore di mensions have two or nore bits of _
resolution (e.g., a k-ary n-cube), the objé€ct selectors describe a novel
formof reflected Gay code called the k-ary reflected G ay code. An object
selector is generated 1212, as illustrated in FIG 12, for each

resol ution-spati al Iocatlon in the m xed:-ygsol uti on, N-di nensional object
space. Wen all object selectors-are generated 1213, fromthe

resol ution-spatial |ocations, the dinensional-spatial |ocations and the

obj ect sele¢soseleeteautDabpnaygmehasgaagrdﬁsﬁlh&ithﬁ sdnedtaﬂrnﬁgimmal

obj ect spacgge éhase_r&r%amﬂhas B2Y tht! RChiheha idna 9'09:{5 od rtual

i mge for use or nput1 ng device nay th sel ect ed
regi on of the vi a‘heapppﬁﬁgéuaf Otfh&hm EE&SPB%P-ERVFGW’-% m%%lbbj ect
space on thga¢ SRcIMdEEMRANs for generating resolution-spatial

locations for resolution levels of each of the N dlmen51ons
for a mixed-resolution, N-dimensional object space using
the frame and the object descriptor. The frame and object
descriptor ' ' '

are used to generate an object selector for each
resolution-spatial location in the mixed-resolution,

-~ N-dimensional object space. Using- resolution-spatial
loéations, the dimensional-spatial locations, called object
selédtors, a virtual image of the N-dimensional object
space is generated, and means is'probided for selecting a
region of the virtual image. Frame data for a particular
object are used to generate a single object selector to
reference a particular location in the mixed-resolution,
N-dimensional object space.

An illustrative example of the present invention
relates to color perception, color specification, and color
spaces; and, in particular, to the production and
visualization of uniform color spaces.. A color naming
method for controlling RGB values by indirectly specifying
RGB signal voltages and visualizing the resulting
distribution of perceivable colors in the RGB color space
is presented'in accordance with the method disclosed
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 purpose
of uniform color selection and the purpose of reproduction
on an electronic display. The system of color
‘representation used to form a uniform color space is to
name colors in terms of the additive relations of red,
green and blue. The resultant RGB system specifies a trio

s
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"FIG 23 shows a functional” dlagran1of the object descrlptlon process. Four
procedures conprise the object description process: expression 2301;

guanti zati on 2304; transformation 2307; and execution 2310. In the case of
user-specified attributes a user inputs a donmain 2300 of an object which is

expressed 2301 as an object description 2302. The object description is
encoded as a set of- . =19~ . - 36-

of values ranging from 0 to 1 or 0% to 100% for each of the
three primaries. The color relationships that result form
a cube. The RGB system is a simple and direct approach to
the problem of color description that incorporates the
principles of additive color mixture; that is, the user
specifies color directly in terms of the electrical
activity that the specification will induce. In the
reference by Murch, cited in the gggg;;ggign_g;_gng_g;;g;_
Art, the difficulty of specifying additive color
relationships is discussed: : '

...For individuals understanding the nuances of

additive color mixture,-the RGB System is comfortable,

... Even for those individuals with a clear

understanding of additive color, 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. Imagine selection of a

medium brown, for example. The greatest difficulty is

encountered when a color of proper hue and brightness

has been located and a shift in saturation is .

desired. Such a shift would require a

disproportionate change in all three values.

The novel method for generating, controlling and
visualizing the distribution of perceivable colors in .a RGB
color space is described below. A primary aspect of the
method disclosed herein is that the encoded pattern of bits
which specifies (physical) RGB signal voltages also
(logically) names a particular location in a displayable

~uniform color space. Another aspect of the method
disclosed herein is that the logical naming method of
invention illustrated by the color space example may be
generalized to include a novel method for optical
modulation.
. Additional objects and advantages of the invention ARE
set forth in part in the description which follows, and in
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attributes. Each attribute sel ected corresponds to one di nmension of an

N- di nensi onal , object space. The order in which the attributes are

speci fi ed determi nes a sequence in which an object space is generated.

The range 2303 of possible values of each attribute is encoded by a
guanti zati on 2304 procedure which assigns_a logical digital code to range
2303 of values. The resolution is the dé@ﬁ%@ of range 2303 of values. The
degree of range conpression (e.g.-, scaling of values) is part of - t he

attribute s Lfhgati d tirib corle
ransition BagtcARE GPUsolEl FECR, the deBotdpkitn, N 3 ' dedifen oy
strai ght f orppgtiese of thei Apventdeni.-ngThe obdects §@d(ﬂaWﬂnt§9Q$ ofher e

each codewoggel in&eﬂﬂhaﬁeaigauﬁaﬁjeb@f raatnrz)éddlamdt %t:t'asiﬂéa W Medrl iHary,
but consecu}j ve,codewor sual ly differ % han .qne _bi t. positi.on,
Sore for ms. Bhe: HBSFERREBERA b RS, Fdogonbihations Partititar1y Poincay

out in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS
| The aceompanying drawings, which are incorporated in
and constitute a part of the specification, illustrate
preferred embodiments of the invention, and together with
the description, serve to explain the principles of the

' invention. ,

FIGS. 1A-1E are diagrams of the binary 3-cube
"unfolded" in accordance with prior art methods; '

'~ FIG. 2 is a prior art representation of n-cubes as
k-maps;

FIGS. 3A-3B are a prior art representations of a
four-variable Karnaugh map;

FIGS. 4A-4B are a prior art representation of a binary
5-cube and a binary 6-cube;

FIG. 5 shows a prior art device for extending the
binary 6-cube to visualize higher order spaces; .

FIGS. 6A-6D are a diagrams of a binary 6-cube encoded
in accordance with prior art two-dimensional reécursive
indexing methods;

FIG. 7 shows prior art distribution of multlple
wavelengths to separate fibers;

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

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

FIGS. 10A-10B are prior art diagrams of a
four-dimensional hypercube;

. FIGS. 11A-11C show an intuitive procedure for
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Teférenced above in the Description of the Prior Art, offer special

advant ages over others for particular applications. The maxi nrum nunber of
bits required to represent a coded attribute val ue defines its di nensional
resol ution. The range 2303 of val ues associated with each di nension of
the object description 2302 is quantized 2304 to form a coded .obj ect
description 2305, called a frame 2306. Thegharmat of a frame 2306 is a bit
pattern read fromthe right that- represents a contiguous sequence of coded
attributes or bitfields. The rightnost bit of each attribute's bitfield is
a | ogi cal ongefereitiing SpHRds Al spattabi eDemdytli 1inkagehi &ndoé bénakyt i on
for a given gttribu i f .any, e assi ¢ a logical zero; e.g., (0, 1, O,
1) is a fra 5 % Piﬁﬁﬁf cﬂéﬁ%tgdég%ﬁgbtion representing two
four-val ued attri BfGs.12 is a Thitowichanvt for bheccaserafeussvssnecified

transformed attributes which shows the process of the invention;
FIG. 13 shows expressions of a zero-cube;

FIG. 14 shows expressions of a one-dimensional, object
space;

FIG. 15 shows expressions of a'two-dimenéionai, object
space; _

FIG. 16 shows expressioﬁs of a three—diﬁénsibnal,
object space;

FIG. 17 shows éxpressions of a four-dimensional,
object space;

FIG. 18 shows expressions of a five—dimensional,
object space; o

FIG. 19 shows expressioné of a six~-dimensional, object

. space; .. |
FIGS. 20A-20C are diagrams of a k-ary one-dimensional,
,6bjecé.space;

FIGS. 21A-21B are diagrams of 4-dimensional object
spaces;

FIGS. 22A-22B are diagrams of a mixed-resolution,
4-dimensional object space derived from a binary,
4-dimensional objeét space; _

FIG. 23 is a functional diagram of the object
description process;

FIGS. 24A-24B show block diagrams of physical modules
in an object description system;

FIG. 25 shows a functional module of an object
description system; |

FIG. 26A-26H show the object space configurations
formed by the 4-bit frame logic module; '

FIGS. 27A-27C are diagrams of an eight-element RGB
color space;

FIGS. 28A-28C are diagrams of a sixty-four-element RGB

Tt s
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2307 to forn1an I nterl eaved object frame 2308 called a descrlptor 23009.
The obj ect descrlptor represents the nane

- 37- format for specific object expressions. A collection of coded
attribute val ues associated with the interleaved franme 2308 of a nanmed

obj ect expression is called an object 22

color space;
FIG. 29A-29C show relationships between
.. three-dimensional spaces with different resolutions;
FIGS. 30 shows a graph of matching curves for 445 nm,
535 nm, and 630 nm control sources; and B
FIGS. 31A-31C show how percentages of spectral
intensities over a range of values for each primary are
determined in a sixty-four element RGB color space.

ILED DESCRIPTION OF THE PREFERRED BODIM S

Reference will now be made in detail to the present
preferred embodiments of the invention, éxamples of which
are illustrated in the accompanying dréwingsy wherein like
reference numerals indicate like elements throughout the
several views, |

- Given the intellectual process of system description,
the present invention mechanizes a novel representation of
that system's description. Object descriptions have
meaning, that is, they refer to or describe some system
with certain physical or conceptual broperties.

For color graphics, the objects may be particular
color sensations described 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
components, which define a signal space. The significant
aspect. of system description is that the actual description
is one selected from a set possible descriptions. The
invention is a general apparatus and method, designed to
operate for each possible problem selection, not just the
one which will actually be chosen since this is unknown at
the time of design. |

The process of the present invention enables
representing sensed physical phenomena logically and
.logical objects visually. Most of the prior art methods




o v as

sel ector. The object descriptor 2309 controls the execution process 2310
for formng a visual space 2311. The bitw se control sequence can be

under stood by considering the interl eaved object frame 2306 in an expanded
form The nunber of dinmensions N describing a unit n-cube is defined in the
first interval of the expanded frame. Eacjzsubsequent interval extends the
di mensi onal resolution of the object space 2311. A blank interval position
in the expanded obj ect descriptor 2309 may be thought of as the term nation

of the spat relffeeted to do0 Dz iptionaif vd itticy Kitrasoughit to  The
and. in 5 1 SeRRdiEe, Bome, BRPqt, O 8\ RIBL I T OIS PR B actual
systens qui mappiagcdedgidad fokgeidiise dntio twisafalrespadtevi sual i zati on and
manual "procedur ego LAl G2 et HONY Tt {ludl SS5ike | €YCBE! EHe! S
descri bed as an el ectronic
Cartesian space, in that, logical objects are mapped onto"
the real line, the plane, or the cubic space. An object's
location in visual space, accordingly, is metrically
determined relative to one or more. coordinate axes. Herein
lies the principal departure of the present invention from
these prior art methods: the method and apparagus'of the
present invention define a novel form of object space, such
that, object location in this object space is logically,
.rather than metrically, determined. Other prior art
methods referred to in Description of the Prior Art sought
to visualize some aspect of the problem~solving'process by
recursive indexing on some variant_tﬁereof. Such prior art
methods, however, determine locations by decomposing a
domain. _ _ '
The process which forms an object space is directed by
object descriptions in accordance with the method of the
present invention. Object expressions are represented by a
unique binary-coded name which directly correspond to a
position in the object space of the present invention. The
present invention is first described as the method of
reflecting binary N-dimensional object spaces. Then the
present invention is described as the generalized method of
reflecting mixed-resolution, N-dimensional obiject spaceé.
The process of the present invention results in an
interleaving of the N-dimensions. Bit interleaving is
often employed in structuring data, as well as part of the
data representation itself. Samet in his book, The Desian
and Analysis of Spatial Data Structures, 1989, Addison
Wesley, NY, p. 109, states: '
...bit interleaving makes it possible to balance a
data base of multidimensional point data dynamically.

Ty ey
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control ler. It should be understood that the control of various types of
machi nes and application processes are contenplated within the scope of
this invention. A frane controller is the syntactic expression of a visual
space. A region controller is part virtual nmachine which determ nes

~ semantic expression of an object space as a nane space. G ven a
user-specified set of attributes definiﬁ&46inensions and resolution |levels
in a particular object space, an‘illustrative enbodi ment of an obj ect

d I pti t t f ich b
oper at | vely coupt BAHARR b9 oEsFEtfBnt ¢ LifrrEtySpr oneTRE R pif R ER °
nmechani ze the nnalgmtxﬁhmme pIEs@me5|MHeetdnnwb5hbse boweven. ki Rdsstf,
physi cal modul es, #&' fSet | 4451668 | VEs ol BRR! iREePPePifiG 14ERGE! PLI ON

system nodul es
performed efficiently on general computers. Its

complexity depends on the total number of bits in the

keys.

Because efficient interleaving of binary-coded data is
essential to the visualization process described herein, an
‘embodiment of the invention is described as an apparatus
with a virtual component. Before describing an: embodiment
of the invention in detall the following terminology is
deflned. _

1. Object: a structural and/or behavioral expression
of some real-world or imaginary phenomenon.

2. Object descriptor: a collection of attributes which
descrlbes a schema for a particular kind of object
expression describing the object space.-

3. Object selector: a collection of attribute values
‘associated with the descriptor of a specific object
expression, defining a location in the object space. .

4. Object space: a bit-interleaved representation of
an object descriptor. |

5. Object name: a binary-encoded representation of an
object selector in an object space. -

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

' 7. Dimension: each attribute of an object descriptor

corresponds to a dimension in both object space and visual
space.

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

9. Quantization: assigning a logical digital code to a
range of values. '

10. Frame: describes the format of an object
descriptor, where each attribute (dimension) is denoted by
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- 38- host conputing device and object nodul es operatively coupled to

nodul es “of a host conputing devi ce. Referring to FIG 24A, a conputing
devi ce 2400 is shown including an input device 2401, a processor 2402,
menory 2403, and a display device 2404. The input device 2401, by way of
exanpl e, may be a key board, conmputer pof2s-or an application within a

conputer. The processor 2402 is coupled bet ween the i nput device; 2401,
menory 2403 and

a "1* followed by "“0s" representing the additional bits of
resolution.

The present invention provides a process for
visualizing N-dimensional, object space using a computing
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 representation of the
N-dimensional object space in response to the stored data
and commands, frame logic for generating a virtual image
representing the N-dimensional, objebt space in response to
the stored data and commands, and display meané for
'displayinq a visible'representation of the virtual image.
The process uses the computing device.

'FIGS. 11A-11C show an intuitive procedure for
reflecting a mixed-resolution, 4-dimensionhal, object space
onto a plane. Referring to FIG. 12, a flow chart showing
the case for user-specified atfributes, the process starts
with the step of inputting the attributes 1201 to the
'computiﬁg“device; The attributes describe the problem. A
- fcolor display, for example, may have the attributes of

three primary colors: red; green; and blue. Each
attribute corresponds to a dimension of the problem. For
the color display, each of the three primary colors may be
considered a dimension, giving a dimension of three (N =
3). The computer generates 1202, from the user specified
attributes, a frame for the N-dimensional object space.
The frame is a coded representation of attribute
descriptlons for a particular problem domain. In a color
space each attribute corresponding to a primary hue is
described by a bitfield in the frame. The first bit of
each bitfield is always a logical one. Subsequent bits in
a given bitfield are logical zeros. Each logical zero
represents an additional bit of resolution.

As a first example, a three-dimensional object space,
with two bits resolution on each dimension would have a
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di spl ay devi ce 2404. FIG. 24B shoms object nDduIe 2405 haV|ng object
frame nodul e 2406, object region nodul e 2407, and obj ect selector nodul e
2408 operatrvely coupl ed to the conputing devi ce 2400. Each obj ect nodul e
2405 conprises at | east one register device having at | east one storage
cell; conbinational |ogic devices which relate to the registers; data
S|gnal paths which |ink devices within 2%ddul e and which |ink devices in
different nodules; and control signal paths which I|ink deV|ces within a

nodul e and mhlch devi ces |n |ff t Th [ dul e 2407
S operatleﬁﬁ ﬁ id ﬁo he |n6 y I§%%® fﬂﬁi :ﬁ%q eé% Jec rame nodul e
2406. The dimensimnglandlbgecozbdt pdaa@dubh@onaﬂunﬁ|qq;n§spgndmnqﬁ t he
virtual |Np0Bie inaifdedk!l LEROAMOBATS o MRIRMRAN |FULEHS LoRtSer

‘may specify semantic exgre33|ons particular set of attr| utes
defini ng cRieRbavnstuadbitsopst resalekdion jon @feh of three dimensions

might correspond to four levels of intensity for each of
the primary colors.

As a second example, a three-dimensional, object space
with three bits of resolution on the first dimension, one
bit of resolution on the second dimension, and two bits of
resolution on the third dimension, would have the frame:
(0, 1, 1, 0, 0, 1). For color space: the right three bits
might represent eight levels of resolution or saturation of
the red attribute; the center bit might represent two
levels resolution or saturation '
of the green attribute; and the left two bits might
represent four levels of resolution or saturation of the
blue attribute. '

As a third example, for a three dimensional, object
space with one bit resolution on each dimension would have
a frame (1, 1, 1). Each bit, from right to left, might
represent the red attributé, the green attribute and the
blue attribute, respectively. The frame is a positioﬁal
notation which denotes the number of attributes and the
resolution of each attribute. The frame data are the
values or sense of each bit position in a given frame.

Referring to FIG. 12, the bits of the frame are
interleaved 1203 to generate an object descriptor: For the
first example, the object descriptor is (0, 0, 0, 1, 1, 1)
for the frame (0, 1, 0, 1, 0, 1). For the second example,
the object descriptor is (0, 0, 0, 1, 1, 1) for the frame
(o, 1, 1, 0, 0, 1). For the third example, the object
descriptor is (1, 1, 1) for the frame (1, 1, 1). The
computing device generates 1204 from the frame and the
object descriptor, dimensional-spatial locations of the
N-dimensional object space. For each 1-bit from the object

”-'--"—:.‘"1

Loz e my

LACE ;’itﬁ?*ﬂﬁ' Sk
0 10CT 8%




obj ect space. A user, using the input device 2404, inputs the semantic
expressians for the particular set of attributes of a problemfor the

m xed-resol uti on, N-dinensional, object space. The input logic 2403 is
operatively coupled to the input device 2404 and interfaces the input
device 2404 wth the nmenory 2405. The frame | ogi c 2407 interl eaves the
frame to generate an object descriptor. T Tr ame | ogi'c 2407 al so
generates, fromthe frane and tHhe object descriptor, dinensional-spatial

locations fogelbfll BEIShONEne EBMPUEENG device generates a dimension of
dimensional-spatial locations. The dimensional-spatial
locations correspond to the attributes of the problem.

_FIGS. 13 through 19 illustrate n-cube projection in
accordance with methods of the invention now further i
described as a process to mechanize and visualize reflected
N~-dimensional-object spaces for any N, where N is a
positive integer. It should be noted that each of the
FIGS. 13 through 19 show three expressions of n-cube
element configurations. , :

The n-cube of FIG. 13 is referred to herein as a
o-dimensionallobject space. FIG. 13 shows that'an_object
space with a dimension of zero (n = 0) has only one
element; that is, one dimensionai—spatial location.

The binary 1-cube of FIG. 14 is referred to herein as
a l-dimensional object space with one bit of resolution.
FIG. 14 shows that an object space with a dimension of one
(n = 1) has two elemehts; that is, two dimensional-spatial
locations. The 1-6, 1-bit object space of FIG. 14 can be .
visualized as a linear region comprising two elements
"named" logical zero and logical one, respectively. . The
linear region of FIG. 14 is generated by reflectiana first
0-dimensional object space named. "0" to the . right.

Thereby, a second 0-dimensional object space named "1" is
produced. The name of a dimensional-spatial location is
called an object selector. _ ,

FIGS. 15 through 19 show the progressive-prbjection of
reflected binary n-cubes, where N varies. from two to six.
In FIGS. 15-19, each dimensional-spatial location is
represented as a cell, which is drawn as a square.
N-dimensional object spaces are reflected as regions in an
orthogonal direction determined by control signals from an
apparatus described below. Referring to FIGS. 15 through
19, it should be noted that the values of the n-1 rightmost
object selector bits in a second (reflected)
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- 39- frane and the object descrlptor the frame | ogi c 2407 gener.ates
resol ution-spatial |ocations for resolution |evels of each of the N

di rensi ons of the m xed-resolution, N dinensional object space. The
frame |ogic 2407 uses frame data to generate, for a particular spatial

| ocation, an object selector. The object _selector as previously described:
conforns to a primary formof a refl ect &8® bi nary code. Using the

di mensi onal - spatlal | ocations and the object sel ectors, the frame | ogic

gg%ugfﬂgr?e ce ugltnﬁlrels:gg%el 0q |ttﬂazjgl_ ﬂﬁiﬂ% l?:ﬁée Vi r%ué‘?él rr;gg W th
bit sel ect &igs of the correspondlng object selectors which comprise a

first region (i.e, where N is the number of bits in an
"object selector). It should be further noted that the
value of the leftmost object selector bit of a first region
is always a logical zero, and the leftmost selector bit of
a second region is always a logical one.

The binary 2-cube of FIG. 15 is referred to herein as
a 2-dimensional object space with one bit of resolution.
FIG. 15 shows that an object space with a dimensidn of two
(n = 2) has four elements; that is, dimensional-spatial
locations. The 2-dimensional, 1-bit object space of
FIG. 15 can be visualized as two linear regions comprising
four elements "named" in accordance with a reflected binary
Gray code (e.g., 00, 01, 11,10). The object space of
FIG. 15 is generated by reflecting a first linear region
upward. Thereby, producing a second (reflected) linear
region. The resulting object space can be visualized as a
square region. It should be hoted_that the corresponding
object selectors in each linear region have the same value
in the rightmost bit position; however, the values differ
in the leftmost bit position. The leftmost bit of the
first linear region's objéct-selectors is a logical zero.
The leftmost bit of the second (reflécted) linear region's
object selectors is a logical one.

The binary 3-cube of FIG. 16 is referred to herein as
a 3-dimensional object space with one bit of resolution.
FIG. 16 shows that an object space with a dimension of
three (n = 3) has eight elements; that is,
dimensional-spatial locations. The 3-diménsional, 1-bit
object space of FIG. 16 can be visualized as two square
regions, each comprising four elements. These eight
elemenﬁs are named in accordance with a reflected binary
Gray code (e.g., 000, 001, 011, 010, 110, 111, 101, 100).
The object space of FIG. 16 is generated by reflectlng a
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The apparatus of the present I nvention may be used for visualizing a

m xed-resol ution, N-dinmensional, object space. The user specifies a frane
and frane data for a particul ar set of attributes defining dinensions and
resolution levels in the object space. The user inputs the frame and frame
data for N-di nensional, object space usifige+he input device 2401. The frame
nodul e 2406 interl eaves the frame to generate an object descriptor, and it
generates di nensional -spatial |ocations for N dinmensions fromthe frane and
the object @érsti pguareTregioameompihilsd ng/iFeual sd eyendisattes tieorlafich

di mensi onal rfagkbgl, hOSAC0AR sty GHerIUAUN! rdgiUh I produced.

di nensi onal - spatlal | ocati ons and the object selectors frane nodul e
2406 al so ghhefhpudd,bg nofked thate @%%.%ﬁé%rﬂw iimestice. The
regi on nodubbjeét’ sededtod bqn:sseﬂ:eqiuewema)r(ﬁmece&anerﬁ axfet he

viTtual | mggs e ateota TR AR U YRR tkd 6 b e
corresponding object selectors, which comprise the first
square region. The value of the leftmost object selector
bit of the first square region is a logical zero. The
value of the leftmost object selector bit of the second
square region is a logical one. '

The binary 4-cube of FIG. 17 is referred to herein as
a 4-dimensional object space with one bit of resolution.
FIG. 17 shows that an object space with a dimension of four
(n = 4) has sixteen elements; that is, dimensional-spatial
locations. The 4-dimensional, 1-bit object space of
FIG. 17 can be visualized as two rectangular regions, each
comprising eight elements. These sixteen elements are
named in accordance with a reflected hlnary Gray_code. The
object space of FIG. 17 1s generated by reflecting a first
rectangular region comprlslng elght_elements downward.
Thereby, a second rectangular (reflected) region is
produced. '

The binary 5-~cube of FIG. 18 is referred to herein as
a 5-dimensional obiect space with one bit of resolution.
FIG. 18 shows that an object space with a dimension of five -
(n = 5) has thirty-two elements; that is,
dimensjonal~-spatial locations. The S-dimensional, 1-bit
object space of FIG. 18 can be visualized astwo square
regions, each comprising sixteen elements. These
thirty-two elements are named as described above in
accordance with a reflected binary Gray code. The object
space of FIG. 18 is generated by reflecting a first square
-region comprising sixteen elements to the right. Thereby,
a second square (reflected) region is produced. '

The binary 6-cube is FIG. 19 is referred to herein as
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“devi ce 2410 di splays the virtual image of the N-dinensional object space.
The frame nodul e 2406 generates, fromthe frame and the object descriptor,
resol ufi.on-spatial |ocations for resolution |evels of each of the N
di rensions for a m xed-resolution, N dinensional object space.
-40-

-3 0_

a 6-dimensional dbject space with one bit of resolution.
FIG. 19 shows that an object space with a dimension of six
(n = 6) has sixty-four elements; that is,
dimensional-spatial locations. The 6-dimensional, 1-bit
object space of FIG. 19 can be visualized as two
rectangular regions, each comprising thirty-two elements.
These sixty-four elements are named in accordance with a
reflected binary Gray code as described above. The object
space of FIG. 19 is generated by reflecting a first
rectangular region comprising thirty-two elements upward.
Thereby, a second rectangular (reflected) region is
produced. _

The process of naming spatial elements for any
N-dimensional space is intuitively understood as a
"function" of reflecting its subspaces. The space
generation method illustrated by FIGS. 13 through 19, when
projected onto a plane, results in a two-dimensional visual
representation of reflected N-dimensional spaces. The |
novel method of the present invention can be used for
visualizing progressive space generation for any
N-dimensional, object space.

The dimensional~-spatial locations can be produced by
reflecting cells right, up, left, down, right, up, left,
down, etc., in what is considered a counter-clockwise
direction. Alternatively, the dimensional-spatial locations
can be produced by reflecting cells to the left, up, right,
down, left, up, right, down, etc., in what is coﬁéidered a
clockwise direction. The dimensional-spatial locations may
be reflected in a clockwise or counter-clockwise
direction. Further, the dimensional-spatial locations can
be produced by reflecting cells in a single direction or
selected direction. For illustrative purposes the
counter-clockwise embodiment for producing
dimensional-spatial locations is used throughout this
disclosure, with the understanding that the alternative




“Various |ogical configurations of physical nodul es inplenent the procedural
behavi or of an object description system An object description system can
be regarded as an inplenmentation of procedures that transforns

m xed-resol uti on, N dinensional object description into a nmechanical form
whi ch can be |l ogically manipul ated. An object description systemalso can
be regarded as an i npl enentation of proceddtes that transforns

m xed-resol uti on, N-di nensional -obj ect descriptions into a perceptible form

whi ch can be presented as an inmage on a graphics display device.

Ref erring t cempaiipentshpreducenenyivalest grismansiangleapatdak gani zed and
abstracted i nboaibHgcti onal nodel 2500 of an object description system
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correspondi npo¢tatibnsr ater genexratiedr 42050 refiv@seifting all the N
dimensions of the problem, then the computing device gets
1206 the first attribute bitfield in the frame. From this
bitfield, the computing device determines 1207 whether
resolution-spatial locations need to be generated from this
bitfield. If no resolution-spatial locations are to be
generated, then the computing device determines 1206 .
whether this is the last bitfield of the frame. 1If yes,
then the computing device checks 1211 if there are any
additional resolution—spatiai'locations to be generated for
any bitfield. If no resolution levels are required, then
the computing device generétes 1212 an object selector
which corresponds to interleaved frame data for each
dimensional-spatial location in the N-dimensional object
space. The object selectors are an interleaved. bitfield of
the frame data. The object selectors define a location in
the cells representing the dimensional-spatial locations.

If all object selectors have been generated 1213 for

all the dimensional~-spatial locations for the
N-dimensional, object space, then the computing device
generates 1214 a virtual image of the N-dimensional, object
space from the dimensional-spatial locations and the object
selectors. A user or application procedure may select 1215
a region of the virtual image for machine control, display,
or other application-driven function. The process further
may include using the computing'device for displaying the
selected region of the virtual iﬁage of the N-dimensional,
object space on the display means. The process
additionally may use the computing device for generating
1208, from the frame and the object descriptor,
resolution-spatial locations for resolution levels of each
of the N dimensions for a mixed-resolution, N-dimensional,
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“appiication input processor 2501 (1201) frame processor 2502 (1202)

descriptor processor 2503 (1203/1204) di nensi on-| ocati on processor
2504 11204/ 1205) resol ution-location processor 2505 (1206-1211)

sel ect or processor 2506 (1212/1213) virtual inmage processor 2507
(1214/1215) A | ogical processor in the functional nobdel corresponds to

one or nore physical nodules, and two Io@?%él processors in the functional
nodel may share a physical nmodule. Simlarly, representations of object
spaces may exi.st.in one or nore different nmenories. Alternatively, a
plurality oPPI§ER 8BRSEr description systems may be operatively coupled in
various | ogi cal FEGSI.gRo0aRRoid laistiratddrady tshow ditve gangralktism «ff donai n,

enabl i ng COQ&%&GQRQWQEB%%@ ﬁ%cl%fti%n@ U Y et OinP NS HIEPHSF, the
descriptionS or concurrent nanipul ation of a

number of elements in a k-ary l-cube is determined By the
number of bits of resolution as a power of two. For
example, a 4-ary l-cube with two bits of resolution has
four elements and an 8-ary l-cube with three bits of
resolution has eight elements. When elements of k-ary
1-cubes are reflected linearly as shown in FIGS. 20A-20C,
the element transition sequences correspond to the primary
form of the reflected binary code, but may be interpreted
as a reflected k-ary code.

FIG. 20A shows a binary l-cube referred to herein as a
1-dimensional object space with one bit of resolution. The
l-dimensional, 1-bit object space of FIG. 20A comprises two
object selectors named "0" and "1" respectively. The
object selectors of a 1-dimensional, 1-bit object space
represent dimensional-spatial locations.

FIG. 20B illﬁstrates a i-dimensional object space with
two bits of resolution. 1In this cése, the original
dimensional~spatial locations of FIG. 20A have been
reflected to the right to increase the resolution in the
direction of the first dimension. Note that the reflection
for increased resolution is in the same direction as the
reflection which generated the dimension. The object
selectors of the original dimensional-spatial locations
have a 0-bit placed in front of them, and the neﬁiy
generated resolution-spatial locations have the original
object selectors reflected therein with a 1-bit placed in
front of them.

FIG. 20C shows a l-dimensional object space with three
bits of resolution, which has been generated from the
l1-dimensional, 2-bit object space of FIG. 20B. In this
case object selectors from the l1-dimensional, 2-bit object
space (2-ary l-cube), have a 0-bit placed in front of them,
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15IL}QT?£y of views of & particular objeéct space
-41- descri ption. FI G 26A-26H shows the object space configurations

formed by the 4-bit frame |ogic nodul e. Each object space 2602 shown in
FI GS. 26A through 26H is associated with a

~-33-

and the object selectors generated by reflection have a
1-bit placed in front of them. _FIGS. 21A-21B are
diagfams of 4-dimensional object spaces. FIG. 21A shows a
4~-dimensional object space with one bit of resolution.
FIG. 21B shows 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 dimensions, the resolution-spatial locationg are
generated. Accordingly, the sixteen dimensional-spatial
locations for the four dimensions are reflected initially
to the right to génerate two levels of resolution for the
first dimension. At this stage, there are thirty-two
dimensional-spatial locations and resolution-spatial
locations. To generate two levels of resolution in.the
second dimension, thirty%two resolution-spatial locations
are generated by reflecting in an upward direction the
‘combination of thirty-two dimensional-spatial locations and
resolution-spatial locations. Now. there are a total of
éixty-féur spatial locations. The two level S R
- resolution-spatial locations for the third- dimension are

generated by reflecting sixty-four resolution-spatial
locations to the left of the previously generated
sixty-four spatial locations. The two level
resolution-spatial locations may be generated for the
fourth dimension by reflecting 128 resolution-spatial
locations in a downward direction from the mixture of 128
mixed-resolution spatiél locations from the first, second,
and third dimensions. Accordingly, a total of 256 spatial
locations are'generated for the 4d, 2~-bit object space.
Object selectors are generated in a similar fashion as
previously described for each mixed-resolution spatial
location. '

FIGS. 22A-22B are diagrams of a mixed-resolution,
4-dimensional object space derived from a binary,
4-dimensional object space. FIG. 22A again shows th

R

04087 #%




diagram of its object frane selector 2600 and the |ogical nanes of their
frame.and interl eaved frame 2603. The | ogi cal nanes of the frane and
interTeave frame 2601 shown in FIGS. 26E through 26H are the sane,
resulting in the practical observation that the object franmes for these
spaces are in their interleaved form +9M 4 LLUSTRATI VE EMBCODI MENT OF THE-
| NVENTI ON An exanpl e of an object space enbodi ed as a uniformcol or
space generated in accordance with the nethod of the present invention is
now descri beddinehstionalu n@ge&as@abemahpm ibde; ofe resodntion. The

di scussi on of pr model, rr r | of t he
Prior Art establrghé é h Fbﬁtmﬁégg % 56%%t 4 iﬁgb%éggﬁtlng
uni f or m col objep&cepasesh ﬂha@,muma@:rasphuﬂmgn 9@09@& spaceofhe be

al gori thm calihhetPBE bHi%d of FRVULIYhAFor! Math dimension is

permitted to differ. Prior art methods for naming elements
of an object space can be characterized as
container-oriented in that the number of addressable
element locations are a function of the container's

extent. Alternatively, the method disclosed herein is
characterized as content-addressable, in,that,;thé extent
and configuration of an object space is a function of its
contents. In the object space of FIG. 22B the first and
third dimensions each have two bits of resolution and the
second and fourth dimensions have only one bit of
resolution. Therefore,'the object selectors for the object
space of FIG. 22B have a total of six bits. Recall that
the number of bits in an object selector, when viewed as a
power of two, describes the number of elements in a given
object space. Therefore, the object spacé of FIG. 22B
comprises sixty-four elements. It should be noted that
prior art representations of higher-dimensional spaces
typically fix the resolution for each dimension relative to
‘the greatest number of bits required for any dimension.
Thereby, an inefficient spatial representation is created.
The method of the present invention dgenerates logical
object spaces by a process which relies on a novel object
description rather than a process of spatial

decomposition. In the case of FIG. 22B, the
dlmen51onal—spat1a1 locations for one bit of resolutlon in
. each of the four dimensions are generated. Then, the
resolution-spatial locations for the first and the third
dimensions are generated. Sixteen dimensional-spatial
locations comprise a first square region. A first square
region of sixteen elements is reflected to the right;
thereby, producing a secénd (reflected) square region. The
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exanple denDnstrates hom1a range of color sensatlons descrlbed by an RGB
col or cube can be uniformy projected onto a plane. This exanple teaches:
how fo describe the attributes of an RG col or cube; how t he percept ual
attributes of a color specification correspond directly to the problem
descri ption process of the invention; and_%gls exanpl e al so teaches the
correspondence between the problem description process of the invention and

the el ectronic production of color sensations. Visible light; called
t he phy&‘“ﬂdff$8fﬁéﬂaffigh&Aa E”EEEI&%QT@H iy déﬁéﬂﬂ¥ﬁéd“ﬁ#“€ﬁe
el ectromagnet|c radiation I C

I ncl for exaqggh radi g maves adar

m cr owaves, ?¢ﬁ$§%@ﬂa&nhlglPfaFFSPéFtPPQhﬂ“ the, dipensiann s Thig ol or
represent at l@EbﬁYﬁéQﬁlth ghmangactifguaaat l:@a;ica‘n Tdprisiinarttiatof-two

sensatlon i fémlsg SPf&°second dimension has no additional bits of
| resolution and thenext orthogonal direction (upward) is

bypassed. The third dimension, however, has an additional
bit of resolution. Therefore, the rectangular region
comprising thirty-two elements is reflected in the next
orthogonal direction (left). Thereby a second (reflected)
rectangular region is produced. The resulting first and
second (reflected) regions account for the sixty~four
elements shown in the object space of FIG. 22B.

Given an object space description where one or more
dimensions have two or more bits of resolution (e.g., a
k-ary n-cube), the object selectors describe a novel form
of reflected Gray code called the k-ary reflected Gray
code. An object selector is generated 1212, as illustrated
in FIG. 12, for each resolution-spatial location. in the
mixed-resolution, N-dimensional objéct'space- When all
object selectors are generated 1213, from the
resolution-spatial locations, the dimensional-spatial
locations and the object selectors, a virtual image is
generated 1214 of the N-dimensional object space. A user
or machine may select 1215 a region of the virtual image
for use or display. The computing device may display the
selected region of the virtual image of the
mixed-resolution, N-dimensional object space on the display
means. _

FIG. 23 shows a functional diagram of thé-object
description process. Four procedures comprise the object
description process: expression 2301; guantization 2304;
transformation 2307; and execution 2310. 1In the case of
user-specified attributes a user inputs a domain 2300 of an
object which is expressed 2301 as an object description
2302. ‘The object descrlptlon is encoded. as a set of
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-42- called the | ogical color space. The systemis a color representation
system .the input is white light; and the response is a color space
generated in accordance with the nethod of the present invention. A
col or representation systemdetermnes the |ocation of a particular color

sensation in a visual space called the CQ#QL space. Col or space expressions
I ndi rectly produce physical device control "signals for a col or

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 attribute is
encoded by a quantization 2304 procedure 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 specification. Coded attribite values
correspond to the transition sequence of a reflected binary
code. Intuitively, the most straightforward way of naming
"or 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

bit position. Some forms of the reflected binary code,
referenced above in the Description of the Prior Art, offer
special advantages over others for particular _
applications. The maximum humbef of bits réquired to
represent a coded attribute value defines its dimensional
resolution. |

The range 2303 of values associated with each
dimension of the object description 2302 is quantized 2304
to form a coded object déscription 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 zero; e.g., (O,
1, 0, 1) is a frame 2300 for coded object description
representing two four-valued attributes.

The bits of the object frame 2306 are then transformed
2307 to form an interleaved object frame 2308 called a
descriptor 2309. The object descriptor represents the name
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di spl ay. The RGB col or cube represents red, green, and blue primaries as
ort hogonal axes.. The displayable colors are wthin the cube from (0, 0, 0)
to (1, 1, 1). The neutral axis is a (diagonal) line from The bl ack point

(0, 0, 0) to the white point (1, 1, 1). The color cube has been referred to
in the literature as a "natural” coordlnate systemin the sense that the
three col or conponents are mapped into amdérthogonal coordinate systemin

t he sane fashion as three-di nensional geonetry. In a chapter entitled,

" Col or Di spl Col i d e Corput d P
Boston, 19050HRREoRoF, ABeci 1R BIRET IHPE SR LA - DA TopLoBE i RoPFve

Syst ens, " Nbbdédnateribheefvhﬂunsngsdmniatﬁd(NitH thehbnterheavedand

eal vai vo_ F5rR8) p3PaTor’ S, Rabell SHsdde it tin s CRF1EE En HBIRAOT

Col or speci éetecton.neThe pbgecabueaanmpnnﬁ|23ﬂ9c¢pntrols 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 form. The number of dimensions N describing a
unit 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 object descriptor 2309
may be thought of as the termination of the spatial control
sequence for that particular dimension.

The object spaces shown in FIGS. 14-19 are simple
enougﬁ to be formed manually and, in a few instances,
mentally; however, description spaces of actual systems
quickly exceed the feasible limits of mental visualization
and manual procedures. Therefore, an embodiment of the
present invention 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 space.

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 object
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




and control of the perceptual color gamuts (range of producible colors) of
col or.-di spl ay devices. An ideal color nodel should acconplish intuitive
addressability; uniformty; independent control of |ightness and chromatic
contrast; display device characterization in perceptual terns; and a basis
is for nam ng col or specifications. =3Bt uitive addressability is the
specification of color representations in perceptual terns. Perceptual

specifications may inc)Jude, by way of exanple, hue, saturation and
intensity. MRREicOMPREING devirg editoiect modules operatively

coupled to modules of a host computing device.

| Referring to FIG. 24A, a computing device 2400 is
shown including an input device 2401, a processor 2402,
memory 2403, and a display device 2404. The input device
2401, by way of example, may be a key board, computer port,
or an application within a computer. The processor 2402 is
coupled between the input device 2401,.memory 2403 and
display device 2404. _ :

FIG. 24B shows object module 2405 having object frame
module 2406, object region module 2407, and objéct selector
module 2408 operatively coupled to the computing device
2400. Each object module 2405 comprises at least one
register device having at least one storage cell;
combinational logic devices which relate to the.registers;
data signal paths which link devices within a module and
which link devices in different modules; and control signal
paths which link devices.within a module and which link
devices in different modules. The region module 2407 is
operatively coupled to the input logic 2404 and the object
frame module 2406. The object 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 éxpreésioﬁs 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 logic 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 object descriptor. The frame logic 2407 also generates,
from the frame and the object descriptor,
dimensional—spatial locations for N dimensions. From the
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- 43- color and is-primarily responsible for a specific color sensation
(e.g., red, green, blue, etc.). Saturation is nost closely related to the
nunber of wavel engths contributing to a color sensation. Saturation
depends on the rel ative dom nance of a pure hue in a color specification.
I'ntensity is an increased |evel of illusBeation permtting a broader range
of hues to be visible. Uniformty is the regular representation of
gradations in perceived color, due to the perceptual relationship of color
expr essi onframeianshddie chirgbldescrininnesthanfiraneokagie 28A7rast is the

Oppor t uni t ydnerted 48 B dit-spatial locations for resolution
' levels of each of the N dimensions of the mixed-resolution;
N dimensional object space.

. The frame logic 2407 uses frame data to generate, for
a particular spatial location, an object selector. The
“object selector as previously described conforms to a
primary form of a reflected binary code. Using the
dimensional-spatial locations and the object selectors, the
frame logic 2407 generates a virtual image of ghe
N-dimensional, object space. The computing device using
region logic 2408 manipulates the virtual image with bit
selectors. ' ) '

The apparatus of the present invention may be used for
visualizing a mixed-resolution, N—dimensional, object
épace. The user specifies a frame and frame data for a
ﬁartidular set of attributes défining dimensions and
resolution levels in the object spaée- The user inputs the
frame and frame data for N-dimensional, object space using
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 dimensional-spatial location,
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 image. The display map 2406
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
for a mixed-resolution, N dimensional object space.



contrast independently of intensity or vice versa. D splay device
characterization in perceptual ternms chooses appropriate display
representations and controls their production. A basis for nam ng col or
specifications is the opportunity to use a consistent nethod of col or
referencing to construct nultidi nmensional nodels of process expressions in
terns of spectral descriptors. The 149 ustrati ve- exanpl e of the

i nvention applied to the problentof color space descrlptlon teaches a

Togi cal  col or " spRELoRF sTastgal CarE i SEREE pRaapF o ERACEY BPaulas, Ve "
organizatiohmpbementltMeJpyocedntak behatrsovf of oapudhf echatlesmatiip&dionon
bet ween th%g@@&ﬁf | CRh1 8B étC&LQ&ri§t h"By Qi:eiut éaHeBEeSEBQ!rd%Ht AlsOheS

(e.g., hue aturation an | ntensit su bsequent producCtion of
el ectroni c tepbementahian QﬁePEPGE€§§e§nEBFEStFHQSGBEEﬁlptlon of a | ogical

col or spacemjxed-resolution, N-dimensional object description into a
' mechanical form which can be logically manipulated. An
object description system also can be regarded as an
implementation of procedures that transforms
mixed-resolution, N-dimensional object descriptions into a
perceptible form which can be presented as an image on a
graphics display device.

Referring to FIG. 25, these transformation procedures
can be organized and abstracted into a functional model
2500 of an object description system. The functional model
of an object description systém comprises a plurality of
logical processors, which perform the correlative functions
corresponding to the reference numerals of FIG. 12:

- - application input processor 2501 (1201)

frame processor 2502 (1202) '

- descriptor processor 2503 (1203/1204)
dimension-location processor 2504 (1204/1205)
resolution~location processor 2505 (1206-1211)
selector 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, representations of object
spaces may exist in one or more different memories.
Alternatively, a plurality of such object description
systems may be operatively coupled in various logical
configurations dictated by the conceptual problem domain,
enabling concurrent manipulation of a plurality of object
space descriptions or concurrent manipulation of a

. plurality of views of a particular object space
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‘expressed in teris of péréépfual color attributés to be directly realized
in terns of a given display device's physical color space. The approach to
the problemis-a descriptive specification of color space conmponent

rel ati.onshi ps. The donmi n description of a color representation
-44-
' -41-

description. .

FIG. 26A-26H. shows the object space configurations
formed by the 4-bit frame logic module. Each object space
2602 shown in FIGS. 26A through 26H is associated with a
diagram of its object frame selector 2600 and the logical
names of their frame and interleaved frame 2603. The
logical names of the frame and interleave frame 2601 shown
in FIGS. 26E through 26H are the same, resulting in the
practical observation that the object frames for these
spaces are in their interleaved form. ® '

AN ILLUSTRATIVE EMBODIMENT OF THE INVENTION

An example of an object space embodied as a uniform
color space generated in accordance with the method of the
present invention is now described to better understand how
to practice the invention. The discussion of prior art
color models referred to in Description of the Prior Art
established a long felt need for a method of representing a
uniform color space, such that, specific color sensations
coﬁld be algorithmically specified. In particular, this
example demonstrates how a range of color sensations
described by an RGB color cube can be uniformly projected
onto a plane. This example teaches: how to describe the
attributes of an RGB color cube; how the perceptual
attributes 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. . :

Visible light, called the pﬁysical color space, is a
small segment of the continuum of electromaénetic
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,




systemis the human visual systenis response toa limted portion of the
el ectromagnetic spectrumcalled visible light. Light generally refers to
el ectromagnetic radiation from380 nmto 770 nm The observed col or of
light results froma mxture of intensities at different wavel engths. The
rate of change in intensity for a given_ggurol source is a function of
wavel engths. In R Hall, Illumnation and Col or in Conputer Generated

| mgery, Springer-Verlag, NY, 1988, pp. 47-52, the graph of intensity as
afunction Qfameue!@i@tibdfcdNecsPEEt EphceUr Vehkokyataves heeblee! or. This
graph represents a schenatic for detern1nlﬁg.conbngl Iuggg.lnt nsities for
a given tedeRTAIANtALAN Systene the inPYhi 1§ YEdbec419hE¢ AR Bve

cor r espondrdsponsk nknsa 0nelor ospacentenérabedcdhoaceprdandenaiith €hleor s
m xed i”‘3Jé¥¥ﬁﬁ”bfrhﬂ@"é?bgéﬂgsiRLeﬂﬁighengths are added to one anot her
addl t1've color n1xture.

is called an . The illustrative RGB color space
i s di mensi onal | A color representation system determines the location’

of a particular color sensation in a visual space called
the color space. Color space expressions indirectly
produce physical device control signals for a color
display. The RGB color cube represents red; green, and
blue primaries as orthogonal axes. The displayable colors
are within the cube from (0, 0, 0) to (1, 1, 1). The
neutral axis is a (diagonal) line from The black point (O,
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 into an orthogonal coordinate system
in the same fashion as three-dimensional geometry. In a
chapter entitled, "Color Displays and Color Science," Color
and the Computer, Academic Press, Boston, 1987, p. 23, the
section entitled, "Visual Display Descriptive Systems,"
Murch makes the following observation: '...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
color model should accomplish intuitive addressability;
uniformity; independent control of lightness and chromatic
contrast; display device characterization in perdeptual
terms; and a basis is for naming color specifications.

Intuitive 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
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descrlbed i terns of three color prlnarles (e g “hue = dommin di mensi on):
hi gh wavel ength (R) red prinary; nedlunlmavelength (G green primary; and

| ow wavel ength (B) blue primary. In an N-di mensional col or space where each
di mrensi on corresponds to a color primary, the resolution of color space is
determ ned by defining the nunber of values for each primary (e.g.,
saturation = range resolution). The range4df di nensional resolution is
determ ned by one or nore bits for each di mension. The number of bits
specified for each dlnenS|on differ. Two bits of resoluilon e.g., four
val ues) ar ec®ax ANy ﬁ%ﬂrﬁﬂ§P9ﬂﬁ¥hk?F€E¥c%I%Pe§ fée geherat ed

bel ow. sﬁﬁe&ﬂwr@ z;a.tl%d:armt@erdeasmé)edeeé )spesaeai-aemal HBY. In
the prior art e tral )| i.n a reducj n a S ect rve to a set of
sanpl e val u®9% ngt tc%?oni?e %Lﬁ‘é’?‘? s° 5%%3? ﬁT‘g ﬁpl ing herein
means reducummtriﬂuhﬂngﬂtanx\ﬂblmresenSatﬁomnteSGtuyation depends on

the relative dominance of a pure hue in a color

specification. Intensity is an increased level of

illumination permitting a broader range of hues to be

visible. '

Uniformity is the regular representation of gradations
in perceived color, due to the perceptual relationship of
color expressions. Independent control of lightness and
chromatic contrast is the opportunity to expand chromatic
contrast independently of intensity or vice versa. Display
device characterization in perceptual terms chooses
appropriate display representations. and controls their
production. A basis for naming color specifications is the

- opportunity to use a consistent method of color referencing
to construct multidimensional models of process expressicns
in terms of spectral descriptors. ' 2

. The illustrative example of the invention applied to
the problem of color space description 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 between the
specification 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 realized in terms of a given display device's
physical color space. The approach to the problem is a
descriptive specification of color space component
relationships.

' The domain description of a color representation
REPLACEMENT SHEE
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val ues associated with |ogical nanmes in a col or space

-45-- . generated by the nmethod of the present invention(e.g., intensity =
val ue). Generation- of a |logical color space (e.g., a space of color
nanes) is performed as follows. The frame is a coded.representation of
user-specified attribute descriptions fofg-

system is the human visual system's response to a limited
~portion of the electromagnetic spectrum called visible
light.' Light generally refers to electromaénetic radiation
from 380 nm to 770 nm. The observed color of light results
from a mixture of intensities at different wavelengths.

The rate of change in intensity for a given control source
is a function of wavelengths. In R. Hall, Illumination and
Color in Computer Generated Imagery, Springer-Verlag, NY,
1988, pp. 47-52, the graph of intensity as afunction of
wavelength is the spectral curve for a given test color.
This graph represents a schematic for'determining control
light intensities for a given test color spectral curve.
Each control source spectral curve corresponds to a
dimensional component of the color space domain. Colors
mixed in a fashion in which bands of wavelengths'afe added
to one another is called an additive color mixture.

The illustrative RGB color space is dimensionally
described in terms of three color primaries (e.g., hue =
domain dimension): 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 number 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 space generated below.

Value quantization can be described as spectral
sampling. In the prior art spectral sampling means
reducing a spectral curve to a set of sample values for
subsequent color computations. Spectral sampling herein
means reducing a spectral curve to a set of intensity
values associated with logical names in a color space
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a probl emdomain. In a color space each attribute corresponding to a
primary hue is described by a bitfield in the franme. The first bit of each
bitfield is always a | ogical one. Subsequent bits in a given bitfield are
| ogi cal zeros. Each logical zero represents an additional bit of

resol ution. In an illustrative col of_space a frane "010101" conpri ses
three two-bit bitfields where: the righthdst pair of bits represents the
red attribute; the center pair of bits represents the green attribute; and

the leftno L f . r n ri pLi mary
function O?Egggrhgeng |b§ ggeaﬁlgﬁ:ﬁt%gr tﬁ?eté(gl% \%r#a&ﬁ | sjf%rﬁ‘lzis%{ggeb fleeen the -
possi bl e nmdntengdtyf =anadbwedet descriptor or an object selector.. In an

ransf or mat on St praon OF S0IER sl SN epded e il i?faaéﬁe“

interleaveG?lﬁﬁeﬁ?mﬁﬁﬂ éﬁaﬂﬁpgprmed as follows. The frame 1s a °°d9§
representation of user-specified attribute descriptions for
a problem domain. Ih a color space each attribute
corresponding to a primary hue is described by a bitfield
in the frame. The first bit of each bitfield is always a
logical one. Subsequent bits in a given bitfield are
logical zeros. Each logical zero represents an- additional
bit of resolution. _

In an illustrative color space a frame "010101"
comprises 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 attribute. The primary
function of a frame is as an interpreter which
distinguishes between the possible meanings of an object
descriptor or an object selector.

" In an illustrative color space the object descriptor
is the result of a transformation of a frame where the bits
of each frame bitfield are interleaved. When, for exémplé,
_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 bits
from resolution bits, the object descriptor determines the
orthogonal generation of N-dimensional object spaces.

There are two notions of cycles associated with the
orthogonal generation of N-dimensional object spaces. The
first cycle is the order of interpretation of the objecﬁ
descriptor. Object descriptor bits are logically grouped
into dimensional intervals, e.g., "000 111". Each
dimensional interval is processed as a cycle beginning at
the spatial origin.
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the frame "010101" is interleaved the result is. the object descriptor
"000111." The primary function of an object descriptor is its role in
genefating N-dinmensional object spaces. Using the frame to distinguish
di mensional bits fromresolution bits, the object descriptor determnes the
orthogonal generation of N-dinensional qhjgct spaces. There are two
noti ons of cycles associated wth the orthogonal generation of

N- di nensi onal obj ect spaces. The first cycle is the order of interpretation

of the object degcsé8bfi. cyebee§§s6655£e@tmthl taeawthegbﬁahl y grouped
i nto di nensi onal nte v Each dlnenskgnal i.nterval is

processed a¥eBeEy %EanS ﬁnﬁﬁ@gﬁﬁl?ﬂﬁgséé??ﬁF §PAGRR. 1s 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
counterclockwise
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

' reflection 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
object descriptor inserts null place holders for attributes
in the object descriptor whose resolution is less than
others in a given interval. _

A frame is a positional 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 intensiﬁy'of the red
attribute in a color specification. The object selector is
a transformation of frame data where the frame data is
interleaved. The result of interleaving frame data
"000010" 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 example of a color

- representation system in accordance with the method of the
present invention. FIGS. 27A-27C show how the name space
elements of a binary RGB color cube are projected onto a
plane in accordance 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 partlcular color
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- 46- A second cycle associated wi'th the orthogonal generation of

N-di mensi onal object spaces is the order of reflection for generating the
[ogical selector nanmes. The steps of the reflection cycle may correspond to
the four orthogonal directions: right, up, left, and down. A

countercl ockwi se rather than a cl ockw se4@ycle was arbitrarily chosen, but
the chosen direction nust be strictly adhered to. |f the nunber of

di mensions is greater than four,”. then the ref]ection process continues in
the next oPeRE3bAgn or element 2703 in a logical color space. The

name of each color sensation of an RGB color space
corresponds to a particular element location 2702 in a
logical color space. FIG. 27C shows how the elements, name
space labels, of a binary RGB color space are labeled. The
vertical regions labeled "R" 2704 contain elements whose
rightmost bit position is set. The horizontal region
labeled "G" 2705 contains elements whose middle bit
position is set. The left half labeled "B" 2706 contain
elements whose leftmost bit position is set.

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

FIG. 28C shows the object selectors of a sixty-four element
" RGB color space which correspond to the logical names of _
each color sensation. . o '

FIGS. 29A-29C show the-relationéhips between
three-dimensional spaces with different resolutions. R.
Hall inb-llLuminatiog and Color in Computer Generated
Imagery, Springer-Verlag, NY, 1988, p. 48, plots the
intensities of the control lights required to match any
wavelength as a function of wavelength.

FIG. 30 shows a graph of the resulting matchihg curves:-
for 445 nm, 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 determined in a
sixty-four element RGB color space, using the graph of
matching curves of FIG. 30.

Manipulation of a logical color space is accomplished
by methods associated with a particular logical view, such
as: elements; relations; paths; regions; and subspaces.
Referencing a particular color sensation as an element of a
logical color space may be accomplished in two ways:
reference by value or reference by location.

Reference by value means a user or an application

i
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direction for each non-null position in an expanded form of the object
descriptor intervals. The expanded form of an object descriptor inserts
nul | place holders for attributes in the object descriptor whose resol ution
is less than others in a given interval. A frame is a positional

not ati on whi ch denotes the nunber of attt4gutes and the resol ution of each
attribute. Franme data are the values or sense of each bit position in a
given frame. Gven the franme "010101" and franme data "000010'," the

ri ght nost bprécesd pfovides dadesbr@ptdeprefeatpaatﬁeuaerfcpl@rparticular

intensity ofehbgtisH ﬁﬁtﬁéPﬂéeofnlﬁscﬁb oﬁﬂﬁ%'hhﬁéthﬂa thée obj ect

selector is a transforpation_of franme da where the frane data i s

|nterleavedreqﬂécFégﬁl%UBFHFﬁFéPFea&VﬁécPﬂ&NésdEF&WEOGGGEG" Recadd obj ect
sel ector " 0gAge0the Fhamaans af peackiball herationnuidhaRmoted tace

corresponds &Sba” O?Je€£righ es and the resoclution of each attribute.-
Therefore, ‘frame data correspond to the velue or sense of
each bit position in a given frame. For example, 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 color
specification. .

Reference by location means a user or an application
process selects a particular color sensation in terms of
its location; either indirectly by index (e.g., palette
entry) or directly by its selector. Recall that the object
selector is a transformation of frame data where the bits
of each frame data bitfield are interleaved. For example,
given the frame “010101“ and frame data "000010" where the
frame data is. interleaved the result is the object selector
"001000." The name of each location in an N-dimensional
space corresponds to an object selector.

Referencing a set of harmonious color sensations as
relations of a logical color space may be accomplished by
generating combinations of n-things taken k at a time,
where n is the number of elements in a logical color space
and k is the number of selector bits. The elements of a
set are said to be neighbors or logically adjacent because
one can be obtained from the other by switching a "0" and a
‘%3® in a particular selector bit position. The number of
elements in each legical relation corresponds to the number
of selector bits. Referencing various sets in a logical
color space may be accomplished selectively masking one or
more selector bits. '

Generating a harmonious sequence of color sensations
as paths in a logical color space may be accomplished

e ey
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“EFE%T”E?féi*éﬁéﬁf%ﬁ”???ﬂé{PA?ive exanmpl e of a col or répresentation systén1
I n accordance with the nethod of the present invention. FIGS. 27A-27C show
how the nanme space el enents of a binary RGB col or cube -are projected onto a
pl ane in accordance with the nethod of the present invention. Each axis
2701 of the RGB color cube corresponds to a color primary. Each node 2700,
2232 of the RG col or cube corre§ponds tod48-particul ar col or
' because the collection of element names describe a Gray
sequence, where the Hamming distance between successive
elements is one. The sequence of color sensations is said
to cycle if its first and last element codewords differ in
only one quantum interval. Otherwise, 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 logical color space can ‘be
generated.
Referencing various regions of a logical color space
may be accomplished selectively by masking lower-order
selector bits. Referencing various subspaces within a
logical color space may be accompiished_by element scaling;
that is, the value of an element location is actually an
- object descriptor rather than a color sensation.
The process by which a logical color frame is
interpreted to electronically 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 physical or conceptual
properties. For color graphics, the objects mayﬁbe
particular color sensations described 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 components, 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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sensation or el emerit 2703 in a Iegical col or space The name of each color
sensation of an RGB col or space corresponds to a particular elenment

| ocat’ion 2702 in a |ogical color space. FIG 27C shows how the el enents,
nane space | abels, of a binary RG col or space are | abel ed. The vertlcal
regions | abeled "R' 2704 contain eIenent§ whose rightnost bit position is’
set. The horizontal region |abeled "G 85 contains el enents whose m ddl e
bit position is set. The left half |abeled "B" 2706 contain el ements whose
Ieftrmfst blﬁalé)qzo‘d ':Bé%g\?cﬁxl%d or cda gigné gf%ﬁ)ﬁ(ﬁ'ﬁﬂbé?ﬁr@heﬁﬁats offa
si xty-four el enen co] or_ space. sho ow the e ngts of a
si xty-four HIERRAE 25'64 @Bﬁf’e r}%tﬁe‘f%'ﬁemF GAQBtsEﬁﬁlv.vsg?hgthj ect

sel ectors gresanttindentrion enenitsREdwd apphibcat idn cds csucksaoeddtiagt he
I ogi cal mmH?%éém. Given an incident coherent light source dispersed
- into its component wavelengths as inputs to optical

couplers, such as those referenced in the Description of
the Prior Art above, the method of the present invention
may be employed to modulate the light source as.a plurality
of wavesets, which correspond te object frames, frame data,

.3 object descriptors, and object selectors. .

When the method of the present invention may be
employed to modulate the light source as a plurality of
wavesets,'each clock interval in a pulse-coded modulation
(PCM) scheme, for example, can contain "n" quantum
intervals of information per pulse rather than a single
quantum interval, where "n" is the number of component
wavelengths. Such an enceding scheme is called parallel,
pulse-coded modulation (PPCM). The significant aspect of
system description is that the actual description is ene_
selected from a set possible descriptions. The invention
is a general apparatus and method, designed to operate for
each possible problem selection, not just the one which
will actually be chosen since this is unknown at the time
of design.

- It will be apparent to those skilled in the art that
various modifications can be made to the apparatus and
method for visualizing mixed-resolution, N-dimensional
object space of the instant invention without departing
from the scope or spirit of the invention, and it is
intended 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 claims and their
equivalents.




'each Cnlnr Sensation. FIGS 29A-29C shom1the relatlonshlps bet ween
ee-di nensi onal s different .resol utif

'1'9'8;”‘ dﬂl!llﬂllwﬂﬂ[i 1II| v Comput e Gener a2 | o BeE}i a0, N,

any wavel ength as a function of mavelength FI G .30 shows a graph of
the resulting matching curves- for 445 nM3535 nm and 630 nm contro
sources FIGS. 31A-31C shOM/hOM/percentages of spectral intensities over a

range of values for each primary are determined in a sixty-four elenent RGB
- col or space; he graph of matching curves of FIG 30.

Mani pul ation of aiLl ogiRaprecess 5aﬁcelsaaa¢eﬁﬁgl Nshénehy igballodbieedoci at ed
PN P AL SO Yol TN o851 cB! IR B EBbilRRy RN,
el enent of somputing device of the type comprising means for storing.
data and commands, and frame logic responsive to the stored
data and commands for generating a virtual image
representing the N-dimensional-object space, comprlslng the
steps, using said computing device, of:

inputting to said computing device a set of
attributes; *

generating from the attributes, frame and frame
data for the N-dimensional-object spaée;

interleaving the frame to generate an object
descriptor;

generating, from the frame and the object
descriptor, dimensional-spatial locations of said
N-dimensional-object space; _

generating, from the frame and the object
descriptor, an object selector for each dimensional-spatial
location in said N-dimensional-object space;

generating from said dimensional-spatial
locatlons and said object selectors a virtual image of the
N-dimensional-object space; and

selecting a region of said virtual image.

2. The process 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 dimensions for a mixed-resolution,
N-dimensional-object space;

generating, from said frame and said object
descriptor, an object selector for each resolution-spatial

-
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| ogi cal
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descripti@n

and their
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may be acconplished in two ways: reference by val ue or
I on ' Ref erence by val ug.neaps_a user or an
yﬂ ﬂI"L TH@SHEEWHRQ‘B‘EENUOV' des a
ular col or sensation infterng ¢ njonent hues
ve ‘intensities, typlcggbyaS'

r espect

location in said mixed-resolution, N-dimensional-object
space;

generating from said resolution-spatial
locations, said dimensional-spatial locations and said
object selectors a virtual image of the

N-dimensional-object space; and

selecting a region of said virtual image.

3. A process, using a computing device having a
display device for visualizing a mixed-resolution,
N-dimensional—object'space, wherein a user specifies a
frame and frame data for a set of attributes defining N
dimensions and defining resolution levels in the object
space, comprising the steps, using said computing device,
of: '

interleaving the frame to generate an object
descriptor;

generating, from said frame and said objéct'
descriptor, dimensional-spatial locations for N dimensions;

generating, from said frame and said object
descriptor, resolution-spatial locations for resolution
levels of each of the N dimensions of said
mixed-resolution, N dimensional-object space;

generating, for each spatial location, an object
selector conforming to a primary form of a reflected binary
code; ' ’

generating a virtual image of said
N-dimensional-object space from the dimensional-spatial
locations, resolution spatial locations and object
selectors; and

‘selecting a region of said virtual image.
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.that thé‘fraﬁe\gs~a~gg§+£%$nal notation whi ch denotes the nunber of
attr[but e resoltUtton of each attribute. Therefore, frame data
correspo auﬂ‘i -sense of each bit . pogk n_a glven frame. For
exanpl e, gl we "010101" and frame dat

bitfield of frane dafa 10" represents a_yalue ifntensity

of the red attribute in a color speC|f|ca I on. by {l ocati on
means a user or an application process selects a partlcular col or- sensation

interms of its hocatifl; procays Iéldlgeecctﬂafm indera{f P, 2P6eeite entry)

or directly. g% Its selector Recal | that the object selector 1s a

t r ansf or mat FRRtEEr s coppragiag e step hiusing ﬁﬁﬁ#l??@ﬂ% ing deyieeel d are
i nterl eavedoffor exanple, given the frame "010101" and frame data "000010"

where the frane data i,$ inQterl eay d th is, the object se] ector
1001000, © The marme. of SYEP Wi P (TFLAFRE TRILID AT Lhe vEFEEEL®

image on said display dev1ce.

E ht nost

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
path for a selected path of said virtual image.

6. The process as set forth in claim 1, 2 or 3
wherein the step of selecting, using said computing device,
includes:

suppressing particular bits of said virtual image
for generating a subspace.

7. The process as set forth in claim 1, 2 or 3,
further comprising the step for generating an N-dimensional
color space, . of:

encoding a plurality of 1ightwave components as
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:

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

is Sheet Has Been Replaced
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space corresponds Tto an oObject selector. Referencing a set of

har noni ons as relations of alo |_col or.-space may be

acconpllmmﬂmummm ml ng conbi nati ons of n-thi : ] e,
where n % s ¢ hé ntinber *of elenents in a |ogical c¢lor

nunber of selector bits. The el enments ef4a set a

| ogi cal |y adj acent because one can be obtained fromthe other by SMAtChIng

a "0" and a "1" in a particular selector bit position. The number of
erenents iob}ect desgriptori ati on corresponds to the nunber of selector

pits. Referencing vadshe sélgondife! 00! €hk £0hkk aaaceh@axsbg%c%ccorm' i shed

sel ecti vel nasklng one or e sel ector Gener at | har noni ous
sequence d1eFFip %%ﬁ%%ﬁ|Qﬁﬂ§%&tb%$H@lmﬂnﬁlPﬁgﬂC§PaﬁéPér
acconpl i sheslia N-dimensional-object space;

means responsive to the frame data for generating
an object selector for each dimensional-spatial location in
said N-dimensional-object space;

_ means responsive to said dimensional-spatial
locations and said object selectors for generating a
- virtual image of the N-dimensional-object space; and
means for selecting a region of said virtual
image. '

9. The apparatus as set forth in claim 8 further

comprising:
means responsive to said frame and said object'

descriptor for generating resolution-spatial locations for
resolution levels of each of the N dimensions for a
mixed-resolution, N-dimensional-object space;
| means responsive to said frame data for
generating an object selector for each resolution-spatial
location in said'mixed—resolution, N-dimensional-object
space;

_means, responsive to said resolution-spatial
locations, said dimensional-spatial locations and said .
object selectors, for generating a virtual image of the
N-dimensional-object space; and )

means for selecting a region of said virtual
image. '

10. The apparatus as set forth in claim 8 or 9

further comprising:

means for displaying the selected region of the

e
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'4Qi;:;iﬁizuguLiiﬁa4yﬂ4 ection of elenent names descrlbe a Gray sequence,
where the Hammliﬁ‘ ﬁtance bet ween successive elenments is one. The sequence

of ¢ l‘“ﬂl s said to cycle if its first and |ast el ement
codemﬂmmn

nly one quantuminterval. O T nce of -
col or *sehsatiohs fi's known .as a path. G ven an inijt S BEEN: Kord and
a transition sequence the entire set of~ =55- _ REPLACED

virtual image of the N-dimensional-object space.

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

the said selecting means further includes: B
means for 6haining bits in a particular sequence

forming a path for the selected path of said virtual image.

12. The process as set forth in claim 8 or 9 wherein
the said selecting means further includes:

_ means for suppressing particular bits of said
virtual image for generating a subspace.

13. An apparatus for generating a mixed-resolution,
N-dimensional object space using a computing device,
comprising:

means for storing data and commands;

means responsive to the stored data and commands
for generating a logical representation of the -
N-dimensional, object space;

display logic responsive to the stored data and
commands for generating a virtual image of the
N-dimensional, object space;

display means for displaying a visible
representation of the virtual image.

14. An apparatus for visualizing a mixed-resolution,
N-dlmensional—ob]ect space, wherein a specified frame and
frame data and semantic expressions for a particular set of
attributes defining dimensions and resolution levels in the
object space, comprising:

input means for inputting the frame and frame
data for the N-dimensional-object space;
frame logic responsive to said frame, for
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el ement—eedewords in a logical color space can be generated.

Ref i various regions of a logical color space nmay be acconplished"
sel gmﬂ@ﬂﬂ&,ﬂaﬂm,"!ng | ower -order selector bits. Referencing various
subspa ol ogi cal col or space may be 1qﬂﬂpght§pﬁﬂsqFIﬁl ment )
scaling; that is, the value of an el emepngglocafion i gl y an obj ect
descriptor rather than a col or sensation. ' ch a

| ogical color frame is interpreted to electronically produce col or

Zensgt : otn_s iirﬁ:éRngféﬁd\fﬁfbdttfh{%ﬁﬁb a@% r@ﬂé?é@fi_ﬁgdbfé&? deasp)l fptor, f
enodadul at1 on. . enpaul atl on nay, be enerallzed, as a, hove ormo
digital to Bt GRReEARATI (oM R EARE ANdhaEa L RIS | SeSTEIpERr
conver si on difmetisilorga i+Eptid 1 Alodot bortk gfdnl N f dimensions, gfent i zat i on,

spectral deg pasle) | 410N, C..) sbY.i.h S ? | O T, t hod

of the pr e%e(r)ﬂ | ?T/ledré)’l ofr?erﬁ eebgrcer% e%ins'ee%ﬁn%\gags %%éd? s{/%sj ée%mféiab%é%t'ggigs .
frame data, an object selector, and for generating from
said dimensional-spatial locations and said object
selectors a virtual image of the N-dimensional-object

space; and

region logic for selecting a region of said
virtual image. '

15. The apparatus as set forth in claim 14 wherein:

' said frame logic generates, from said frame and
said object descriptor, resolution-spatial locations for
resolution levels of each of the N dimensions for a
mixed-resolution, N dimensional-object space.

16. The apparatus as set forth in claim 14 or 15
further comprising: : _
memory means for storing the selected region of
said virtual image; and |
display means for displaying the selected region
of said mixed-resolution, N-dimensional-object space.

17. In a computing device, a memory having a virtual
image of an N-dimensional, object space, including at least
dimensional-spatial locations, and means for seleéting a
region of the virtual image.

18. The computing device as set forth in claim 17
wherein said memory further includes having a virtual image
of an N-dimensional, object space including
resolution-spatial locations.

——————— .
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dESCFIprfﬁﬁ%%ﬁHH&%ﬂ%%MJﬂ}P‘that |s, they refer to or describe sone system-

wth. cer r_conceptual properties. For color graphics, the,

obj ects mm M col or sensations described in terns of attributes
1§

such as: ; whi ch define a col or space._

connunicatlons the objects may be a particular E @ ﬂﬂuMDBEEN rce
described in terns of its |ightwave conpéfénts, ' nal
space. In a US. Patent referenced in the Descriplior—et—ttre=Pri or

Art, Robinson and Sanford teach: "To convey information on an optical wave,
sone property of that wave

19. The computing device as set forth in claim 17
further including means for encoding a plurality of signal

components for defining the dlmen51ona1-spatia1 location of
the virtual image.

20. The computing device as set forth in claim 18
further including means for encoding a plurality of
lightwvave components for defining the dimensional-spatial
locations and the resolution-spatial locations 'of the
virtual image.

21. A computing device comprising:
' a. memory;
frame logic for generat1ng a virtual image of an
N-dimensional, object space in said memory, including at
‘least dimensional-spatial locatioﬁs; and

region logic for selecting a region of said
virtual image.

22. The computing device as set forth in claim 21
wherein:

said frame logic generates the virtual image with
resolution-spatial locations.

23. The computing device as set forth in claim 21 or
22 further including;

means for encoding a plurality of signal

component for defining dimensional-spatial locations of the
virtual image.

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

—_—
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-50- has to be modutated or changed in accordance with the information
and z1mmmﬂ" n" tem" An aspect of the present inventionis its novel
appl i 1 su'ﬂ“mrcodl ng system G ven an incident coherent |ight :
sour ce di'spérstd § nt*0 its conponent wavel engths as inputs to optica

coupl ers, such as those referenced in thes®escripiion.of.theRepor Art
above, the nethod of the present.invention may b’@ll@eﬁﬂEE?éb\StBEEibjul ate the
| ight source as a plurality of wavesets, which correﬁﬂﬂﬂ@ﬁoo obj pct franes,

frane dat a,sabf e¢irtiaatripages, and object sel eetors: Wrertr—The net hod

of the present invention nmay be enployed to nodul ate the |light source as a
plurality of

25. A process for visualizing N-dimensional-color
_space using a computing device such as a computer, the
computing device of the type comprising means for storing
data and commands, and frame logic responsive to the stored
data and commands for generating a virtual image
representing the N-dimensional-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 hues;
generating from the attributes, frame and frame
data for the N-dimensional-color space;
. interleaving the frame to generate a color
descriptor;

' generating, from the frame and the color
descriptor, dimensional-spatiall1ocations of said
_N-dimensional—color;spacé;

generating, from the frame and the color
descriptor, an color selector for each dimensional-spatial
location in said N-dimensional-color space;

- generating from said dimensional-spatial
locations and said color selectors a virtual image of the
N-dimensional-color space; and

. sélecting a region of said virtual image.

26. The process as set forth in claim 25 further
comprising the steps, using said computing device, of:
generating, from said frame and said color
descriptor, resoclution-spatial locations for resolution
levels of each of the N dimensions for a mixed-resolution,
N-dimensional-color space;

generating, from said frame and said color
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ﬁaveseté' éach clock Tnterval in a pul se-coded nodul ati on (PCM schene, for
exanpl e, m“ wml]mmmmjant umintervals of information per pul se rather
than a sin : tflt val , where "n" is the nunbér of conponent

wavel engt hs® SucH afl efcoting schene is called pet-A oded
nodul ati on (PPCM. The significant. aspect of s JHEPHEE s that the
actual description is one selected fr omi>® set ' Lbns. The

i nvention is a general apparatus and net hod, d S|gneo to operate for each
possible p oblen1 el ection,,not st,the_one whjich w actual | chosen
B hce t hi SAPECERRESE R an “PrLoF] relEpehEcrgn o40h  RpfoyuriopiRpat sa] P00

t hose skilledathonhénasaid mixedrreselubdphi clt-ddmensipnbd-cedert o t he

appar at us ﬁég gethod for visualizing mxed-resolution, Ndinensional object

space of t inStant invention without departin fron1the scope or spirit
of the invention, angenerating from said resolution-spatial

locations, said dimensional-spatial locations and said
color selectors a virtual image of the N-dimensional-color
space; and ' ' '

selecting a region of said virtual image.

27. The process as set forth in claim 25 &r 26
further comprising the step, using said computihg device,
of:

displaying the selected region of the virtual
image on said display device.
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i ntended that the present invention cover nodifications and variations of
the apparatus and nethod for visualizing m xed-resolution, N-dinensional

obj ect space provided they conme within the scope of the appended cl aims and
-their equival ents. 51

60

MIXED RESOLUTION, N;DIMENSIONAL 0BJECT SPACE

" Abstract

."-

An apparatus.and method for generating a visualiz-

able logical representation of a mixed resolution, N-di-

mensional-object space. A user specifies a set of attributes

- (1201) and a frame and frame data for the pamcular set

of attributes defining N dimensions and defining resolu-

. tion levels in the object space are generated (1202). The

frame is interleaved to generate an object descriptor

(1203) and from the frame and the object descriptor, di-

mensional-spatial locations for N dimensions are generat-

ed (1204). From the frame and the object descriptor, reso-

lution-spatial locations for resolution levels of each of the

N dimensions are generated (1208) and for each spatial

. location and using frame data, an object selector con-

< forming to a primary form of a reflected binary code is

. generated (1212). A virtual image of the N-dimensional-

: ~ object space is generated from the dimensional-spatial lo-

) cations and resolution-spatial locations (1214), a region of
’ - which may be selected for display.

FIGURE 9
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CLAIMS 1. A process for dynamcally configuring a |logical architecture
for using a digital-conputing device and for controlling fundanental
operations to transform said digital-conputing device froma fixed-radiXx
node of operation inposed by physical architecture of said

digital -conmputing device to a m xed-radi x node of operation, conprising
steps, "using said digital-conputing device, of: a. encoding with
said digital -conmputing device a |ogical nanme for each

%2_

Fig. 1A Fig. 1B - Fig. 1C
PRIOR ART PRIOR ART PRIOR ART

Fig. 1D Fig. 1E
PRIOR ART ' PRIOR ART
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attribute describing a problemspace to forman object frame for

organi sing a conti guous sequence of coded attribute nanes,
frame having a | ogica

N- di mensi onal
a degree of
attribute for

| ocations of said digital

one bit

-conputi ng devi

zero bhit

each obj ect

representing a dinension of an
obj ect space and having a | ogi cal
resolution.for .a range.of. possible values for a particul ar
a di nension of an N dimensional,

representing

obj ect space; b.

interleaving bits of said object frame to generate an obj ect descriptor,

sai d object descriptor representing a nagg/}ornat for referencing storage
=aRd for controlling an order

Fig. 2
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of the storage locations, the storage |ocations configured as spati al
| ocati ons of said N-dimensional, object space; c. configuring, from
said object frame and said object description, the spati a

| ocati ons as di nensional -spatial "1 ocati.ons of said N-di nensional,
obj ect space; ' -

Sl

Fig. 44
PRIOR ART
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52 d. configuring, fromsaid object frame and said object -

descriptor, the : spatial |ocations as resolution-spatia

| ocations for a m xed-resol ution, N- di mensi onal , obj ect

space; and-.-- - --- whereby, said m xed-radix node of operating said
conputi ng device : mechani zes net hods of sel ecting m xed-radix
expressions for el enents, paths and rel ati on of said

m xed-resol ution, N-dinensional, objecé:space,

Fig. 5
PRIOR ART
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W thout the steps of converting m xed-radi x expressions to and from unit
expressions i nposed by the fixed-radix architecture of said conputing
devi ce. 2. The process as set forth in claim1 further including the
step of repeating steps a through d in response to input to said
conputing _device which . ~changes the description of said problem.space

wher.ein said steps conflgure a ~ ‘hew logical architecture for a
m xed- r adi x mode of operating said conput//g deV|ce
2

T

Fig. 6C . Fig. 6D
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3. The process as set forth in claim1l or 2 wherein a nmachi ne process
dynam cal ly determ nes a probl em space described by at | east one attribute
defining at | east one dinmension having at | east one |evel of resolution for
configuring st or age locations of a digital conputing device as spatial
I ocat [ ons -f“or““a — ] . f-ect-—space. -

Fig.7
Prior Art
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53 4. The process as set forth in claiml or 2 wherein a user

I nteractively determ nes a problem space described by at |east one
attribute defining at | east one dinension having at |east one |evel of
resolution for configuring storage |ocations of a digital conmputing device
having a display. device for. visualizing.said problem space description as

s NN R A e A

spatial -1ocations for a m xed-resol ution, N-dinensional, object

Fig. 8
Prior Art | 801 804
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Fig.9 .
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space. 5. The process as set forth in claim1 or 2 wherein an object
selector for referencing a spatial location in a nenory configured as a
naned spatial |ocation of said mxed-resolution, N-dinensional, object
space is logically generated b interleaving bits of a particular instance
of frane: gataforcm -ttt :06d%~Bae-wtlrsaPoiaid-Ag et oiPtHintag=dan.6¢

6. The process as set forth in claiml or 2 wherein a relation between
spatial locations in menory configured as named spatial |ocations of sai

X
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m xed-resol ution, N-dinensional, object space is |logically generated by
changing the sense of particular object selector bits for a m xed-radix

node of operating said conputing device. 7. The process as set forth in
claiml or 2 wherein a path conprising a plurality of spatial |ocations in
a menory iconfigured..as nanmed.spatial..locations. of said nixed-resolution,

N- di nrensiional , object space is logically generated by changding the sense
of particular object selector bits in a particular sequence for a
m xed-radi x node of operating said corrput;d;devi ce.

Fig. 12
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54 8. The process as set forth in claim1l or 2 wherein a region

conprising a plurality of spatial locations in a menory configured as
naned spati al

Fig. 13
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| ocations of said mxed-resolution, N-dinensional, object space.is
| ogically generated by suppressing particular object selector bits for a

m xed-radi x node of

operating said conputing device.
set forth inclaim1 or 2 wherein nultiple paths for

paths conprising a plurality of spatial

as named “Spatiat Tlocations of said m Xed-resol ution,
space are logically generated by changing the sense of a plurality of

N- di nensi onal

9. The process as
concurrently sel ected
| ocati ons i-n—a—HRERBHy—coRi--gused

obj ect

obj ect selector bits in a particular squggge for a m xed-radi x node of
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operating said conputing device. = 10. An object description systemfor
controlling the | ogical manipulation of data storage |ocations of a nenory
of a digital-conputing device configured as at |east one m xed-resolution,
N-di mensi onal , object space, wherein the object description systen1is
described. as.a.special purpose. computing.
| ogt cal.. archltecture sai d di gital-conputing device including processor
neans for accessing said data storage |ocations; signal conmunication
means, operatively coupled to said processor neans, for conmunicating
control signals, address -
12
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signals, and data signals to and fromsaid processor means; an input

coupled to said - processor
recei ving an obj ect
nmeans by said signal

desr.

descri ption;

and,

means by said signal - communi cati on neans for

a nmenory coupled to said processor

communi cati on nmeans for storing data; said object
on system.conprising:.: :
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55 obj ect means, operatively coupled to said processor neans by said
signal communi cati on neans, including frame neans operatively coupled to
said processor-neans by said signal comruni cati on nmeans for generating
said mxed resolution, N-dinmensional, object space, said franme neans

I ncl udi ng:--nmeans for-inAtefrteaving the bits of coded attribute names of -an
object frame to generate an object descriptor and for interleaving the T
bits of a particular instance of frame data to generate an object ,

sel ector; and ._%%;é;
Fig. 22A I €




at | east one register for storing said object frane for controlling the

order of the interleaving of bits of said object frane by said

i nterleaving neans and for controlling the order of the interleaving of
bits of said frame data by said interleaving neans; whereby, said data

st or.age. ocatl . La when. co : o1,
N- dizpehis] onal , obj ect spaces, are logically addressed and manipul ated by

funa’nehtal data storage operations w thout converting mi'xed-radix
expressions to and fromunit expressions inposed by the
Y a
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fixed-radi x architecture of general purpose conputing devices for a

m xed-radi x node of operating said conputing device. The apparatus as set
forth in claim10 further including: selector nmeans coupled to said frane
means and coupled to said processor mneans by said signal comrunication
means for _selecting el ements and paths _of said nmemory confi-gured-as—sakd
‘m xed-resol ution, N-dinensional, object space, wherein said sel ector neans
i ncl udes:
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56 at | east one register for storing an object selector;
means for changi ng the sense of particul ar object selector bits formng
;attribute relations between particular elenents of said nmenory
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configured as said m xed-resol ution, N-dinensional, object space; and
regi on nmeans coupled to said frame neans and coupled to said processor
nmeans by said-signal comunication neans for manipul ating regions
conprising a plurality of related el enents of said menory configured as

sai d i FA-HCE -0 SOt b} i ce,-- Wher-
regi on neans |ncludes. at Ieast one register for storlng an .
obj ect sel ector;. and means for suppressing particul ar object
sel ector bits formng a region /gzzz g
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conprising a plurality of related elenents of said nmenory configured as

said m xed-resol ution, N dinensional, object space. 12. The apparatus as
set forth in claim10 or 11 wherein said conputing device includes display
means for visualizing problem space descriptions as spatial |ocations for
a m xed- r-esel-ut-i-on; - -N-di-renst-ehal,—obj-eect—space——satt—trspray NMeaiS e
operatively coupled to said processor neans and said inputting neans by -

sai d signal. eomunication neans, whereby a user interactively controls the
i nt er nal op?ratlon of said conputing deV|2§§ﬁ
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| east one nenory of a
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conputing devices configured as at | east one m xed-resol ution,

N- di mensi onal, object space, wherein the apparatus includes a speci al
‘purpose nultiprocessor having a m xed-radi x |ogical architecture, wherein
representations of said at |east one m xed-resolution, N-dinensional,

obj ect spage..exi.st in.at_least opne -nempery. -.--14. The apparatus as-set—fefth
in claiml0 or 11 wheréin a plurality of object description systens are
operatively coupled in various |ogical configurations dictated by the
conceptual problem domain, enabling at | east one of concurrent

mani pul ation of a plurality of object spacgigﬁgcriptions and concurrent
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mani pul ation of a plurality of views of a particular object space

descri ption.

25. A

process for visualizing N-dinmensional-color space using a conmputing device

t he

such as a conputer,
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bon%uiing devi ce of the type conprising means for storing data a
comands, and frame |ogic responsive to the stv*ed—d&%a—anducanna t%
generati ng a virtual i mage:.representing the M dRﬁE—lﬁP&fMﬁﬂT SHEE'Dr. 5"(!’4 Mt 2"”’)

conprising the steps, usi ng said conputing deyi §e, I nplageisg
to said conputing device a set of attriluges §n¢l ydypg 1‘997e t} red, green
and bl ue hues; : generating fromthe gt rﬁﬁuteg? fra nd frane
data for the N-dinensional-col or space; p | the frame to
gener at e a panitditidedicg ptmmlume. - generafing, fromthe frgnme and the
col or descri ptor, Qal- [ S a color
space; o gnera |an 3y rgja‘:tdtﬁJ éfdoqﬁte soé}gsﬁ% co:r‘(aaer:\}[-‘%esctl*?s gﬂ 3
col or sel ect or @ndrgypatfion exanplen +n.g§pdinherent1y

N'di”E”Sional'cgdﬁffﬂ%aa§. Computer representation of 3D images
: requires a sampling of the volume to extract a

discrete set of values.... The cubic space is
subdivided into eight subcubes (octants) of equal
volume. Each of these octants will either be
homogeneous (e.g., uniform attenuation) or have some
nonuniformity. The heterogeneous octants are'further
divided into suboctants. This procedure is repeated
as long as necessary until we obtain blocks (possibly
single voxels) of uniform properties.

Other prior art methods seek to control the logical
representation and visual expression of object |
relationships. U.S. Patent No. 4,721,952 entitled,
"Apparatus and Process for Graphically Representing
Three-Dimensional Objects in Two-Dimensions“, issued to
Huber describes a process for the perspective
representation of objects on the screen of a numerically
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 process for controlling a display device to

.represent a three-dimensional object such as a

workpiece, wherein the representation is based upon

data and commands stored in a computing device such as

a computer. ‘

As machine and process operations become more
specialized, controllers that are capable of adapting to
changes due to unforeseen application requirements or
further specialization become necessary. Federico and
Webster in U.S. Patent No. 4,475,156, entitled "virtual
Machine Control," teach that "...a totally hardware



generating from said di nensional -spatial {ocations and said col or GepRLOS], 30d )
~a virtual inmage of di nensi onal - col or space; and sel*ectin g
regi on"F’sTéT%’vi’rTbJ;f—iNnage. '~ 26. The process as set forth in bR -

0
25 furmﬁ“\mmm“‘he steps, using said conputing device, of:
genera 8 tl¥rame and said color descriptor, res EPL},\‘%NE?\H‘E‘EHEET

| ocati orts for'rebol’ution | evels of each of the N di mensidn :
m xed-resol uti on, N dinensional -col or space; - ggndgrat i ng, from
said frane and said col or 10 MAR 1999
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CLAIMS

1. A process for dynamically configuring a logical architecture for using a

- digital-computing device and for controlling fundamental operations to transfor‘m
sai& digital-computing device from a ﬁx‘ed-radix mode of operation imposed by
physical architecture of Said digital-computing device to a mixed-radix mode of
operation, comprising steps, using said digital-computing device, of :

a. encoding with said digital-computing device a logical name for each
attribute describing a problem space to form an object frame for
organising a_contigu'éus sequence of coded attribute names, eacllx.obj ect
frame having a logical one bit representing a dimension of an

. N-dimensional, object space and having a logical zero bit representing
a degree of resolution for a range of possible values for a particular
attribute for a dimension of an N-dimensional, object spacé;

b. interleaving bits of said object frame to generate an object descriptor,
said dbject descriptor representing a name format for referencing storage
locations of . said digital-computing device and for controlling an order
of the storage locations, the storage locations configured as spatial

. locations of said N-dimensional, object space;

c. configuring, from said object frame and said object déscription, the

spatial locations as dimensibn_al-spatial locations of said N-dimensional,

- object space;



-59- descriptor, an color sel eétor for eéach rfesol ution-§p éﬁrg Fetat-on.in
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sel ect i ¢ id virtual image.
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d. configuring, from said object frame and said object descriptor, the

spatial locations as resolution-spatial locations for a mixed-resolution,
| N-dimensional., ﬁbject siaace; and

whereby, said mixed-radix mode of operating said computing device

mechanizes methods of selecﬁng mixed-radix expressions for elements,

paths and relation of said mixed-resolution, N-dimensional, object space,

without the steps of converting mixed-radix expressions to and from unit

eXpressions imposed by the fixed-radix architecture of said computing

device.

2. The process as set forth in claim 1 further including the step of repeating
steps a through d in response to input to said computing device which
changes the description of said problem space, wherein said steps configure a
new logical architecture for a mixed-radix mode of operating said computing

device.

3. The process as set forth in claim 1 or 2 wherein a machine process
dynamically determines a problém space described by at least one aftribute
defining at least one dimension having at least one level of resolution for
configuring storage locations of a digital computing device as spatial

locations for a mixed-resolution, N-dimensional, object space.



27: The process as set forth in' claim25'or 26 further conprising the step,
:USi Ng said—conputing deviTe, di spl aying the Sﬁéﬁ?\b?ﬁﬂﬁ%ﬁé&
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4. The process as set forth in claim 1 or 2 wherein a user interactively
-determines a problem space described by at least one attribute defining at least one
dimension having at least one level of resolution for configuring storage locations
of a digital computing device having a display deﬁce for visualizing said problem

space description as spatial locations for a mixed-resolution, N-dimensional, object

space.

5. The process as set forth in claim 1 or 2 wﬁerein an object selector for

. 'refer.ehcing a spatial location in a memory configured as a named spatial location of
said mixed-resolution, N-dimensional, object space is logically generated by
interleaving bits of a particular instance of frame data for a mixed-radix mode of

operating said computing device.

6. The process as set forth in claim 1 or 2 wherein a relation betweén
spatial locations in memory configured as named spatial locations of said
mixed-resolution, N-dimensional, object space is logically generated by changing
the sense of particular object selector bits for a mixed-radix mode of operating said

computing device.

7. The process as set forth in claim 1 or 2 wherein a path comprising a

plurality of spatial locations ina memory configured as named spatial
 locations of said mixed-resolution, N-dimensional,. object space is logically

generated by changing thé sense of particular object selector bits in a particular |

sequence for a mixed-radix mode of operating said computing device.
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8. The process as set forth in claim 1 or 2 wherein a region comprising a
plurality of spatial locations ina memory configured as named spatial
locations of said mixed-resolution, N-dimensional, object space is logically
generated by suppressing particular object selector bits for a mixed-radix mode of

operating said computing device.

9. The process as set forth in claim 1 or 2 wherein multiple paths for
concurrently selected paths comprising a pluraiity of spatial locations ina
memory configured as named spatial locations of said mixed-resolution,
N-dimensional, object space are logically generated by ﬁhanging the sense of a
plurality of obj ect selector bits in a particular sequence for a mixed-radix mode of

operating said computing device.

10. An object description system for controlling the logical manipulation of data
storage locations of a memory of a digital-computing device configured as at least
one mixed-resolution; N-dimensional, object space, wherein the object description
system is described as a special purpose computing device having a mixed-radix
logical architecture, said digital-computing device including processor means for
accessing said data storage locations; signal communication means, operatively
coupled to said processor means, for communicating control signals, address
signals, and data signals to and from said processor means; an input coupled to said
processor means by said signal communication means for receiving an object

- description; and, a memory coupled to said processor means by said signal

communication means for storing data; said object desrciption system comprising :
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object means, operatively coupled to said processor means by said signal
communication means, including frame means opei'atively coupled to said
processor means by said signal communication means for generating said
mixed resolution, N-dimensional, object space, said frame means including :
means for interleaving the bits of coded attribute names of an object frame
to generate an object descriptor and for interleaving the bits of a particular
instance of frame data to generate an object selector; and

at least one register for storing said object frame for coﬁtrolling the order of
the interleaving of bits of said object frame by said interleaving means and
for controlling the ordé.r of the interleaving of bits of said frame data by said
interleaving means;

whereby, said data storage locations of said apparatus, when configured as
mixed-resolution, N-dimensional, object spaces, are logically addressed and
manipulated by fundamental data storage operations without converting
mixed-radix expressions to and from unit expressions imposed by the
fixed-radix architecture of general purpose computing devices for a

mixed-radix mode of operating said computing device.

The apparatus as set forth in claim 10 further including :

selector means coupled to said frame means and coupled to said processor
means by said signal communication means for selecting eléments and paths
of said memory configured as said mixed-resolution, N-dimensional, object

space, wherein said selector means includes :
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at least one register for storing an object selector;

means for‘ changing the sense of particular object selector bits forming
attribute relations between pﬁcﬂm elements of said memory
configured as said mixed-resolution, N-dimensional, object space;.and
region means coupled to said frame means and coupled to said processor
means by said signal communication means for manipulating regions
-comprising a plurality of related elements of said memory configured as said
mixed-resolution, N-dimensional, object space, wherein said region means
includes :

at least one register for storing an object selector; and

means for suppressing particular object selector bits forming a region
comprising a plurality of related elements of said memory configured as

said mixed-resolution, N-dimensional, object space.

12. The apparatus as set forth in claim 10 or 11 wherein said computing

device includes display means for visualizing problem space descriptions as spatial
locations for a mixed-resolution, N-dimensional, object space, said display means
operatively coupled to said prbcessor means and said inputting means by said sighal
communication means, whereby a user interactively controls the internal operation

of said computing device.
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13. The apparatus as set forth in claim 10 or 11 for controlling the logical
manipulation of data storage locations of at least one memory of a plurality of
computing devices configured as at least one mixed-resolution, N-dimensionai,
object space, wherein the appar.atﬁs includes a special purpose multiprocessor
having a mixed-radix logical architecture, wherein representations of said at least

one mixed-resolution, N-dimensional, object space exist in at least one memory.

14. The apparatus as set forth in claim 10 or 11 wherein a plurality of object
description systems are operativel& coupled in various logical configurations
dictated by the conceptual problem domain, enabling at least one of concurrent
manipulation of a plurality of object space descriptions and concurrent

manipulation of a plurality of views of a particular object space description.



